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Abstract: Smallholder maize and wheat production systems are characterized by high drudgery. 

On-farm trials were run for three seasons in Ethiopia. The study assessed the effect of 2 WT direct 

seeding and growing season on (1) soil quality, and (2) maize and wheat productivity, energy and 

protein gains, and gross margins, on smallholder farms in Ethiopia. For the wheat crop, the effect 

of different soil types and agroecological conditions on productivity was assessed. The treatments 

in paired plots were (i) conventional ploughing practice and (ii) no-till (NT). Soil properties, crop 

yield, nutrition gains and gross margins were determined. No-till improved soil properties in the 

short term. No-till produced 1210–1559 kg ha−1 grain, 18–29 GJ ha−1 energy and 121–194 kg ha−1 

proteins, and generated 358–385 US$ ha−1 more than the conventional practice in the maize system. 

In the wheat system, no-till treatment had 341–1107 kg ha−1 grain, 5–16 GJ ha−1 energy and 43–137 

kg ha−1 proteins, and generated 230–453 US$ ha−1 more than conventional practice. No-till can be 

more productive and profitable in the Ethiopian maize and wheat-based cropping systems. 
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1. Introduction 

Crop production in Maresha-based conventional systems of the Ethiopian highlands 

is characterized by low yields of the major cereal and legume food crops [1,2]. Maize (Zea 

mays L.) and wheat (Triticum aestivum L.) yields have remained lower than the maximum 

potential in different parts of the Ethiopian highlands [2,3]. Currently, the yield gap for 

maize varies by an average of 28–30% in Ethiopia [1] while authors [4] report wheat yield 

gaps of 14–17% under farmer conditions. Maize and wheat productivity has remained 

below the potential yields due to poor soil quality including acidity and low organic mat-

ter, the use of inappropriate agronomic practices in cropping systems, and the use of re-

tained seed of the major food security cereals [3,5]. Countrywide, the wheat deficit stands 

at 1.9 million tonnes per year [6] which feeds about 30% of the population. This is wors-

ened by a gradual increase in the human population of 3.02% per annum [7]. Wheat and 

maize contribute 11 and 17% of the national calorie intake respectively [8,9]. Maize con-

tribution towards food security remains lower than expected and this is attributable to 

various factors including low yields due to highly degraded soils, unreliable rainfall pat-

terns, as well as a poor grain distribution network from surplus to deficit areas of the 

country [3]. 

Maize and wheat production systems in Ethiopia’s smallholder farming sector are 

characterized by high drudgery. Field operations such as land preparation, fertilizer ap-
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plication and planting are carried out using human muscle power [10,11]. These field op-

erations are carried out by both men and women [12]. Elsewhere, conservation agricul-

ture-based farming systems that are being promoted in sub-Saharan Africa (SSA) have 

reportedly increased the workload on women farmers [11], who are already overwhelmed 

due to the multi-task nature of their roles at the smallholder farming family level [13]. It 

is imperative, therefore, that alternative technologies and innovations that reduce drudg-

ery and reallocate family labour to other income-generating activities be explored in the 

smallholder farming sector [14]. 

Low horsepower (8–22 HP) two-wheel or walking tractors (2 WT) are an alternative 

technology that can reduce drudgery along the crop value chains and increase productiv-

ity on smallholder farms [15]. For the smallholder farmer, direct seeding into untilled soil 

substantially reduces costs and time for establishing a crop during the sowing window at 

the onset of the growing season [14,15]. Direct seeding increases precision in basal ferti-

lizer placement and quantities applied during planting. Additionally, direct seeding al-

lows timely planting and more efficient utilization of available soil moisture at the critical 

stage of crop establishment [10,16]. 

Two-wheel tractor direct seeding complements no-till (NT) based practices that are 

being promoted to improve soil and crop productivity in the smallholder farming sector 

[17,18]. No-till systems improve soil health by reducing erosion, increasing organic matter 

and soil biodiversity [19], as well as reducing soil acidity, which is one of the major crop 

production constraints in Ethiopia and other SSA countries [20–22]. For the acidic soils in 

Ethiopia [5], NT systems offer an opportunity for increasing the productivity of maize, 

wheat and other food security crops under the different agroecological conditions of the 

country. Crop yield gains from conservation agriculture-based cropping systems are well 

documented in studies from different parts of Eastern and Southern Africa [23–25]. How-

ever, there is still limited evidence on how 2 WT direct seeding influences the productivity 

of major food security crops such as maize and wheat compared with the traditional prac-

tices under smallholder farming conditions. 

Successful promotion of cropping systems resilient to climate change and variability 

also hinges on income generated from crop production in the smallholder farming sector. 

The profitability of new and improved technologies is often a key incentive for small-

holder farmers, and this has been demonstrated by conservation agriculture and inte-

grated soil fertility management innovations promoted on smallholder farms [20,26–29]. 

Elsewhere, studies have also shown that NT systems are both productive and profitable 

compared with conventional practices [17]. Under smallholder farming conditions of SSA, 

there is still limited evidence on how profitable 2 WT direct-seeded cropping systems are 

compared with the various conventional practices that have been in use for many gener-

ations. 

Direct seeding in untilled soil is one of the operations that are being mechanized on 

smallholder farms in Ethiopia using 2 WTs. The other farm operations performed by a 2 

WT include harvesting and threshing of crops such as wheat and barley, maize shelling 

and water pumping for irrigating high-value horticultural crops [30,31]. This study was 

designed to assess the effect of 2 WT direct seeding on maize and wheat productivity, 

energy and protein gains, and gross margins on smallholder farms in Ethiopia. The study 

was guided by the three research questions: (1) What is the effect of no-till on soil health 

over time, (2) What is the effect of 2 WT direct seeding and growing season on maize and 

wheat yields compared with the conventional Maresha-based practice? (3) What is the 

effect of different soil types and agro-ecological conditions on wheat yields? (4) What nu-

tritional gains for farming households are derived from using 2 WT direct seeding sys-

tems? (5) What is the effect of 2 WT direct seeding on gross margins from the maize and 

wheat systems in the Ethiopian highlands? 

2. Materials and Methods 

2.1. Description of Experimental Sites 
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Trials were conducted at 15 farms in the maize-growing zone and 26 farms in the 

wheat-growing parts of Ethiopia. The on-farm trials were run for three growing seasons 

(2018, 2019, 2020) in the sub-humid and semi-arid highlands of Ethiopia and the general 

location of trial sites are summarised in Figure 1. 

 

Figure 1. Map of Ethiopia showing parts of the country where two-wheel tractor-based small mech-

anization technologies are being promoted since 2015. Experimental sites were located Gudeya-Billa 

(maize), Machakel (wheat), Debre Birhan (wheat), Gimbichu (wheat) and Adwa (wheat) areas of 

Ethiopia. 

In the predominantly maize-growing region, trials were in the Gudeya-Billa District 

of the Oromia region. Gudeya-Billa lies in the mid-altitude highland with a high potential 

for maize production [32]. Gudeya-Billa is characterised by a bimodal rainy season with a 

mean annual rainfall of 1300 mm. The average minimum and maximum temperatures are 

13.3 and 29.9 °C [33]. The predominant soils in the region are well-drained Alfisols (Udalf) 

with a bulk density of 1.12 g cm3, pH 5.6, soil organic carbon (SOC) of 14 g kg−1 and 48% 

clay content [25,32]. 

