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[bookmark: _Toc109623021]ABSTRACT

Tef is the major staple food and cash crop in Ethiopia, but the yield is very low as compared to other major cereals. The major constraints to increase agricultural productivity have been identified as soil fertility degradation and soil acidity. As a result, alternative, low-cost technologies are required. Therefore, three field experiments were conducted in the cropping seasons of 2016 and 2017 in Gozamine District to evaluate the effects of soil amendments and lupine based intercropping on the productivity of tef fields in the acidic soils of East Gojam Zone, northwest Ethiopia highlands. The present study revealed that the farmers can increase the production and productivity per unit area of land. Additional yield could be produced by optimization with respect to spatial arrangements and relative planting time of intercrop components which can contribute complementarities of the crops in the mixture. The intercropping experimental results showed that both relay and intercropping significantly increased the productivity of tef fields. The results showed that tef-lupine intercropping at 40 and 15 cm inter and intra-row spacing increased tef equivalent yield by 32% when compared to tef sole cropping. Furthermore, tef-lupine relay intercropping at 40 cm inter-row spacing and two weeks after tef planting resulted in the highest value of tef equivalent yield (2.45 t ha-1) and net benefit (2712.9 USD ha-1) with acceptable range of marginal rate return.  A tef lupine relay and intercropping system could be economically and environmentally propitious in the Ethiopian highlands, a region characterized by high population density, small farm size and low farm income. The growth, yield and yield components of tef responded significantly to the integrated application of lime with organic and inorganic fertilizers. Total nitrogen, available phosphorus, calcium, magnesium, organic carbon, soil pH and CEC were significantly increased with full combination of lime, organic and inorganic nutrient sources. Thus, highest yield of tef (2.31 t ha-1) was obtained with integrated use of 10 t ha-1 cattle manure together with full recommended dose of lime and inorganic NP fertilizers. Application of 2 t ha-1 lime, 10 t ha-1 cattle manure and 46-20 kg ha-1 NP gave the highest net return (2252.91 USD ha-1) with acceptable range of marginal rate return which is advisable for farmers to maximize tef grain yield ha-1. Therefore, in the highlands of northwest Ethiopia where acid soils are a major production constraint, application of 2 t ha-1 lime and 10 t ha-1 cattle manure with 46-20 kg ha-1 NP were recommended for optimum tef grain yield production.

Keywords: Cattle manure, fertilizers, intercropping, lime, soil acidity, tef equivalent yield.
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[bookmark: _Toc109623023]1.1 Background and Justification

Agriculture provides the majority of Ethiopia's population with jobs, money, and food security. The country is notable for its diverse altitudes, which range from 110 meters below sea level in Afar's Dalol depression to 4533 meters above sea level in Amhara's Semen Mountains (UNICEF, 2016). The country features a vast range of crops, plants, and forest trees due to its high-altitude differences, including tropical in the lowlands, subtropical in the medium elevations, and temperate in the highlands (UNICEF, 2016). Ethiopia's economy is based on agriculture, and the agriculture sector is crucial to the lives and livelihoods of the majority of Ethiopians, with about 12 million smallholder farming households accounting for an estimated 95% of production (FAO, 2017). It accounts for over 50% of the country's GDP and more than 80% of its exports (Stellmacher and Kelboro, 2019). Furthermore, it is one of the most important job sectors, with approximately 80% of the country's people relying on agriculture for a living (Njeru et al., 2016; Diriba Getachew, 2020).

Ethiopia is a source of origin and diversity for a number of crops. Cereals are the most important in terms of volume, accounting for 54% of overall production, with maize, wheat, and tef accounting for 78% of total cereal production (CSA 2021). In terms of area coverage and production, pulses are the second most important food crop after cereals, accounting for approximately 12.3% of crop area and 8.4% of production (CSA, 2021).

Although agriculture is the country's engine of economic growth, it is severely hindered by a number of problems, including poor soil fertility management, poor seed quality, a lack of irrigation facilities, a scarcity of arable farmland, and a limited capacity to respond to environmental shocks (Tamene Lakew et al., 2017).

Soil-related issues have now become basic problems for Ethiopian agriculture, contributing significantly to the slow rise of food production. According to Elias Eyasu (2002), over half of Ethiopia's agriculture fields are in an advanced stage of soil degradation, making crop production unsustainable. Continuous exploitative cropping, severe forms of soil erosion, high levels of nutrient mining, and poor soil fertilization efficiency have all been identified as major reasons of poor soil productivity and reduced average yield across all crops (Elias Eyasu, 2002). A high level of soil degradation has a significant impact on essential soil qualities that directly support cultivated land productivity. Soil quality indexes influenced by poor agricultural and soil management techniques include biological, chemical, and physical aspects of soils. Soil mismanagement produces a quick decline in soil organic matter levels, resulting in a loss of food for soil microorganisms (Bezuayehu Tefera et al., 2003). 

