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Abstract

:

Agriculture in Africa is adversely affected by the loss of soil fertility. Conservation agriculture (CA) was introduced to curb the loss of soil fertility and water shortages and improve crop productivity. However, information on how CA practices enhance soil quality and nutrients is scarce in the sub-Saharan Africa context. The objective of this study was to investigate the effects of CA and conventional tillage (CT) on soil organic matter and nutrients under irrigated and rainfed vegetable on-farm production systems. During the dry and wet monsoon phases in the northern Ethiopian Highlands, a four-year experiment with CA and CT was carried out on ten vegetable farms under rainfed and irrigated conditions. Although the increase in concentration of organic matter in CA was generally slightly greater than in CT, the difference was not significant. The average organic matter content in the top 30 cm for both treatments increased significantly by 0.5% a−1 from 3% to almost 5%. The increase was not significant for the 30–60 cm depth. The total nitrogen and available phosphorus concentrations increased proportionally to the organic matter content. Consequently, the extended growing season, applying fertilizers and livestock manure, and not removing the crop residue increased the nutrient content in both CA and CT. The increase in CA was slightly greater because the soil was not tilled, and hay was applied as a surface cover. Although CA increased soil fertility, widespread adoption will depend on socioeconomic factors that determine hay availability as a soil cover relative to other competitive uses.
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1. Introduction


The quality and health of soils are the basis for improved livelihoods and poverty-alleviation worldwide [1]. Soils of sub-Saharan Africa (SSA), particularly in the Ethiopian Highlands, are largely degraded due to high pressure on land that increases nutrient mining and land degradation, and there is limited application of organic or inorganic fertilizers [2]. Conventional tillage (CT) practices with the Marisha plow are common in Ethiopia under irrigated and rainfed conditions and have resulted in increased soil erosion and declined soil quality. For example, organic matter has decreased to 1.7% [3,4], which is lower than the critical level of 3.5% for healthy soils [5]. This organic matter reduction in high rainfall areas resulted in increased soil acidity, erosion above 50 Mg ha−1 year−1, and bulk density [4,6,7]. In addition, it lowered cation exchange capacity and exchangeable base cations. The effect was most significant in the northern parts of Ethiopia, where the population pressure is high [8]. The rise of the population has led to smaller land sizes decreasing the food production per family [9]. The removal of crop residues from the fields for fuel, fodder, and construction materials and a lack of macro-nutrient replacement decreases the availability of plant nutrients [10]. Moreover, irrigated vegetable fields are most susceptible to nutrient depletion because the whole plant is often harvested, leaving no residue on the farm field.



Nitrogen and phosphorus are the most common limiting macronutrients in the soil for plant growth [3]. These and other nutrients are lost by erosion, runoff, and leaching, coupled with the removal of crop residues [10]. Adding organic matter such as compost, crop residues, or other organic mulches facilitates soil nutrient enrichment [11]. The use of organic mulch cover and no-tillage practice with proper crop rotations is called conservation agriculture [3]. It increases soil organic matter and consequently soil fertility through biological processes [12], enhances water and crop productivity [3,13,14], and encourages environmental sustainability by reducing soil erosion, groundwater contamination, and greenhouse gas emissions [4,15]. Consequently, conservation agriculture (CA) is proposed as a practical solution in the northern Ethiopian Highlands to improve crop productivity and enhance environmental sustainability [16].



While CA practice effectively increases soil fertility and crop productivity using chemical fertilizers [3,13,17], successful implementation requires integrating with local indigenous practices [18]. In addition to water-saving and soil fertility enhancements, the combined use of all components of CA has been shown to increase vegetable yield by approximately 40% compared with CT [19] when fertilizers are used. However, the suitability and adoption of CA technology in one place does not often necessarily justify its adoption elsewhere. Besides, the potential benefits of CA practices in the northern Ethiopian Highlands have only been evaluated by one- or two-year-long experiments and biophysical modeling [20,21]. Consequently, the impact of CA on soil organic matter and macro-nutrients should be quantified over extended periods by farmers in their fields to understand their benefits.