In the predominantly wheat-growing area of the Oromia region, on-farm trials were 

run in the Gimbichu District which lies in the sub-humid highlands with soil characterized 

by clay content averaging 62%, 1.21–1.41 g cm3 bulk density, pH of 6–7.5, and 2.3% organic 

matter [2]. The area receives about 1200 to 2200 mm per annum. The average minimum 

and maximum temperatures are 7 and 26 °C, respectively [34]. In the Amhara region, 

wheat trials were conducted in Goshe Bado (Debre Birhan) and Machakel (Debre Markos). 

Debre Birhan receives an average rainfall of 900 to 1200 mm per annum with minimum 

and maximum temperatures of 9 °C and 22 °C, respectively. The predominant soils are 

Cambisols, vertisol and Nitosols. The soils are moderately drained due to the relatively high 

clay content [35]. Alfisols are the predominant soil type in the Debre Markos area. They 
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are moderately drained due to significant clay content [36]. The area receives a mean an-

nual rainfall of 1308 mm and has an annual average temperature of 16 °C. In the Tigray 

region, wheat trials were conducted in Adwa, a semi-arid low altitude part of Ethiopia. 

The Adwa area receives at least 880 mm of rainfall per annum. The soils in Adwa are 

moderately drained Leptosols, Cambisols, Vertisols, Fluvisols and Nitosols [37]. The farming 

system at the trial sites is predominantly mixed crop-livestock with cropping systems in-

volving cereals and legumes grown under rotation and intercropping practices. 

2.2. Experimental Design and Treatment Description 

Trials were implemented on land volunteered by each host farmer. Each farmer of-

fered 660 m2 of land for hosting the trial in each growing season. Each farm had paired 

plots one for the conventional Maresha practice and another for NT treatment. Each exper-

imental plot measured 30 m × 10 m and there was a 2 m pathway between the plots. The 

two treatments were: 

i. Conventional practice (CP): land preparation involved ploughing 3–4 times using an 

ox-drawn Maresha traditional plough before the onset of the rains. The fifth plough-

ing operation was conducted at planting after receiving effective rains. 

ii. No-till (NT): the soil was not tilled before planting the two test crops. Maize planting 

and basal fertilizer application were done using a two-row planter (model 2 CYF-2) 

that was powered by a 20 HP two-wheel tractor. The 2-BFG-100 (Dongfeng brand) 

planter was used for wheat direct seeding at all sites every growing season. 

In both treatments, maize was planted at 75 cm × 25 cm giving 53 333 plants ha−1. 

Wheat seed was drilled at 20 cm inter-row spacing giving 300,000 plants ha−1. No crop 

residues were applied as mulch to the NT plot because farmers needed to use the residues 

for livestock feed and construction. Wheat trials were established in different agroecolog-

ical regions of Ethiopia which had different soil types. This allowed the assessment of 

agroecological conditions and soil type effects on wheat yields to be conducted. 

2.3. Experimental Management 

Maize and wheat were planted on the same day in both treatments at each farm at 

the onset of the growing season. Late maturing Shone maize variety was used in all sea-

sons at the Gudeya-Billa trial sites. A white-grained Damfi bread wheat variety was 

grown at the trial sites in all seasons. The two treatments received the same amount of 

basal and top-dressing mineral fertilizers. Basal fertilizer (19% N, 38% P2O5, 7% S) was 

applied at 150 kg ha−1 followed by urea (46% N) at 100 kg ha−1 as topdressing to both maize 

and wheat crops at 5–6 weeks after emergence. Weed control in the conventional practice 

treatment was done manually using hand hoes. In the NT treatment, the first weed control 

was achieved by applying glyphosate [N-(phosphonomethyl) glycine] at 3.0 l ha−1 (1.025 l 

ha−1 active ingredient) at 5–7 days before seeding. Subsequent weed control in the NT 

treatment was done manually using hand hoes whenever necessary. Management of trials 

and the decision on when to weed the trial during the growing season was taken by the 

host farmer in consultation with the resident extension agent. 

2.4. Data Collection 

2.4.1. Soil Analysis 

Soil samples were collected from the maize fields at on-farm sites in the Gudeya-Billa 

District in western Ethiopia that had been in use for four years. The soil samples were 

collected in December after harvesting. The purpose of soil analyses was to assess differ-

ences in soil quality indicators between conventionally ploughed and NT treatments. Soil 

samples were collected from the 0–15 cm depth in each treatment. Soil pH was determined 

using the water method (1:2.5 ratio) and soil organic carbon was measured using the 

Walkley-Black procedure [38]. Zinc, sulphur and phosphorus were extracted using the 

Mehlich 3 method [39] and determined by the atomic absorption spectrometer. Cation 
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exchange capacity was determined using the ammonium acetate procedure. Soil samples 

were analysed by Horticoop Laboratory in Debre Zeit, Ethiopia. 

2.4.2. Crop Productivity Variables 

All crops were harvested at physiological maturity. The final maize plant population 

was measured from a 4 m × 4 m net plot where grain and stover yields were determined. 

Maize cobs and biomass from the net plot were weighed in the field before taking sub-

samples for determining grain and biomass moisture content. Wheat grain and straw 

yield were also measured from a 16 m2 net plot in each treatment. Wheat straw and spike 

samples were weighed in the field before taking sub-samples for air-drying and determi-

nation of final grain and straw yields. Grain and straw/stover sub-samples were air-dried 

for five weeks before determining dry grain and biomass weight. Grain moisture content 

was measured using the mini GAC® moisture tester (DICKEY-John, Auburn, IL, USA). 

The final maize and wheat grain yields were expressed per ha−1 at 12.5% moisture content. 

Harvest index (HI) was determined as the proportion of maize or wheat grain to the total 

above-ground biomass. Hundred seed weight (HSW) of wheat grain was determined after 

air drying for 5 weeks. 

2.4.3. System Nutritional Value 

Grain energy yield (GJ ha−1) in each plot was calculated from the grain yield of either 

maize or wheat from each treatment. Maize and wheat grain protein yield (kg ha−1) was 

expressed as a product of the seed protein content (g 100 g−1) and grain yield (kg ha−1). 

Grain energy and protein contents for both maize and wheat were obtained from the Food 

Nutrition Table database (http://www.foodnutritiontable.com/, accessed on 15 April 

2021). Maize energy and protein contents were reported to be 353 kcal 100 g−1 and 10 g 100 

g−1, respectively, while for wheat they were reported to be 329 kcal 100 g−1 and 12.4 g 100 

g−1, respectively. 