Furthermore, the scarcity of arable farmland and landlessness are worse than ever in general and particularly severe in highland areas (Diriba Getachew, 2020). It is a severe issue for rural livelihoods (Belay Mehretie et al., 2017). Poor farming practices, such as mono cropping, contribute to soil deterioration and nutrient depletion, resulting in low output (Marais et al., 2012). However, there is a significant shortage of comprehensive research on the extent of landlessness in the country, its consequences, and coping mechanisms (Adugna Fekadu, 2019). It also reduces the availability of arable land (Campbell, 2011; Pender et al., 2006). Smallholder farmers with limited resources face special challenges in addressing these constraints (Israel Tesema and Belay Simanie, 2019). Rapid population growth and environmental degradation exacerbate shortage of farmland. As a result, effective management strategies are urgently required to address the constraints and boost crop production while preserving its potential for future generations (Nagothu, 2016).

Tef is one of Ethiopia's most important cereal crops, accounting for 28% of the country's total cereal land (2.9 million ha), more than any other major cereals (CSA, 2021). Tef is Ethiopia's most important cereal crop, providing a staple diet to millions of people. According to Doris (2002), tef has more lysine than barley, millet, and wheat. Tef is now grown in practically every part of Ethiopia, and it has adapted to a wide range of environments and agro-climatic conditions (Seyfu Ketema, 1997). The grain of tef is milled to flour, which is principally used for manufacturing popular pancake-like local bread called "injera". Tef straw is used to reinforce mud and plaster the walls, in addition to being the most desirable feed for cattle. Farmers prioritize tef as a food and cash crop because of its high demand and market value (Seyfu Ketema, 1997).
Lupine is a traditional crop produced by farmers in the Amhara and Benishangul Gumuz regions of North-Western Ethiopia (Yeheyis Likawent, 2012). According to Yeheyis Likawent et al. (2010), Ethiopian white lupine is a traditional multifunctional crop that is produced in mixed crop livestock farming systems. Low input farmers generally grow it as an intercrop with cereals and oil crops, and it is classified as a low-income crop (Jansen, 2006). They grow it as part of a strategy to address the scarcity of arable land by assigning different crops to diversify agricultural output and maintain and increase soil fertility (Yayeh Bitew et al., 2014).

Even though tef is the most important staple food and cash crop in East Gojjam, yields are not increasing above the national average yield of 1.6 t ha-1  (CSA, 2021), which is quite low when compared to other major cereals. This yield gap indicates that improved crop agronomic practices are necessary to increase production and productivity (Getachew Agegnehu et al., 2006). Several factors attribute to the low yield in farmers’ fields, among which factors related to soil fertility degradation and soil acidity are of the most importance in the study area (Mekonnen Asrat et al., 2014). In Ethiopia's highlands, soil fertility degradation has emerged as one of the most significant biophysical constraints to boosting agricultural productivity, posing a threat to food security (Mugwe et al., 2011). For the majority of farmers, the rising cost of inorganic fertilizers is becoming a big issue. As a result, alternative low-cost soil fertility-enhancing technologies are required.
Cattle manure enhances the physicochemical characteristics of soils in addition to providing nutrients due to its residual effect on the soil's fertility state (Place et al., 2003). Integrated Nutrient Management is a term that refers to the use of both organic and inorganic fertilizers in a single application to help overcome the challenges that occur with using either source alone to boost crop productivity. The research findings indicated that sole application either inorganic or organic fertilizers did not satisfy the nutrient requirement of crops (Tilahun Tadesse et al., 2013). Therefore, almost all studies recommended the integrated use of both chemical and organic fertilizers for crop production (Nandwa, 2003; Vanlauwe et al., 2002). 

Soil acidity has become another serious threat to crop production in Ethiopia's highlands, particularly in the East Gojjam Zone. Soil acidity is estimated to affect roughly 40% of Ethiopia's total arable land (Abdenna et al., 2007). In Ethiopia, soil acidity is increasing in both scope and magnitude, significantly reducing crop productivity. Soil acidity is one of the production constraints in East Gojam (Mekonen Asrat, 2020). Reducing soil acidity is critical for increasing crop productivity. The use of lime on acidic soils is one solution to reduce the problem of soil acidity (Brady and Weil, 2002). Biruk Teshome et al., (2017) and Abdissa Bekele  et al. (2018) also indicated that the combined application of compost, phosphorus fertilizer with lime reduced the exchangeable acidity, increased available P and crop yield. Therefore, in acid soils of East Gojam highlands, intensification of tef production through soil amendments is more applicable.
Land scarcity is one of the major constraints on crop production in Ethiopia's highlands. Farmers in Ethiopia usually only harvest once a year. When the average land holding is very small, such a farming system does not produce enough food for the household. Due to the large population in the East Gojjam highlands, farmers are mainly constrained by small farm sizes. In a sole cropping system, there is lack of land to cultivate legumes. Therefore, the other method of intensification of tef field is intercropping tef with legumes.