Therefore, the objective of this study was to evaluate the effects of CA and CT practices on soil organic matter and nutrients under irrigated and rainfed vegetable on-farm production. Ten vegetable farms in the Dengeshita county (called Kebele in Ethiopia) in the northern Ethiopian Highlands were selected. CA and CT plots were established on each farm, monitored, evaluated for four years, and their impacts quantified. No-till treatments were not considered because they increased runoff, soil erosion, and nutrient loss in a three-year experiment in the same area [22,23]. No-till also decreased crop yield [22,23].




2. Materials and Methods


2.1. Site Description


The experimental study was conducted in Dengeshita Kebele (11.32° N, 36.85° E) in the Biranti watershed, which is part of the Gilgel Abay watershed in the upper Blue Nile Basin in Northern Ethiopia (Figure 1). The mean annual rainfall (1995–2019) was 1400 mm in Dangila town in the Kebele. More than 80% of the mean annual rainfall is from June to September. The mean monthly minimum temperature ranges from 5 to 12 °C and the maximum temperature varies from 18 to 29 °C. The slopes are between 2% to 5%. The volcanic soils have a loamy texture and are slightly acidic. Infiltration rates are greater than the prevailing rainfall intensities in unsaturated soils [6]. Before the study started, the experimental sites were used primarily for growing corn (maize, Zea mays L.) in the rain phase. Soil samples were obtained from the field and analyzed using standard laboratory procedures.




2.2. Experimental Design and Layout


In this study, on-farm field plots of size 10 m by 10 m (100 m2), all located within a 3 by 4 km area, were established to conduct the field experiments on irrigated CA during the dry and wet monsoon phases from October 2016 to August 2019 (Figure 2). CA and CT treatments were established, as shown in Figure 2. The CA treatment consisted of no-tillage and application of grass mulch, while CT plots were tilled four to six times according to existing farmer practice with a tillage depth (between 15 and 25 cm) and without grass mulch cover. Crops, rotation, on-farm activities, soil sampling, and fertilizer and manure application (Table 1) were similar in CA and CT treatments. The CA and CT plots were irrigated during the dry phase from October to February. From March to August, fields were irrigated initially and rainfed after the rains started in late May or the beginning of June.



The CA and CT treatments were carried out on each of the ten plots. Half of the plot (50 m2) was randomly assigned to the CA treatment and half to the CT treatment (Figure 2). Vegetables were irrigated with a watering can for the first 1.5 years and drip irrigation for the remaining years.



Urea (46-0-0) fertilizer was applied at the rate of 200 kg ha−1 in both CA and CT treatments based on the local farmer practices (Table 1). Local grass (Pennisetum macrourum Trin.) was harvested before seed development and dried before utilizing it as a mulch on the CA plots. The dried grass was applied at the rate of 4 Mg ha−1 as mulch cover twice per cropping period (i.e., 8 Mg ha−1 year−1) throughout the experiment period. Livestock (i.e., cow) manure was applied on five occasions in both CA and CT (Table 1) at a rate of 5 Mg ha−1. The manure, on average, contained 42% organic matter, 2.1% total nitrogen, and 82 ppm available P [24,25]). Onion and garlic were harvested from February to March and pepper from July to August (Table 1). Crop residues from both management systems were not removed. Vegetable yield for conservation agriculture was greater than for CT, as shown in Table 2 [13,19].




2.3. Soil Sampling and Analysis


Soil samples were collected six times—before crops were planted, after harvesting the second to the fifth crop, and at the end of the experiment in 2020 (Table 2). Two soil depths were sampled—the top 0–30 cm and 30–60 cm. Composite samples were made by mixing five sub-samples from the same treatment and depth (Figure 3). About 1 kg of soil was used for determining the soil physical and chemical properties at the Amhara Design and Supervisory Works Enterprise.



To determine bulk density, a cylinder, drop-hammer core sampler with 5 cm height and 5 cm diameter was driven into the soil with a hammer. The core sampler was driven to 20 cm depth for the upper 0–30 cm soil layer and to 40 cm depth for the next 30 cm layer. The cylinder containing an undisturbed soil core was removed and trimmed. The weight of the soil core was determined after drying in an oven at 105 °C for 24 h [26].