2.4.4. Economic Analysis 

A gross margin analysis was conducted to evaluate the economic benefit of the 2 WT 

direct seeding. The partial budgeting technique was used to compare the profitability of 

conventional planting with 2 WT-powered direct seedings. All costs including expenses 

on inputs (seed, fertilizer, herbicide and labour), fuel and oil for the tractor, and labour 

were collected from each plot. Plot level maize and wheat yield data (t ha−1), variable costs 

of each farm (inputs, labour, equipment hire fee, and other related costs) and output prices 

of three years were used for the gross margin analysis. These variable costs were recorded 

using standardized protocols developed by CIMMYT [40]. The input and output prices 

were converted from the Ethiopian Birr to USD using the prevailing official exchange rate 

of the National Bank of Ethiopia. 

2.5. Statistical Analyses 

In the analysis of maize data, treatment (conventional practice and NT) and season 

were the fixed factors and the experimental farm was used as a random factor. Multiple 

linear mixed models with the corresponding analysis of variance (ANOVA) were used to 

assess the effect of treatment (conventional practice and NT) and season on maize yield, 

HI, plant population, gross margins, protein and energy yield. The same multiple linear 

mixed models were used to assess the effect of treatment (conventional practice and NT), 

season, agroecology and soil type on wheat yield, HI, HSW, gross margins, protein and 

energy yield. The fixed factors were treatment, season, agroecology and soil type, and the 

experimental farm was used as the random factor in the analysis of wheat data. Agroecol-

ogy (semi-arid and sub-humid) and soil type (vertisol, clay loam and loamy sand) were 

not part of the maize model since these fixed factors were only featured in the wheat da-

taset. Analysis was conducted using the lme4 package for linear mixed regression analysis 
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and the ggplot2 package for plotting all the graphs in R [41]. The following formula [2] is 

a multiple linear mixed regression model used: 

� = �� + ∑ �����
���
��� + ������ + ���  (1)

where 

� = maize/wheat yield (kg ha−1), wheat/maize energy (GJ ha−1), wheat/maize protein 

(kg ha−1), maize density (plants ha−1), maize/wheat HI, wheat HSW (g), or gross margin 

(US$ ha−1) 

��= model intercept that represents the grand mean 

�= number of factor variables categories e.g., (treatment: 0 = CP, 1 = No-till) 

�� = the regression coefficient associated with the jth factor variable (treatment, sea-

son) 

���= the numerical value assigned to subject i in the jth factor variable (season = 

2018,2019 and 2020) 

����  = the coefficient of the possible interaction of jth factor variable. 

��= the possible interactions of the factor variables e.g., (treatment: season) 

���= error term 

3. Results 

3.1. Soil Properties 

Soil conditions improved when tillage was changed from conventional to direct seed-

ing no-till using a 2-WT (Table 1). All measured soil parameters were higher in the NT 

treatment compared with conventional ploughing. Only the differences in zinc and sul-

phur content between treatments were significant (p < 0.05). The increase in soil pH over 

time with direct planting is important for reducing soil acidity which is prevalent in west-

ern Ethiopia and other similar environments in the country. Similarly, the increase in soil 

organic carbon over time will improve the physical, chemical and biological conditions of 

the soil, leading to increased crop productivity on the farms. The results also indicated an 

increase in zinc, one of the critical micro-nutrients required for human nutrition. 

Table 1. Soil properties measured four years after introducing 2 WT direct planting in maize sys-

tems of the Gudeya-Billa District. Figures in brackets are the standard deviation of each mean. 

Soil Property Conventional Practice No-Till 

pH 5.6 (0.44) 5.7 (0.92) 

Organic carbon (%) 3.4 (0.07) 3.8 (0.45) 

Phosphorus (mg kg−1) 4.7 (0.68) 5.2 (0.09) 

Sulphur (mg kg−1) 8.5 (2.74) 10.7 (3.27) 

Zinc (mg kg−1) 2.6 (0.29) 3.5 (0.74) 

Cation exchange capacity (mg kg−1) 26.2 (0.57) 26.9 (0.81) 

3.2. Crop Productivity 

3.2.1. Maize Productivity 

Maize plant population varied with season and in 2019, NT treatment had signifi-

cantly higher crop density than CP (Table 2). Maize stover yield and harvest index were 

not influenced by the treatments tested. Maize grain production was not significantly in-

fluenced by Treatment × Season interaction (Supplementary Table S1). Direct seeding sig-

nificantly influenced maize grain production within and across seasons compared with 

the conventional practice (Figure 2). The NT treatment had 1210, 1351 and 1559 kg ha−1 

more grain than the conventional practice in 2018, 2019 and 2020, respectively. Across 

growing seasons, the NT treatment had 1346 kg ha−1 more grain than the conventional 

practice. Maize yield significantly varied with season. The 2018 growing season had 
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higher grain yield compared with 2019 and 2020 across trial sites, regardless of the land 

preparation and seeding system used. In the 2018 season, 992 mm of rainfall was received 

compared with 1116 mm recorded in 2019 (Supplementary Figure S1). 

Table 2. Maize plant population (plants ha−1), stover yield (kg ha−1), and harvest index (HI) across 

sites used in 2018, 2019, 2020 and across seasons. 

Treat-

ment 

2018 2019 2020 Across Years 

Popula-

tion  
Stover HI 

Popula-

tion  
Stover HI 

Popula-

tion  
Stover HI Population Stover HI 

CP 41,172 11,458 0.39 30,982 b 5639 0.37 35,500 5014 0.47 37,337 b 9126 0.34 

NT 45,391 9232 0.49 37,946 a 6568 0.41 42,000 5439 0.55 43,087 a 9410 0.37 

p-value ns ns ns 0.0005 ns ns ns ns ns 0.0034 ns ns 

SE 2403 1452 0.067 1025 387 0.040 2508 506.6 0.033 1324 652.2 0.0244 

CV (%) 11.1 28.1 30.3 5.56 16.8 19.1 14.2 21.2 14.3 14.1 30.0 29.3 

HI—harvest index; HSW—hundred seed weight; SE—standard error; CV—coefficient of variation. 

ns – not significant; Letters a and b are for mean separation. 

 

Figure 2. Maize grain yield from conventional practice and NT treatments in 2018, 2019, 2020 and 

across the growing seasons from experimental sites in the Gudeya-Billa district, Oromia, western 

Ethiopia. Means with different letters (A, B) in the same season are significantly different at p < 0.05. 

The blue dots within each box represent the mean yield while the horizontal line represents the 

median yield. 

3.2.2. Wheat Productivity 

The effect of NT and conventional treatments on grain yield was not dependent on 

soil type and agroecological conditions at the trial sites (Supplementary Table S2). Direct 

seeding significantly increased wheat grain production compared with the conventional 

practice (Figure 3). The NT treatment had 341, 722 and 1107 kg ha−1 more grain than the 

conventional practice in 2018, 2019 and 2020 seasons, respectively. Across seasons, NT 
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had 649 kg ha−1 more grain than the conventional practice. Based on soil types, the NT 

treatment had a higher grain yield than conventional practice under clay-loam and ver-

tisol soil (Figure 4; Supplementary Table S2). Under clay loam and vertisol, NT had 683 

and 844 kg ha−1 more grain than conventional practice, respectively. However, conven-

tional and NT treatments had similar yields under loamy sands which were in semi-arid 

parts of Ethiopia. Wheat straw yield, HI and HSW varied with the season (Table 3). The 

NT treatment had a higher straw yield than conventional practice in 2018, contrary to the 

trend in the other two years. The NT treatment had higher HI than conventional practice, 

but the two systems had a similar effect on HSW. 