Intercropping cereals and legumes often result in higher resource use efficiency than sole cropping (Chu et al., 2004). This is because intercropping species with different maximum demands on environmental resources prolong the duration of resource use (Willey, 1991). As part of an integrated soil fertility management strategy, cereals and legumes are intercropped (Sanginga and Woomer, 2009). Smallholder farmers find this method appealing because it allows them to increase productivity and land labor utilization per unit of available land by intensifying land use (Seran and Brintha, 2010). Farmers in Northern Ethiopia have recently begun intercropping pulses with major cereal crops such as faba bean and tef, as well as wheat (Getachew Agegnehu et al., 2006). Enhancing the productivity of tef fields as well as the production of legume crops were the study areas' research agenda. Intercropping or relay cropping of tef with lupine would effectively address both of these issues. There hasn't been any research on intercropping tef with lupine in the study area.

Apart from maintaining soil fertility, it is necessary to adopt improved, sustainable, and low-cost input technologies in order to ensure advances in food productivity (Landers, 2007). Integrated soil amendment practices (cattle manure integrated with inorganic fertilizers and lime) and tef intercropping with lupine are examples of such technologies. 
[bookmark: _Toc451821686]Overall, research on intensification of tef production has received limited international attention mainly because of the crop having local importance (Berhane Gush et al., 2011; Fufa et al., 2011). Hence, it is important to study these constraints and develop alternative technologies that focus different soil amendments and intercropping with lupine to improve soil fertility and enhance tef productivity of the study area.

[bookmark: _Toc453786115][bookmark: _Toc109623024]1.2. Objectives of the Study 
[bookmark: _Toc109623025]1.2.1 General objective:

Intensification of tef production through integrated nutrient management and legume based intercropping on the productivity of tef fields in the acidic soils of the East Gojam Zone, northwest Ethiopian highlands.
[bookmark: _Toc109623026]1.2.2 Specific objectives:	

· To assess the integrated effect of liming, NP fertilizer, and cattle manure applications on soil fertility and productivity of tef in the acidic soils of the study area.
· To determine effects of plant density of lupine intercropping with tef for maximum productivity of tef fields in the study area.
· To evaluate the effects of inter-row spacing and relay cropping of lupine with tef for increasing the productivity of tef fields in the study area.
[bookmark: _Toc109623027]1.3 Hypothesis
· Integrated nutrient management and legume based intercropping would have effects on improving soil chemical properties and productivity of tef fields in the acidic soils of the East Gojam Zone, northwest Ethiopian highlands.
    Specific Hypotheses	
1) The combined application of integrated effect of liming, NP fertilizer, and cattle manure applications would have influence on soil chemical property and productivity of tef in the acidic soils of the study area.
2) Plant density and planting time of lupine intercropping with tef would have effects on productivity of tef fields in the study area.
3) The effects of inter-row spacing and relay cropping of lupine with tef would have increased the productivity of tef fields in the study area.

[bookmark: _Toc109623028]1.4. Organization of the Dissertation 
 
The dissertation is organized in a manuscript format that contains five different chapters. The first chapter addresses the general introduction, followed by three research chapters organized as complete publishable papers. The chapters are summarized below.
Chapter 1: General introduction and methodology

[bookmark: _Hlk106279523]Chapter 2: Plant density of white lupine (Lupinus albus L.) intercropping with tef (Eragrostis tef  (zucc.) Trotter) in additive design in the highlands of Northwest Ethiopia.

Chapter 3: Plant density and time of white lupine (Lupinus albus L.) relay cropping with tef (Eragrostis tef  (zucc.) Trotter) in additive design in the highlands of Northwest Ethiopia.

Chapter 4: Effects of soil amendments on selected soil chemical properties and  productivity of tef (Eragrostis tef  (zucc.) Trotter) in the highlands of north-western Ethiopia.