Soil samples were air-dried, sieved by a 2 mm sieve, and analyzed using standard laboratory procedures. The major soil properties included pH (H2O), cation exchange capacity (cmol (+) kg−1), available P (mg kg−1), available K (g kg−1), total N (g kg−1), field capacity (m3 m−3), permanent wilting point (m3 m−3), clay (g kg−1), silt (g kg−1), and sand (g kg−1). Soil pH was determined in 1:2.5 soil water suspension using a glass electrode at 25 °C, organic carbon by wet oxidation method [26], and available P was extracted by the Bray 2 method for acidic soils [25,27]. The Bray 2 method uses the standard reagent combination of HCl and NH₄F to extract or easily remove acid-soluble and adsorbed P bound to Al– and Fe– in a soil sample. The detection of P concentration in the extract was done by the standard molybdenum blue method at 880 nm. The standard phosphate KH2PO₄ was used as reference material during each run. The Kjeldahl method was used to determine the total N in the soil, which involved digestion of the sample in converting organic nitrogen to NH4+–N and determining NH4+–N in the digest through titration [26]. Digestion was accomplished by heating the sample with the presence of concentrated sulfuric acid (H2SO4) and the addition of potassium sulfate (K2SO4). The distilled water was used as blank reference material, and the blank sample was incorporated during each run. We use the acronym TN for total Kjeldahl nitrogen.



The total carbon content of the soil was measured according to Walkley [26] method. In this procedure, digestion was done by moderate heating of the sample with concentrated sulfuric acid (H2SO4) and adding a salt such as potassium dichromate (K2Cr2O7). The distilled and deionized water was used as blank reference material, and the blank sample was incorporated during each run. Available K was extracted by Morgan’s solution, and K in the extract was measured by a flame photometer [28]. Cation exchange capacity (CEC) was determined at pH equal to 7 using ammonium acetate [29].



Field capacity and permanent wilting point were determined in the laboratory using a pressure-plate apparatus by applying 33 kPa pressure to a saturated soil sample for field capacity and applying 1500 kPa pressure to determine the permanent wilting point. The soil moisture was determined gravimetrically [30].




2.4. Data Analysis


The treatment means were compared using built-in statistical software for Excel using a paired t-test analysis to compare the effects of different soil management (CA and CT) on initial and final soil physical and chemical characteristics. The normality test showed that the data had a normal distribution. To test whether the organic matter, total N, and available P increased over the experimental period, linear regression in Excel was employed to find the trend line. Since the differences between CA and CT were not significant, we pooled the data of the two treatments. The data displayed in the tables and figures are the mean values of the ten replicates. A probability greater than 0.05 (P > 0.05) was considered not statistically significant.





3. Results


3.1. Initial Soil Characteristics


The texture of the top 30 cm was a loam soil (39% sand, 27% silt, and 35% clay), and texture variability was not significant across experimental plots. The 30–60 cm soil layer texture was mostly a clay loam (22% sand, 25% silt, and 54% clay). In a few plots, it was a sandy loam. The soil was slightly acidic with a pH of approximately 6. The top 30 cm layer had a field capacity of 0.31 cm3 cm−3, permanent wilting point of 0.22 cm3 cm−3, bulk density of 1.25 g cm−3, total nitrogen (TN) of 0.17%, available phosphorus (P) of 21 mg kg−1, and potassium (K) of 1114 mg kg−1. Additional details are given in Table 3.




3.2. Effects of CA on Soil Characteristics after Three and Four Years


For both CA and CT, the increases in pH and CEC from the first to the fourth year were not significant (Figure 4a,b). With time, the decrease in available K was significant because K fertilizers were not used, and the initial concentrations were high (Figure 4c). Differences were not significant between CA and CT plots for pH, CEC, and available K for the two soil depths (Figure 4).



3.2.1. Organic Matter (OM)


After four years, the average OM concentration in ten plots in the topsoil (0 to 30 cm depth) was increased in the CA treatment from the initial 3.2% to 4.8% and in CT to 4.3% (Table 4). In the subsoil (30 to 60 cm depth), the OM increase was small compared to the topsoil. It increased from the initial concentration of 3.1% to the final concentration of 3.8% in CA and to 3.2% in CT (Table 4). The half-percent increase in OM per year in the topsoil was significant when the data were pooled for the CA and CT treatments (Figure 5a). However, the R2 was only 36%. Bryhn and Dimberg [31] posed that the trend is statistically meaningful when R2 > 0.65 and P < 0.05 although the authors [31] note that the proportions might vary by discipline. Thus, the upward trend for organic matter was likely not meaningful. At the 30 to 60 cm depth, the slight increase in organic matter was not significant at a probability of P = 0.27 (Figure 5b).