 

Figure 3. Wheat grain yield from conventional practice and no-till (NT) treatments in 2018, 2019, 

2020 and across the growing seasons. Means with different letters (A, B) in the same season are 

significantly different at p < 0.05. 
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Figure 4. Wheat grain yield from conventional practice and no-till (NT) treatments from sites under 

clay-loam, loamy sands and vertisol across growing seasons. Means with different letters (A, B) 

under each soil type are significantly different at p < 0.05. 

Table 3. Wheat straw yield (kg ha−1), harvest index and hundred seed weight (g) in 2018, 2019, 2020 

and across seasons. 

Treat-

ment 

2018 2019 2020 Across Years 

Straw  HI HSW Straw  HI HSW Straw  HI HSW Straw HI HSW 

CP 3 243 b 0.47 b 4.0 6 245 0.31 b 3.2 2811 0.62 a 3.28 3071 b 0.51 b 3.50 

NT 4 149 a 0.51 a 4.2 6 862 0.34 a 3.7 3759 0.60 b 3.32 3897 a 0.54 a 3.78 

p-value 0.0026 0.0318 ns ns 0.0074 ns ns 0.0198 ns <0.001 0.0094 ns 

SE 228 0.012 0.23 378 0.010 0.213 305.7 0.0034 0.1196 112.1 0.007 0.105 

CV (%) 14.4 7.9 12.0 15.8 8.8 16.7 20.8 1.26 8.10 15.4 6.36 14.8 

HI—harvest index; HSW—hundred seed weight; SE—standard error; CV—coefficient of variation. 

ns – not significant; Letters a and b are for mean separation. 

3.3. System Nutritional Value 

Energy and protein contributions from maize and wheat systems followed a similar 

trend demonstrated by the grain yields from the two treatments. The NT treatment had 

18, 20, 29 and 21 GJ ha−1 in 2018, 2019, and 2020, and across seasons, respectively, com-

pared with the conventional practice in the maize system (Figure 5). Similarly, maize pro-

tein gains from NT were, respectively, 121, 135, 194 and 144 kg ha−1 in 2018, 2019, and 

2020, and across seasons (Figure 6). In the wheat system, NT had 5, 10, 16 and 9 GJ ha−1 in 

2018, 2019, and 2020, and across seasons more than the conventional practice, respectively, 

(Figure 7). The protein gains from NT were 43 kg ha−1 in 2018, 89 kg ha−1 in 2019, 137 kg 

ha−1 in 2020 and 80 kg ha−1 across seasons compared with the conventional practice (Figure 

8). 
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Figure 5. Energy contributions from conventional practice and NT treatments under maize cropping 

system in 2018, 2019, 2020 and across the growing seasons. Means with different letters (A, B) in the 

same season are significantly different at p < 0.05. 
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Figure 6. Protein contributions from conventional practice and NT treatments under maize cropping 

system in 2018, 2019, 2020 and across the growing seasons. Means with different letters (A, B) in the 

same season are significantly different at p < 0.05. 

 

Figure 7. Energy contributions from conventional practice and NT treatments under wheat crop-

ping system in 2018, 2019, 2020 and across the growing seasons. Means with different letters (A, B) 

in the same season are significantly different at p < 0.05. 
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Figure 8. Protein contributions from conventional practice and NT treatments under wheat crop-

ping system in 2018, 2019, 2020 and across the growing seasons. Means with different letters (A, B) 

in the same season are significantly different at p < 0.05. 

3.4. Gross Margins from Maize and Wheat Cropping Systems 

The NT treatment had higher (p < 0.05) economic returns than the conventional prac-

tice in both maize and wheat cropping systems (Figures 9 and 10). In the maize system, 

NT had 358, 385 and 156 US$ ha−1 more than the conventional practice in 2018, 2019 and 

2020, respectively. Across seasons, NT outperformed the conventional practice by 317 US$ 

ha−1. As observed with the grain yield, gross margins varied with the season in the maize 

cropping systems of western Ethiopia. In the wheat system, NT treatment had 230, 453 

and 692 US$ ha−1 more compared with the conventional practice in 2018, 2019 and 2020, 

respectively. Across seasons, NT had 412 US$ ha−1 more than the conventional practice. 
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Figure 9. Gross margins from conventional practice and NT treatments under maize cropping sys-

tem in 2018, 2019, 2020 and across the growing seasons. Means with different letters (A, B) in the 

same season are significantly different at p < 0.05. 
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Figure 10. Gross margins from conventional practice and NT treatments under wheat cropping sys-

tem in 2018, 2019, 2020 and across the growing seasons. Means with different letters (A, B ) in the 

same season are significantly different at p < 0.05. 

4. Discussion 

4.1. Crop Productivity and Nutritional Gains 

4.1.1. Maize Productivity and Nutritional Gains 

Higher maize productivity averaging 26% yield advantage was achieved from the 

NT-based 2 WT direct seeded system relative to the conventional practice. Maize yields 

across all sites were above the national average of 3230 kg ha−1 for Ethiopia which therefore 

enhances food security [42]. The yield gain can be attributed to increased precision in NPS 

basal fertilizer placement close to the maize roots during crop establishment and the im-

provement in soil properties. The NPS basal fertilizer supplied 28.5, 24.5 and 10.5 kg ha−1 

N, p and S, respectively. This promoted the early vigour of the maize plants during crop 

establishment, which ultimately resulted in higher yields. Phosphorus is required for root 

development [43] and with better root development the crop establishes faster, especially 

in soils low in P such as in the Gudeya-Billa area [5]. Ref. [44] indicated that efficient uti-

lization of other production resources such as rainfall can be improved by more precise 

management of plant nutrients in the cropping system. Soils in Gudeya-Billa were inher-

ently low in N and P, the critical nutrients that were supplied close to roots in NT-based 

direct seeded plots compared to the broadcast nutrients along the planting furrow in the 

conventional system. On the contrary, the limited nutrient use efficiency associated with 

conventional practices could have led to relatively lower maize yields in the conventional 

treatment. Maize yield differences between seasons can be attributed to rainfall patterns 

experienced during the three seasons. The 2019 and 2020 seasons had continuous rains 

during the June–July period, and this coincided with the vegetative stage of the maize 

crop in the trials. This could have led to excess soil water in both treatments which affected 

maize crop development in the vegetative phase, resulting in lower yield compared with 

the 2018 season which had a better distribution of rainfall. Maize yield differences be-

tween seasons could have been due to the unfavourable monocropping system that was 

used in the trials over the three years. 

The 26% maize yield gain from the NT system can go a long way towards reducing 

the yield gap of this critical food security crop in Ethiopia and other SSA countries. The 

current yield gap has contributed substantially towards household food insecurity in the 

country. Reduction in the maize yield gap on smallholder farms has been attributed to the 

use of improved varieties, increased use of inorganic fertilizers and improved access to 

extension services [45] as well as agricultural technology [46]. Results suggest that the 2 

WT direct seeded cropping systems have the potential of reducing the yield gap in maize 

production systems of the Ethiopian highlands. Good agronomic practices such as rota-

tion and integrated soil fertility management combined with 2 WT direct seeding could 

further increase maize productivity thus reducing the yield gap in maize-based cropping 

systems on smallholder farms [20,47]. 