Chapter 5: General synthesis and recommendations, this section highlights the overall implications of this research, and the conclusions and recommendations are all fully discussed in the overview of each chapter's findings.
[bookmark: _Toc109623029][bookmark: _Hlk108523075]
1.5. General Materials and Methods

[bookmark: _Toc81420551][bookmark: _Toc109623030]1.5.1 Description of the study area

[bookmark: _Toc72827532]The experiment was conducted in 2016 and 2017 main cropping seasons at Enerata kebele, in Gozamin district, East Gojam Administrative Zone, north-west Ethiopia highlands. The experimental site is located at a latitude of 10°23'N and a longitude of 37°44'E with an altitude of 2481 m.a.s.l (Figure 1). During the experimental years, weather data (rainfall and temperature) were collected at the northern Ethiopian meteorology station office in Debre Markos. During the study years of 2016/17 and 2017/18 cropping seasons, total rainfall was 1230.8 mm and 1322.2 mm, respectively (Figure 2). The mean minimum and maximum temperatures of the study years were 11.2°C and 24.1°C, respectively (Figure 2). The rainfall distribution of the study years is a uni-modal pattern and the main rainfall extends from the middle of June to October, with a peak from the middle of July to the end of August (Figure 2).
[image: ]
[bookmark: _Toc80379466][bookmark: _Toc80379621]Figure 1. Map of the experimental site
[bookmark: _Toc80379467][bookmark: _Toc80379622] 
[bookmark: _Toc81420552]Figure 2. Average monthly rainfall and temperature distribution in Gozamin District over the two experimental years (2016–2017) (Source: Ethiopian Metrology Agency, Bahirdar Branch, unpublished data)

1.5.2 Experimental materials used for the study
Tef variety "Quincho" [(974 × 196)-HT′-387 (RIL355)], white lupine, Dejen calcium carbonate (CaCO3), cattle manure,  Urea and Diammonium phosphate were  used for the experiment. 

[bookmark: _Toc109623031][bookmark: _Hlk108523266]1.5.3 Soil analysis 

To characterize the soils of experimental site, soil sampling and analysis was carried out three times, first initially before starting the experiment in 2016 for all the three experiments, second and third finally after tef crop harvest for only soil amendment experiment in 2016 and 2017 by mixing samples collected at eight different spots along the two diagonal lines of the field at 0-30 cm depth with an auger. 

The composite soil sample was air dried and crushed to a sieve size of 2 mm before being analyzed for important physicochemical soil properties. Soil laboratory results are presented in Table 1.1.
The soil samples were analyzed in Debre Markos soil laboratory. The pH of the soil was measured with a pH meter in a 1:2.5 soil: H2O ratio, as described by Hazelton  and  Murphy (2007). The Bouyoucos hydrometer method was used to determine the texture of the soil (Bouyoucos, 1951). The Walkley–Black wet digestion process was used to extract soil organic carbon (Walkley and Black, 1934). Total N was calculated using the Kjeldahl digestion method of Havlin et al. (1999). The Olsen NaHCO3 extraction method was used to extract available soil P (Tekalign Tadese et al., 1991). The 1N ammonium acetate extraction method, as described by Black, was used to determine cation exchange capacity (Landon, 1991), while an atomic absorption spectrophotometer was used to assess Ca and Mg (Metson, 1961). 

The classification of the experimental soil is nitosol. The experimental soil's textural class was clay, with a pH of 5.1, based on the ratings of Hazelton and Murphy (2007), the soil pH was 5.1 rated as strongly acidic. Total N content was 0.09 %, rated low based on the ratings of Havlin et al. (1991) According to Walkley and Black (1934, the soil's organic carbon concentration was 1.27 %, which is low. The available P content of the experimental soil was 6.85 ppm, which is very low based on the rating of London (Tekalign Tadese et al.., 1991). Magnesium and Ca were low, while (cation exchange capacity) CEC was moderate (Table 1.1). 
A composite cattle manure sample was collected and analyzed to determine soil pH, total N, organic carbon, available P, exchangeable Ca and Mg. The pH, total N, OC, Available P, exchangeable Ca and Mg were determined by the procedures listed in soil sampling and analysis (Table 1.1).