3.2.2. Total Soil Nitrogen (TN)


For the four-year experimental period, the average TN concentration in the top 30 cm soil for CA was 0.26% and for CT 0.23%, which was greater than the initial concentration of 0.17% in both CA and CT (Table 4). Despite the scatter in the data, the trend for the pooled date was significant, with an average increase of 0.032% N a−1 (Figure 5c). In the subsoil from 30–60 cm, the increase in total N was 0.02% N a−1.




3.2.3. Available Phosphorus (P)


Soil-available P under CA and CT treatments over the two soil depths more than doubled after four years from 21 to 52 mg kg−1 in CA and to 44 mg kg−1 in CT for the 0 to 30 cm depth, and from 8.5 to 24 mg kg−1 in CA and to 23 mg kg−1 in CT for the 30 to 60 cm depth (Table 4, Figure 5). Even though available P in the subsoil increased over time, the concentration of available P in the subsoil was much lower than in the topsoil. The slope of the trend line for the increase in available P was meaningful for CA and CT in both soil layers. (Figure 5e,f).



The soil organic matter, TN, and available P varied systematically between wet and dry phases (Table 4). The concentrations were relatively greater in the dry phase when the temperatures were generally greater. Possible reasons could be the rate of decomposition of roots [11,32]. Moreover, soil erosion by surface runoff and leachate on the plots during the rain phase influences soil organic matter and nutrients [13].






4. Discussion


We performed a four-year experiment with three vegetable crops under conservation agriculture, CA, and conventional tillage, CT. The OM, TN, and available P contents in the root zone increased for CA (Figure 5) with the addition of approximately 27 Mg ha−1 from hay (85% of that is organic matter), 8 Mg ha−1 in cow manure, and 9 Mg ha−1 pepper residue (Table 1 and Table 3 and Figure 5). The OM, TN, and available P increased in CT but were less because the hay was not applied and the soil was tilled, causing loss of organic matter [13]. The soil fertility increase in CT is interesting because more fertilizer was applied than in traditional agriculture, where tillage reduces the amount of organic matter in the soil [33,34]. In addition, the fields were irrigated, making it possible to grow two crops per year. Although the fertilizer and irrigation will not increase organic matter, they will increase the amount of crop residue. This increased crop residue, together with the manure, was responsible for the increase in the CT. Traditionally, farmers use the crop residue for feeding their livestock and not as soil mulch. Thus, CA might be feasible for vegetable production. Still, as long as livestock remains one of the main sources of cash for the farmer, it is unlikely that crop residues on a large-scale basis will be incorporated.



Soil nutrient analysis results in Table 3 indicated that the change over the four years in OM in the soil under CA was 58 Mg ha−1 and 40 Mg ha−1 for CT. The OM added in CA and listed in Table 2 (including the pepper residue) was 44 Mg ha−1. The difference in soil OM between added and that in the soil could be partly due to the residues from onion, garlic, and weeds that were not included in the calculations of the added OM. In addition, differences in sampling the soil with strong contrast in the organic matter might have caused seasonal variability. Soil loss during the intense monsoon storms could also have lowered the concentration at the end of the rain phase [35].



The annual rates of increase in OM and total N with CA in our experiments (Figure 5, Table 4) were greater than those of experiments conducted in temperate regions such as in Poland [34] and the USA [35] but are in the same order with other experiments in tropical monsoon regions where two crops per year are grown with supplemental irrigation such as in Ethiopia [3,20,21], Nigeria [36], and Brazil [37,38]. However, the OM increase in our experiment was less than the OM increase in the Mediterranean region of Spain using organic farming and avoiding pesticide application [39].