A smallholder farming household of five people requires at least 1000 kg of maize 

grain per year [48,49] and smallholder yields can be as low as 100 kg ha−1 [50]. Given the 

yield gain of 1346 kg ha−1 from the 2 WT seeded system across seasons, direct seeding can 

be a good option for smallholders to increase productivity and food security in Ethiopia 

and SSA. Growing food legumes such as common bean (Phaseolus vulgaris L.) and faba 

bean (Vicia faba L.) which are adapted to western Ethiopia, can further enhance food and 

nutrition security in maize-based systems. The 27% energy gain from the NT system will 

go a long way in supplementing energy sources from other foodstuffs available in a farm-

ing household. Similarly, the 28% protein gain from the NT system will supplement other 

protein sources such as pulses for farming households. 
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4.1.2. Wheat Productivity and Nutritional Gains 

Higher wheat yields from NT-based 2 WT direct seeding were consistently observed 

with a difference of 20% recorded compared with conventional practice. The average 

wheat yield achieved across all sites was greater than the national average of 2700 kg ha−1 

[4]. As with maize systems, the yield differences between treatments can be attributed to 

the precise placement of basal NPS close to the seed at planting. In addition, soil moisture 

was not limiting during planting and crop establishment stages, due to sufficient rainfall 

received, hence N and P from basal fertilizer were efficiently utilized for crop growth. 

Phosphorus is critical during the first five to six weeks of crop growth [43], and an ade-

quate supply of the nutrient during that time often leads to an increased final yield. Dur-

ing that period, adequate P supply from the soil helps root development [43]) and the 

initiation tillers which contribute significantly towards final grain yield. Adequate basal 

fertilization combined with precise placement of the fertilizer in the root zone is therefore 

critical in increasing wheat yield. Basal fertilizer applied at planting supplied 28.5, 24.5 

and 10.5 kg ha−1 N, P and S during crop establishment. The P quantity from basal NPS 

fertilizer was adequate to potentially produce a crop of up to 6 000 kg ha−1 grain yield [50]. 

The overall 20% wheat yield gain achieved by using 2 WT direct seeding represents 

a significant step in closing the yield gap currently experienced between what farmers are 

achieving and the potential for their regions in Ethiopia. Ref. [4] reported wheat yield gaps 

of 14–17% under farmer conditions in Ethiopia, and the 2 WT direct seeding system can 

therefore contribute significantly towards improving wheat productivity in the country. 

Technologies and innovations that reduce the current wheat deficit standing at 1.9 million 

tonnes per year in Ethiopia [4] are critical for enhancing food security, and this further 

emphasizes the role that small-scale mechanization can play in improving the productiv-

ity of wheat-based cropping systems. 

In all soil types, NT had yield gains over the conventional practice, implying that the 

2 WT direct seeding can be a viable option in different locations of the highlands with 

similar soil types. This helps in identifying appropriate niches based on soil type for the 2 

WT direct seeding technology. One of the challenges with the promotion of the 2 WT-

based technologies is finding the appropriate niche for each technology. The niches vary 

and could be based on topography, soil type, farmer demand, and crops grown, among 

other factors [15]. 

Field experience during direct seeding with the 2 BFG planter revealed challenges 

with planting in relatively wet vertisol during the recommended planting window for the 

Ethiopian highlands where wheat is grown. As in any other region, timely planting is 

critical in the wheat belt of Ethiopia and farmers are already operating following a recom-

mended planting window developed through research. However, the current planting 

window coincides with relatively high rainfall activity that results in high moisture con-

tent in the vertisols. This in turn makes seeding on the flat with the 2 BFG difficult, as 

experienced during trial establishment. There is, therefore, a need to either adjust the 

planting window or modify the current design of the 2 BFG planter or combine two-wheel 

tractor direct seeding with the raised beds system or a combination of the three options in 

areas with heavy textured soils. 

The daily average energy requirement of an adult human being is 2 410 kcal [48,49]. 

The energy gain attributed to the use of the direct seeding technique can supplement other 

energy sources used by farming households. The energy deficits can further be reduced 

by additional yield increases in the NT cropping systems through mulching and the use 

of crop rotations. Mulching increases yields through soil moisture retention [47,51]. The 

research work in Ethiopia acknowledges the shortage of mulch attributed to crop-live-

stock competition. Such a challenge can be addressed through the use of alternate sources 

of livestock feed such as forage legumes and grasses, and crop residues can be utilised for 

mulching [52]. Crop rotations involving adapted legumes such as faba bean, chickpea 

(Cicer arietinum L.) and lentil (Lens culinaris Medic.) can lead to improved soil quality 

which ultimately increases wheat yields. The inclusion of these food legumes in wheat 
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cropping systems will further complement the protein contributions of wheat to the 

household diet. 

4.2. Gross Margins from Maize and Wheat Systems 

The NT-based 2 WT direct seeding cropping system was more profitable relative to 

the traditional Maresha-based practice which involves ploughing 4–5 times before estab-

lishing a crop. Higher returns from the NT system are attributable to reduced labour in-

take of the practice during land preparation and planting, as well as increased crop yields. 

The 2 WT direct seeding combined land preparation, seed and basal fertilizer placement, 

and covering in one pass, in one hand. On the other hand, in the conventional practice, 

fields were ploughed 3–4 times before manual basal fertilizer and seed placement and 

covering during the 4th–5th plough-planting operation. Manual labour was used to en-

sure seed and basal fertilizer are properly covered during the final plough-planting oper-

ation. 

Studies on conservation agriculture cropping systems with minimum tillage com-

bined with other practices demonstrated that higher net returns are achievable in small-

holder systems relative to the conventional practices dominant in SSA [23,53,54]. With the 

improved maize and wheat yields from the NT system, direct seeding, therefore, in-

creased family labour productivity on the smallholder farms. This can be an incentive for 

smallholder farmers who often aim at increasing the productivity of farming resources 

including available farm labour [55]. Reductions of 36–39 labour days per hectare have 

been reported where minimum tillage in CA-based practices are implemented [24,53,56]. 

Scaling out of labour-saving technologies such as 2 WT direct seeding need to be given 

more attention in future initiatives targeted at improving smallholder agriculture in SSA. 

5. Conclusions 

The study assessed the effect of no-till based 2 WT direct seeding on maize and wheat 

productivity, nutritional contributions and gross margins on smallholder farms. No-till 

direct planting improved the properties of the Alfisols over a four-year period across ex-

perimental sites. Direct seeding using 2 WT-powered planters increased maize and wheat 

yields in smallholder cropping systems. The increase in crop yield due to direct seeding 

was not influenced by the quality of the growing season, giving farmers a good option for 

producing the two food security cereals that are critical for the country regardless of the 

quality of the growing season. The use of the direct seeding system has great potential for 

contributing towards reducing yield gaps in the maize and wheat production systems of 

Ethiopia. With increased yields, energy and protein contributions also increased in maize 

and wheat systems, and this significantly addresses the nutritional needs of smallholder 

farming households. Two-wheel tractor-powered direct seeding generated higher gross 

margins than the conventional practice. Direct seeding with 2 WT planters, therefore, gen-

erate more income for smallholder farmers in the maize and wheat production parts of 

the Ethiopian highlands than the conventional practice. There is scope for widescale pro-

motion of NT systems in maize and wheat-based systems of the Ethiopian highlands and 

similar environments. Future research work could assess the contributions of 2 WT-based 

NT systems on soil quality and land degradation under the highland conditions of Ethio-

pia and similar environments in SSA. 

Supplementary Materials: The following supporting information can be downloaded at: 

https://www.mdpi.com/article/10.3390/agronomy13010115/s1, Figure S1: Monthly rainfall received 

at Gudeya-Billa trial sites during experimentation in 2018 and 2019 seasons; Table S1: ANOVA out-

put for grain yield obtained from maize cropping systems tested in western Ethiopia; Table S2: 

ANOVA output for analyses of grain and straw yield, gross margins, energy, and proteins from 

wheat cropping systems. 



Agronomy 2023, 13, 115 17 of 19 
 

 

Author Contributions: Conceptualization, M.W.; methodology, M.W. and C.L.; software, M.W.; 

C.L.; validation, M.W. and C.L.; formal analysis, C.L.; investigation, M.W. and C.L.; resources, 

M.W.; N.B. and Y.R.; data curation, M.W. and C.L.; writing—original draft preparation, M.W. and 

Y.R.; writing—review and editing, M.W., Y.R., T.E., N.B., M.M., C.L., M.B. and K.A.; visualization, 

M.W. and C.L.; supervision, M.W.; project administration, M.W.; funding acquisition, M.W. and 

Y.R. All authors have read and agreed to the published version of the manuscript. 

Funding:  This research was funded by United States Agency for International Development 

(USAID) through the United States Government’s Feed the Future Initiative through the Africa-

RISING project, the GIZ through the project ‘Innovative Financing for Sustainable Mechanization 

in Ethiopia (IFFSMIE)’—Grant number: 81226774/C0209.01 GIZ-ISFM as well as the Development 

Fund of Norway through the project ‘Scaling appropriate two-wheel tractor based technologies for 

improved smallholder productivity and income generation in Ethiopia’—Grant number: 

P/12241/2018/l. The APC was funded by the Cape Peninsula University of Technology [Ncube, B. 

Subsidy Cost Centre R403] 

Institutional Review Board Statement: CIMMYT is part of the Consultative Group on International 

Agricultural Research (CGIAR). The study was, therefore, conducted under CIMMYT in accordance 

with the CGIAR Ethics Framework, endorsed by the System Management Board on 3 October 2019. 

Informed Consent Statement: Informed consent was obtained from all farmers involved in the 

study. The farmers granted the researchers permission to use their fields. 

Data Availability Statement: The data that support the findings of this study are available from the 

corresponding author upon reasonable request. 

Acknowledgments: The authors thank the Oromia, Amhara and Tigray Bureaus of Agriculture for 

the logistical support during the study. The authors also acknowledge additional support received 

from the Maize and Wheat CGIAR Research Programmes (CRP) during the implementation of these 

projects. The authors appreciate the support and contribution of smallholder farmers in Adwa, 

Machakel, Gimbichu, Goshe-Bado and Gudeya-Billa in hosting on-farm experimental trials at their 

fields and daily managing the plots in consultation with their local Development Agents. 

Conflicts of Interest: The authors declare no conflict of interest. 

References 

1. Kassie, B.T.; Van Ittersum, M.K.; Hengsdijk, H.; Asseng, S.; Wolf, J.; Rötter, R.P. Climate-induced yield variability and yield 

gaps of maize (Zea mays L.) in the Central Rift Valley of Ethiopia. Field Crops Res. 2014, 160, 41–53. 

https://doi.org/10.1016/j.fcr.2014.02.010. 

2. Assefa, E. Characterization and Classification of the Major Agricultural Soils in CASCAPE Intervention Woredas in the Central 

Highlands of Oromia Region, Ethiopia. Ph.D. Thesis, Cascape-Addis Ababa University, Ethiopia, March 2015; 131 p. 

3. Silva, J.V.; Baudron, F.; Reidsma, P.; Giller, K.E. Is labour a major determinant of yield gaps in sub-Saharan Africa? A study of 

cereal-based production systems in Southern Ethiopia. Agric. Syst. 2019, 174, 39–51. https://doi.org/10.1016/j.agsy.2019.04.009. 

4. Mann, M.; Warner, J. Ethiopian wheat yield and yield gap estimation: A small area integrated data approach. Field Crops Res. 

2017, 201, 60–74. https://doi.org/10.1016/j.fcr.2016.10.014. 

5. Abebe, Z.; Birhanu, T.; Shiferaw, T.; Degefa, K. Conservation agriculture: Maize-legume intensification for yield, profitability 

and soil fertility improvement in maize belt areas of western Ethiopia. Int. J. Plant Soil Sci. 2014, 3, 969–985. 

6. CIMMYT. Ethiopian Experts Push for Wheat Self-Sufficiency. Available online: https://www.cimmyt.org/news/ethiopian-ex-

perts-push-for-wheat-self-sufficiency/ (accessed on 14 March 2020). 

7. World Population Prospects. Ethiopia Population. Available online: https://worldpopulationreview.com/countries/ethiopia-

population/ (accessed on 14 March 2020). 

8. Demeke, M.; Marcantonio, F.D. Analysis of incentives and disincentives for wheat in Ethiopia. In Monitoring African Food and 

Agricultural Policies (MAFAP); MAPA: Rome, Italy, 2013. 

9. Mupangwa, W.; Wegary, D. Closing the gap between the potential yield and obtained results of improved maize varieties: Case 

for Ethiopia. In Proceedings of the African Seed Trade Association, Conrad Cairo, Cairo, Egypt, 27 February–1 March 2018. 

10. Baudron, F.; Sims, B.; Justice, S.; Kahan, D.G.; Rose, R.; Mkomwa, S.; Kaumbutho, P.; Sariah, J.; Nazare, R.; Moges, G.; et al. Re-

examining appropriate mechanization in Eastern and Southern Africa: Two-wheel tractors, conservation agriculture, and pri-

vate sector involvement. Food Secur. 2015, 7, 889–904 https://doi.org/10.1007/s12571-015-0476-3. 

11. Mutyasira, V.; Hoag, D.; Pendell, D.; Manning, D.T.; Berhe, M. Assessing the relative sustainability of smallholder farming 

systems in Ethiopian highlands. Agric. Syst. 2018, 167, 83–91. 

12. Baudron, F.; Misiko, M.; Getnet, B.; Nazare, R.; Sariah, J.; Kaumbutho, P. A farm-level assessment of labor and mechanization 

in Eastern and Southern Africa. Agron. Sustain. Dev. 2019, 39, 17. https://doi.org/10.1007/s13593-019-0563-5. 