Bottlenecks to the Implementation of Conservation Agriculture


One of the many bottlenecks in the widespread implementation of CA is producing sufficient organic mulch to cover the soil [2]. Unlike many other locations in the world, the subhumid and humid highlands, including Ethiopia, can grow some of the grasses needed in the valley bottoms that are too wet during the rain phase (June to September) to grow crops and vegetables [40,41,42,43,44,45,46]. The valley bottoms are traditionally used for communal grazing. Recent studies have shown that by planting special grasses and excluding livestock from these areas, gully initiation (common in the valley bottoms), which causes soil erosion, can be stopped, and grass production can be greatly increased [42,43,44]. The yield of grass in these so-called exclosures exceeds what is needed for feeding livestock, which otherwise would have used the land for grazing. The additional plant growth and biomass yield could, among others, be used for mulch. In addition to being in situ, the cut and carry system can employ youth and women [47,48]. Overall, this can be a win, win solution [49]. However, despite the promise of the exclosures and other soil- and water-conservation practices, few successful examples exist because of socioeconomic conditions and lack of efficient communication of added value and clearly defined responsibilities between farmers, benefit-sharing arrangements, and other associated social factors. These need to be understood and resolved before implementing more exclosures [47,49,50].



Reducing livestock pressure would be another way to increase the availability of organic matter for mulching [51], although this may be challenging due to the importance of livestock systems for resilience and nutrition. A few alternatives, such as the current practice of growing eucalyptus (Eucalyptus globus) trees, might help reduce livestock pressure as they serve as a cash source [52,53]. In addition, using eucalyptus wood for cooking can help the organic matter supply by replacing the burning of dung and plant residue as fuel [2,52,53]. However, growing such trees can put pressure on groundwater resources that can impact grain crop production systems in the region [54].



Intercropping practices should also be considered for additional organic matter. Although intercropping decreases the yield of the main crop in some areas, overall system yield and other associated benefits of diversity, nutrition, breaking pests, diseases, and weeds are noteworthy. Intercropping of pigeon pea (Cajanus cajan) in maize has minimally decreased maize yield [2]. In the Ethiopian Highlands, maize interplanted with beans (Phaseolus sp.) increased yields over solo maize [55,56]. Jaleta [56] found that plots with maize–legume intercropping/rotation had the highest average maize yield. In addition, Fenta [23] showed that the benefits of maize production intercropping pigeon pea for the mixed-crop livestock smallholder systems.



Consequently, promising intercropping practices can boost mulch availability, especially in years with high rainfall [2]. However, competition with livestock for the intercropped forage must be evaluated and considered. Therefore, intercropping for mulch for conservation tillage likely will be challenging when livestock pressure is high.



Overall obtaining the organic matter for CA might be feasible in the humid and subhumid Ethiopian Highlands when the right socioeconomic factors exist and farmers are involved in the decision to include this practice in the watershed plan [4,51,56]. For example, the implementation of CA for growing vegetables for the local markets by instituting enclosures with high-yielding grasses in the valley bottom might be successful in the watershed with access to the market in close-by large towns. Although more socioeconomic research is needed, this could be the case where growing vegetables could be more profitable.





5. Conclusions


Agriculture in sub-Saharan Africa, particularly in the Ethiopian Highlands, has been hampered by the loss of soil fertility and failure to replenish critical nutrients leading to severe soil degradation. To find a way to ameliorate the degraded soils, a four-year experiment was conducted on ten farms growing vegetables with conventional tillage (CT) and conservation agriculture (CA). Both practices increased soil organic matter and nutrients over time. The average soil organic matter (OM) in the top 30 cm of the CA and CT fields gained 0.5% per year. Although the increase in OM was slightly greater in CA than CT, it was not significant.



Similarly, the total N (TN) increase for CA and CT mirrored the organic matter. The available P doubled over the four years and showed a statistically significant increment for CA and CT treatment. Finally, soil pH, available K, and CEC increased under CA compared with the CT treatment. The rate of OM, TN, and P increase was greater in this study than in most studies elsewhere conducted without manure application. Irrigation allowed growing of two crops per year, increasing the biomass returned to the soil above trials with one crop per year.