Agronomy 2023, 13, 115 18 of 19 
 

 

13. van Eerdewijk, A.; Danielsen, K. Gender Matters in Farm Power; KIT: Amsterdam, The Netherlands, 2015. 

https://doi.org/10.13140/RG.2.1.2262.8566. 

14. Mrema, G.C.; Baker, D.; Kahan, D. Agricultural Mechanization in Sub-Saharan Africa: Time for a New Look. In Agricultural 

Management, Marketing and Finance; FAO: Rome, Italy, 2008; p. 70. 

15. Kahan, D.; Bymolt, R.; Zaal, F. Thinking outside the plot: Insights on small-scale mechanisation from case studies in East Africa. 

J. Dev. Stud. 2017, 54, 1939–1954. https://doi.org/10.1080/00220388.2017.1329525. 

16. Nyagumbo, I.; Mkuhlani, S.; Mupangwa, W.; Rodriguez, D. Planting date and yield benefits from conservation agriculture 

practices across Southern Africa. Agric. Ecosyst. Environ. 2017, 150, 21–33. https://doi.org/10.1016/j.agsy.2016.09.016. 

17. Fuentes-Llanillo, R.; Telles, T.S.; Volsi, B.; Soares, D.; Carneiro, S.L.; De Fátima Guimarães, M. Profitability of no-till grain pro-

duction systems. Semin. Agrar. 2018, 39, 77–86. https://doi.org/10.5433/1679-0359.2018v39n1p77. 

18. González-Sánchez, E.J.; Mkomwa, S.; Conway, G.; Kassam, A.; Fernández, R.O.; Moreno-García, M.; Torres, M.R.R.; Gil-Ribes, 

J.A.; Basch, G.; Veroz-González, O.; et al. Making Climate Change Mitigation and Adaptability Real in Africa with Conservation Agri-

culture; African Conservation Tillage Network (ACT)–European Conservation Agriculture Federation (ECAF): Nairobi, Kenya; 

Brussels, Belgium, 2018. https://doi.org/10.13140/RG.2.2.32722.20161. 

19. Nunes, M.R.; van Es, H.M.; Schindelbeck, R.; Ristow, A.J.; Ryan, M. No-till and cropping system diversification improve soil 

health and crop yield. Geoderma 2018, 328, 30–43. https://doi.org/10.1016/j.geoderma.2018.04.031. 

20. Nezomba, H.; Mtambanengwe, F.; Rurinda, J.; Mapfumo, P. Integrated soil fertility management sequences for reducing climate 

risk in smallholder crop production systems in southern Africa. Field Crops Res. 2018, 28, 102–114. 

21. Nezomba, H.; Mtambanengwe, F.; Tittonell, P.; Mapfumo, P. Geoderma point of no return? Rehabilitating degraded soils for 

increased crop productivity on smallholder farms in eastern Zimbabwe. Geoderma 2015, 239–240, 143–155. 

https://doi.org/10.1016/j.geoderma.2014.10.006. 

22. Vanlauwe, B.; Hungria, M.; Kanampiu, F.; Giller, K.E. The role of legumes in the sustainable intensification of African small-

holder agriculture: Lessons learnt and challenges for the future. Agric. Ecosyst. Environ. 2019, 284, 106583. 

https://doi.org/10.1016/j.agee.2019.106583. 

23. Ngwira, A.; Aune, J.B.; Mkwinda, S. On-farm evaluation of yield and economic benefit of short term maize legume intercrop-

ping systems under conservation agriculture in Malawi. Field Crops Res. 2012, 132, 149–157. 

https://doi.org/10.1016/j.fcr.2011.12.014. 

24. Thierfelder, C.; Matemba-Mutasa, R.; Rusinamhodzi, L. Yield response of maize (Zea mays L.) to conservation agriculture crop-

ping system in Southern Africa. Soil Tillage Res. 2015, 146, 230–242. https://doi.org/10.1016/j.still.2014.10.015. 

25. Liben, F.M.; Tadesse, B.; Tola, Y.T.; Wortmann, C.S.; Kim, H.K.; Mupangwa, W. Conservation agriculture effects on crop produc-

tivity and soil properties in Ethiopia. Agron. J. 2018, 110, 758–767. 

26. Ngwira, A.; Thierfelder, C.; Lambert, D.M. Conservation agriculture systems for Malawian smallholder farmers: Long-term 

effects on crop productivity, profitability and soil quality. Renew. Agric. Food Syst. 2012, 28, 350–363. 

27. Mupangwa, W.; Mutenje, M.; Thierfelder, C.; Nyagumbo, I. Are conservation agriculture (CA) systems productive and profit-

able options for smallholder farmers in different agro-ecoregions of Zimbabwe? Renew. Agric. Food Syst. 2016, 32, 87–103. 

https://doi.org/10.1017/S1742170516000041. 

28. Mupangwa, W.; Mutenje, M.; Thierfelder, C.; Mwila, M.; Malumo, H.; Mujeyi, A.; Setimela, P. Productivity and profitability of 

manual and mechanized conservation agriculture systems in eastern Zambia. Renew. Renew. Agric. Food Syst. 2017, 34, 380–394. 

https://doi.org/10.1017/S1742170517000606. 

29. Mutenje, M.J.; Farnworth, C.R.; Stirling, C.; Thierfelder, C.; Mupangwa, W.; Nyagumbo, I. A cost-benefit analysis of climate-

smart agriculture options in Southern Africa: Balancing gender and technology. Ecol. Econ. 2019, 163, 126–137. 

https://doi.org/10.1016/j.ecolecon.2019.05.013. 

30. Kahan, D.; Benesta, T.; Matangi, D.; Tadesse, E. Agricultural Mechanization and Small-Scale Agriculture: Case Study Evidence from 

Eastern and Southern Africa; ACT Working Paper: Nairobi, Kenya, 2016; p. 28. 

31. Yahaya, R.; Tadesse, E.; Mupangwa, W. Appropriate agricultural mechanization for increased crop Productivity and income 

generation in rural Ethiopia. In Proceedings of the Global Food Security and Food Safety: The Role of Universities, International 

Conference on Research on Food Security, Natural Resource Management and Rural Development, Ghent University, Ghent, 

Belgium, 17–19 September; Margraf Publishers GmbH: Weikersheim, Germany. p. 558. 

32. Terefe, R.; Lemma, B. Soil chemical property variation under different conservation agriculture practices, in Bako Tibe district, 

West Shoa, Ethiopia. Int. J. Plant Soil Sci. 2019, 29, 1–8. https://doi.org/10.9734/ijpss/2019/v29i330143. 

33. Abebe, S.A. Application of time series analysis to annual rainfall values in Debre Markos town, Ethiopia. Comput. Water Energy 

Environ. Eng. 2018, 7, 81–94. https://doi.org/10.4236/cweee.2018.73005. 

34. Yumbya, J.; Maria, D.; Vaate, B.D.; Kiambi, D.; Kebebew, F.; Rao, K.P.C. Assessing the Effects of Climate Change on Teff in Ethiopia: 

Implications for Food Security; Technical Report, Nairobi, Kenya, 2014. 

35. Kuria, A.; Lamond, G.; Pagella, T.; Gebrekirstos, A.; Sinclair, F. Local Knowledge of Farmers on Opportunities and Constraints to 

Sustainable Intensification of Crop-Livestock-Trees Mixed Systems in Basona Woreda, Amhara Region, Ethiopian Highlands; Addis Ab-

aba, Ethiopia, 2013. Available online: https://cgspace.cgiar.org/bitstream/handle/10568/41669/Lemo_ARmay.pdf?se-

quence=1&isAllowed=y (accessed on 16 June 2020). 

36. Getahun, M.; Selassie, Y.G. Characterisation, classification and mapping of soils of Agricultural landscape in Tana basin, Am-

hara national regional state, Ethiopia. In Social and Ecological System Dynamics: Characteristics, Trends, and Integration in the Lake 



Agronomy 2023, 13, 115 19 of 19 
 

 

Tana Basin, Ethiopia; Stave, K.; Goshu, G.; Aynalem, S., Eds.; Springer, Technology Engineering: Cham, Switzerland, 2017, p. 

652. 

37. Gala, T.; Pazner, M.; Beyene, S. Evaluating biophysical attributes of environmentally degraded landscapes in Northern Ethiopia 

using LANDSAT ETM data and GIS. Ethiop. J. Environ. Stud. Manag. 2011, 4, 1-16. https://doi.org/10.4314/ejesm.v4i1.1. 

38. Anderson, J.M.; Ingram, J.S. Tropical Soil Biology and Fertility: A Handbook of Methods; CAB International: Oxfordshire, UK, 1993; 

p. 250. 

39. Mehlich, A. Mehlich 3 soil test extractions: A modification of Mehlich 2 extractant. Commun. Soil Sci. Plant Anal. 1984, 15, 1409–

1416. 

40. CIMMYT. An Economics Training Manual: From Agronomic Data to Farmer Recommendations; Revised ed.; CIMMYT: Mexico City, 

Mexico, 1988; p. 63. 

41. Core-Team. R: A Language and Environment for Statistical Computing; R Foundation for Statistical Computing: Vienna, Austria, 

2020. Available online: https://www.R-project.org/ (accessed on 21 October 2020). 

42. Abate, T.; Shiferaw, B.; Menkir, A.; Wegary, D.; Kebede, Y.; Tesfaye, K.; Kassie, M.; Bogale, G.; Tadesse, B.; Keno, T. Factors that 

transformed maize productivity in Ethiopia. Food Secur. J. 2015, 7, 965–981. https://doi.org/10.1007/s12571-015-0488-z. 

43. Cadot, S.; Bélanger, G.; Ziadi, N.; Morel, C.; Sinaj, S. Critical plant and soil phosphorus for wheat, maize, and rapeseed after 44 

years of P fertilization. Nutr. Cycl. Agroecosyst. 2018, 112, 417–433. https://doi.org/10.1007/s10705-018-9956-0. 

44. Getnet, M.; Van Ittersum, M.; Hengsdijk, H.; Descheemaeker, K. Yield gaps and resource use across farming zones in the central 

Rift valley of Ethiopia. Exp. Agric. 2016, 52, 493–517. https://doi.org/10.1017/S0014479715000216. 

45. Assefa, B.T.; Chamberlin, J.; Reidsma, P.; Silva, J.V.; van Ittersum, M.K. Correction to: Unravelling the variability and causes of 

smallholder maize yield gaps in Ethiopia. Food Secur. 2020, 12, 83–103. https://doi.org/10.1007/s12571-019-00998-9. 

46. van Dijk, M.; Morley, T.; Jongeneel, R.; van Ittersum, M.; Reidsma, P.; Ruben, R. Disentangling agronomic and economic yield 

gaps: An integrated framework and application. Agric. Syst. 2017, 154, 90–99. https://doi.org/10.1016/j.agsy.2017.03.004. 

47. Thierfelder, C.; Baudron, F.; Setimela, P.; Nyagumbo, I.; Mupangwa, W.; Mhlanga, B.; Lee, N.; Gérard, B. Complementary prac-

tices supporting conservation agriculture in southern Africa. A review. Agron. Sustain. Dev. 2018, 38, 16. 

https://doi.org/10.1007/s13593-018-0492-8. 

48. FAO. Food Energy-Methods of Analysis and Conversion Factors; Report of a Technical Workshop, Rome, 3–6 December 2002, (No. 

77); FAO Food and Nutrition Paper: Rome, Italy, 2002. Available online: https://www.fao.org/3/y5022e/y5022e00.html (accessed 

on 14 March 2020). 

49. FAO. Human Energy Requirements; Report of a Joint FAO/WHO/UNU Expert consultation (No. 1); FAO Food and Nutrition 

technical Report: Rome, Italy, 2004. Available online: https://www.fao.org/3/y5686e/y5686e.pdf. (accessed on 14 March 2020). 

50. Dutta, S.; Chakraborty, S.; Goswami, R.; Banerjee, H.; Majumdar, K.; Li, B.; Jat, M.L. Maize yield in smallholder agriculture 

system—An approach integrating socio-economic and crop management factors. PLoS ONE 2020, 15, e0229100. 

51. FAO. Integrated Plant Nutrition System; (No. 12); FAO Fertilizer and Plant Nutrition Bulletin: Rome, Italy, 1995; p. 424. Available 

online: https://www.fao.org/3/v5250e/v5250e.pdf (accessed on 14 March 2020). 

52. Ngwira, A.R.; Aune, J.B.; Thierfelder, C. On-farm evaluation of the effects of the principles and components of conservation 

agriculture on maize yield and weed biomass in Malawi. Exp. Agric. 2014, 50, 591–610. 

https://doi.org/10.1017/S001447971400009X. 

53. Mkuhlani, S.; Mupangwa, W.; Macleod, N.; Gwiriri, L.; Nyagumbo, I.; Manyawu, G.; Chigede, N. Crop–livestock integration in 

smallholder farming systems of Goromonzi and Murehwa , Zimbabwe. Renew. Agric. Food Syst. 2018, 35, 1–12. 

54. Thierfelder, C.; Matemba-Mutasa, R.; Bunderson, W.T.; Mutenje, M.; Nyagumbo, I.; Mupangwa, W. Evaluating manual conser-

vation agriculture systems in southern Africa. Agric. Ecosyst. Environ. 2016, 222, 112–124. 

https://doi.org/10.1016/j.agee.2016.02.009. 

55. Mupangwa, W.; Thierfelder, C.; Cheesman, S.; Nyagumbo, I.; Muoni, T.; Mhlanga, B.; Mwila, M.; Sida, T.S.; Ngwira, A. Effects 

of maize residue and mineral nitrogen applications on maize yield in conservation-agriculture-based cropping systems of 

Southern Africa. Renew. Agric. Food Syst. 2019, 35, 322–335. https://doi.org/10.1017/S174217051900005X. 

56. Giller, K.E.; Andersson, J.A.; Corbeels, M.; Kirkegaard, J.; Mortensen, D.; Erenstein, O.; Vanlauwe, B. Beyond conservation ag-

riculture. Front. Plant Sci. 2015, 6, 870. https://doi.org/10.3389/fpls.2015.00870. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