Our findings and other studies have proven that CA in vegetable production systems may aid in greater food security by improving soil organic matter and soil nutrient content. Although CA practices have many benefits agronomically, socioeconomic research efforts are lacking and are needed to identify potential barriers to adoption and to create enabling environments. Therefore, widespread implementation is not expected until socioeconomic issues have been identified and resolved. In the meantime, conventional vegetable production that includes the application of fertilizer, manure, and limited plant residue incorporated in the soil could be used for soil improvement.
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Figure 1. Location map of the study area. (a) Ethiopia, (b) Biranti watershed, and (c) Dengeshita experimental sites depicting the experimental plots. 
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Figure 2. Experimental design layout for conservation agriculture (CA) and conventional tillage (CT) and irrigation water access (Note: larger water storage constructed after February 2018 for drip, and it was overhead irrigation accessing water from the well). 
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Figure 3. Composite soil sampling at two soil layers (0–30 cm and 30–60 cm) from both the conservation agriculture and conventional tillage plots;(a) initial soil sampling before the plots were established (b), soil sampling from CA and CT after the plots were established, (c) pictures of soil sampling. 
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Figure 4. Average soil properties of the initial baseline and the third and fourth years of ten farms for the 0–30 cm and 30–60 cm depth under CA and CT for (a) soil pH, (b) cation exchange capacity (CEC), and (c) available K; error bars indicate one standard deviation (n = 10). 
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Figure 5. Average concentration for ten plots of organic matter, total nitrogen, and available phosphorus at two soil depths during a four-year experiment with vegetables grown under conservation agricultural (blue symbols) and conventional tillage practices (red symbols) starting from 2016. Organic matter: (a) 0 to 30 cm soil depth, (b) 30 to 60 cm soil depth; total nitrogen (c) 0 to 30 cm soil depth, and (d) 30 to 60 cm soil depth. Available phosphorus in (e) 0 to 30 cm soil depth and (f) 30 to 60 cm soil depth under CA and CT. The trend line (black) shows the pooled CA and CT concentrations are significant when the probability p < 0.05. In addition, the R2 > 0.65 shows that the trend is meaningful [31]. The slope of the trendline is the "gain" and expresses the increase in concentration per year. 
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Table 1. Timeline of crops grown, on-farm activities, and soil sampling and weights of mulch fertilizer and manure applied for conservation (CA) and conventionally tilled vegetable fields from 2016 to 2020. Mulch was only applied to the CA fields.
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Crop *

(Year)

	

	
Tillage

	
Transplanting

	
Fertilizer Application

	
Mulch Application

	
Harvesting

	
Soil Sampling

	
Manure Application






	
Onion (2016/2017)

	
Date

	
9/25/2016–3/30/2016

	
12/20/2016

	
12/25/2016

	
01/05/2017

	
3/22/2018

	
3/25/2017

	
3/25/2017




	
Amount

(kg ha−1)

	
-

	
-

	
200

	
4000

	
-

	
-

	
5000




	
Pepper

(2017)

	
Date

	
2/20/2017–4/25/2017

	
05/01/2017

	
-

	
05/01/2017

	
7/10/2017–8/10/2017

	
08/10/2017

	




	
Amount (kg ha−1)

	
-

	
-

	

	
4000

	
-

	
-

	




	
Garlic

(2017/2018)

	
Date

	
10/18/2017

	
10/27/2017

	
10/27/2017

	
15/27/2017

	
2/26/2018

	
2/26/2018

	
2/27/2018




	
Amount (kg ha−1)

	
-

	
-

	
200

	
4000

	
-

	
-

	
5000




	
Pepper

(2018)

	
Date

	
2/15/2018

	
3/13/2018

	
03/12/2018

	
07/05/2018

	
6/1/2018–8/25/2018

	
8/25/2018

	




	
Amount (kg ha−1)

	
-

	
-

	
100

	
4000

	
-

	
-

	




	
Onion

(2018/2019)

	
Date

	
10/15/2018

	
10/27/2018

	
10/27/2018

	
11/05/2018

	
02/02/2019

	
02/02/2019

	
02/05/2019




	
Amount (kg ha−1)

	
-

	
-

	
200

	
4000

	
-

	
-

	
5000




	
Pepper

(2019)

	
Date

	
2/15/2019

	
3/02/2019

	
3/02/2019

	
7/15/2019

	
6/20/2019

	
-

	
-




	
Amount (kg ha−1)

	
-

	
-

	
200

	
4000

	
-

	
-

	
5000




	
Onion

(2019/2020)

	
Date

	
02/15/2019

	
03/11/2019

	
03/11/2019

	
07/15/2019

	
6/20/2019

	
-

	
-




	
Amount (kg ha−1)

	
-

	
-

	
200

	
4000

	
-

	
-

	
5000




	
Pepper

(2020)

	
Date

	
2/15-25/2020

	
3/25/2020

	
6/30/20

	
04/05/2020

	
6/15/2020–8/25/2020

	
8/25/2020

	
-




	
Amount (kg ha−1)

	
-

	
-

	
100

	
4000

	
-

	
-

	








* The crop varieties were Adama red onion (Allium cepa L.), local-variety garlic (Allium Sativium L.), and local-variety Mareko pepper (Capsicum annuum L.).
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Table 2. Irrigation water applied in mm per growing period and average yield in Mg/ha of vegetable crops grown on ten conventional tilled (CT) plots and ten conservation agriculture (CA) plots from 2016 to 2010 [13,19].
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Vegetable

	
Year

(Dry Irrigated or Rainfed)

	
Irrigation Water Added (mm /Growing Season)

	
Vegetable Fresh Yield (Mg ha−1)




	
CA

	
CT

	
CA

	
CT






	
Onion

	
2016/2017 (dry)

	
520

	
520

	
24.3

	
17.9




	
Pepper

	
2017 (wet)

	
50

	
50

	
5.1

	
5.5




	
Garlic

	
2017/2018 (dry)

	
260

	
309

	
5.3

	
3.8




	
Pepper

	
2018 (wet)

	
367

	
475

	
11.7

	
9.1




	
Onion

	
2018/2019 (dry)

	
408

	
479

	
10.2

	
8.5




	
Pepper

	
2019

	
255

	
288

	
6.3

	
5.9




	
Pepper

	
2020 (wet)

	
289

	
355

	
12.3

	
9.8
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Table 3. Soil characteristics (mean ± standard deviation) at the beginning of the experiment (samples collected on 11 November 2016) for two soil depths (0 to 30 cm and 30 to 60 cm).
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Soil Characteristics

	
Soil Depth

	
Soil Depth




	

	
0–30 cm

	
30–60 cm






	
Bulk density (g cc−1)

	
1.14 ± 0.10

	
1.22 ± 0.13




	
pH (H2O, 1:2.5)

	
6.0 ± 0.64

	
5.8 ± 0.63




	
Electrical conductivity (EC) (dS m−1)

	
1.13 ± 0.12

	
0.09 ± 0.05




	
Cation exchange capacity (CEC) (meq kg−1)

	
24.0 ± 4.0

	
25.3 ± 4.5




	
Available potassium (g kg−1)

	
1.11 ± 0.57

	
0.79 ± 0.54




	
Available phosphorus (mg kg−1)

	
21.2 ± 12.3

	
8.5 ± 4.8




	
Total nitrogen (%)

	
0.17 ± 0.05

	
0.17 ± 0.06




	
Organic matter (%)

	
3.18 ± 0.91

	
3.08 ± 1.06




	
Organic carbon (%)

	
1.84 ± 0.53

	
1.79 ± 0.62




	
Field capacity (%)

	
31.4 ± 3.9

	
28.8 ± 2.8




	
Permanent wilting point (%)

	
22.2 ± 3.6

	
21.6 ± 1.93




	
Bulk density (g cm−3)

	
1.25 ± 0.8

	
1.32 ± 1.1




	
Sand (%)

	
39 ± 17

	
22 ± 10




	
Silt (%)

	
27 ± 5

	
25 ± 4




	
Clay (%)

	
35 ± 17

	
54 ± 14
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Table 4. Organic matter content (OM), total nitrogen concentration (TN), and available phosphorus (P) in the topsoil (0 to 30 cm) and subsoil (30 to 60 cm) under conservation agriculture (CA) and conventional tillage (CT) treatments for the four-year on-farm experiment in the sub-humid Ethiopian Highlands.






Table 4. Organic matter content (OM), total nitrogen concentration (TN), and available phosphorus (P) in the topsoil (0 to 30 cm) and subsoil (30 to 60 cm) under conservation agriculture (CA) and conventional tillage (CT) treatments for the four-year on-farm experiment in the sub-humid Ethiopian Highlands.





	
Vegetable

	
Year

(Phase)

	
0–30 cm

	
30–60 cm




	
CA

	
CT

	
CA

	
CT






	
Organic Matter Content (%)




	

	
2016 (initial)

	
3.2 ± 0.9

	
3.2 ± 0.9

	
3.1 ± 1.1

	
3.1 ± 1.1




	
Pepper

	
2017 (wet)

	
2.6 ± 0.8

	
2.5 ± 0.7

	
1.6 ± 0.3

	
1.9 ± 0.6




	
Garlic

	
2017/2018 (dry)

	
3.9 ± 1.3

	
3.8 ± 1.0

	
3.0 ± 1.1

	
2.7 ± 0.5




	
Pepper

	
2018 (wet)

	
5.6 ± 3.0

	
5.1 ± 0.9

	
1.7±0.6

	
1.7 ± 0.6




	
Onion

	
2018/2019 (dry)

	
6.4 ± 2.93

	
5.4± 3.0

	
2.2 ± 1.8

	
2.1 ± 0.9




	
Pepper

	
2020 (wet)

	
4.8 ± 0.09

	
4.3 ± 0.6

	
3.8± 0.8

	
3.2 ± 0.7




	

	
Mean

	
4.4 ± 1.2

	
4.0 ± 1.21

	
2.7 ± 0.90

	
2.5 ± 0.99




	
Four-year change (%) *

	
50

	
33

	
22

	
5




	
Total Nitrogen (%)




	

	
2016 (initial)

	
0.17 ± 0.05

	
0.17 ± 0.05

	
0.17 ± 0.06

	
0.17 ± 0.06




	
Pepper

	
2017 (wet)

	
0.21 ± 0.06

	
0.20 ± 0.05

	
0.12 ± 0.03

	
0.15 ± 0.04




	
Garlic

	
2017/2018 (dry)

	
0.20 ± 0.06

	
0.19 ± 0.05

	
0.15 ± 0.05

	
0.13 ± 0.02




	
Pepper

	
2018 (wet)

	
0.26 ± 0.10

	
0.24 ± 0.14

	
0.17 ±0.03

	
0.16 ± 0.05




	
Onion

	
2018/2019 (dry)

	
0.36 ± 0.16

	
0.31 ± 0.14

	
0.19 ± 0.07

	
0.18 ± 0.08




	
Pepper

	
2020 (wet)

	
0.31 ± 0.03

	
0.24 ± 0.06

	
0.27 ± 0.04

	
0.22 ± 0.04




	

	
Mean

	
0.26 ± 0.08

	
0.23 ± 0.08

	
0.18 ± 0.05

	
0.17 ± 0.06




	
Four-year change (%) *

	
82

	
41

	
59

	
29




	
Available Phosphorus (mg kg−1)




	

	
2016 (initial)

	
21 ± 12

	
21 ± 12

	
8.5 ± 4.7

	
8.5 ± 4.7




	
Pepper

	
2017 (wet)

	
29 ± 38

	
26 ± 26

	
7.9 ± 10

	
6.2 ± 3.9




	
Garlic

	
2017/2018 (dry)

	
27 ± 17

	
29 ± 18

	
17 ± 16

	
15 ± 11




	
Pepper

	
2018 (wet)

	
31 ± 31

	
23 ± 21

	
10 ± 10

	
7.7 ± 5




	
Onion

	
2018/2019 (dry)

	
31 ± 25

	
27± 23

	
25 ± 18

	
17 ± 11




	
Pepper

	
2020 (wet)

	
52 ± 25

	
44 ± 26

	
24 ± 14

	
23 ± 14




	

	
Mean

	
32 ± 25

	
28 ± 21

	
16 ±16.1

	
13 ± 11




	
Four-year change (%) *

	
144

	
29

	
183

	
172








* The increase in concentration in percent over the four years divided by the initial concentration. ‘Wet’ indicates the rain phase when the crops were initially irrigated and then rainfed, and ‘dry’ indicates the dry phase when the plots were irrigated the entire growing period.
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