Tabe 1. 1 Some important physicochemical properties of the experimental soils before plowing and Composition of cattle manure used for the experiment
	


Soil and manure property
	Soil  analysis
	Cattle manure
	Rating reference(s)

	
	Value
	Rating
	Value
	Rating
	

	Particle distribution
	
	
	
	
	

	Sand (%)
	32
	
	
	
	

	Silt (%)
	25
	
	
	
	

	Clay (%)
	43
	
	
	
	

	Soil texture class
	Clay
	
	
	
	

	pH (H2O)
	5.1
	Strong acidic  
	6.87
	Neutral
	Hazelton & Murphy (2007)

	Total N (%)
	0.09
	Low
	1.52
	High
	Havlin et al. (1999)

	Organic C (%)
	1.27
	Low
	15
	Very high
	Charman & Roper (2007)

	Avail. P (ppm)
	6.85
	Very low
	25
	High
	Tekalign Tadese (1991)

	Exch. Mg (Meq/100g)
	0.84
	Low
	20
	Very high
	Metson (1961)

	Exch. Ca (Meq/100g)
	2.78
	Low
	32
	Very high
	Metson (1961)

	CEC
	20.20
	Moderate
	23
	
	Landon (1991)



CEC = Cation exchange capacity; P = phosphorus; ppm = part per million; pH = potential of hydrogen
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[bookmark: _Toc109623032]1.5.4 Crop data collection
Using their standard methods and procedures, data for tef growth and yield-related parameters were collected on time as follows:
Growth parameters and yield components of tef
Plant height was measured at physiological maturity from the ground level to the tip of panicle of ten randomly selected plants in each plot.  
Panicle length was measured as the length of the panicle in a centimeter of the main shoot from the node where the first panicle branch starts to the tip of the panicle by randomly selecting 10 plants at physiological maturity.
The number of effective tillers was counted from 10 randomly chosen tef plants at maturity from each net plot by tagging at an early stage and by uprooting the main plants.
Above ground biomass yield  was determined from each net plot area and weighed with sensitive electrical balance after harvesting and proper drying with sunlight.
Grain yield was calculated as the weight of the air-dried tef seeds harvested from the net plot area of each plot. For analysis, the moisture percentage of the grain yield was adjusted to 12.5%.
Straw yield was measured by subtracting the grain yield of tef from the above-ground dry biomass yield of the crop.
Thousand Seed weight was determined by carefully counting the small grains taken from each net plot and it was adjusted at 12.5% moisture content weighting them using a digital balance.
 Growth parameters and yield components of lupine

Plant height was measured at physiological maturity from the ground level to the top of the crop from randomly selected ten plants in each net plot.

Number of branches per plant was determined from ten randomly selected plants from the net plot area at maturity
Number of pods per plant was determined from ten randomly sampled plants from the net plot area at maturity
Grain yield was calculated by threshing the dried plants from the net plot area, and adjusting to a moisture content of 10% seed.
[bookmark: _Toc109623033]1.5.5 Partial budget analysis
A partial budget analysis was performed following the CIMMYT partial budget methodology (CIMMYT, 1988). It examines the gross benefit (GB), the total variable cost (TVC), the net benefit (NB), and the marginal rate of return (MRR). The value of grain and straw yields were adjusted by 10% in order to narrow the yield gap between experimental plots and farmers' fields. The prices (USD/kg) of tef grain yield, lupine grain yield, and tef straw yield were considered. The cost of labour varies across each treatment and was considered a variable cost when considering other costs as constant for each treatment. 
[bookmark: _Toc109623034]1.5.6. Data analysis
All crop data was submitted for analysis of variance (ANOVA) using SAS software version 9.4's General Linear Procedure (SAS Institute, 2014). Since the homogeneity test of the two years for all parameters was not significant, the combined analysis of variance was also done for each parameter over the two years. The mean separation (mean differences comparison) was undertaken by the Least Significant Differences at a 5 and 1% level of probability (Gomez and Gomez, 1984).


[bookmark: _Toc109623035][bookmark: _Hlk80547724]CHAPTER 2. PLANT DENSITY OF WHITE LUPINE (Lupinus albus L.) INTERCROPPING WITH TEF (Eragrostis tef  (zucc.) Trotter) IN ADDITIVE DESIGN IN THE HIGHLANDS OF NORTHWEST ETHIOPIA
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ABSTRACT
Intercropping of cereals and legumes is common in Ethiopia. However, intercropping of lupine with tef is a new practice in Northwestern Ethiopia's tef-based cropping system. In  2016 and 2017 main cropping seasons, a field experiment was conducted in Gozamin District, East Gojjam Zone, to assess the effect of plant density of lupine intercropping with tef on  productivity of tef fields. The two experimental factors were two inter-row spacing (20 and 40 cm) and three intra-row spacing (10, 15 and 20 cm) of lupine intercropped with tef planted at 20 cm row spacing at a seed rate of 10 kg/ha, and their factorial combination was studied using a randomized complete block design (RCBD) with three replications. Sole tef and lupine were planted for determining intercrop efficiency indices. The highest tef grain yield (1.80 t ha-1) was recorded from 40 and 20 cm inter and intra-row spacing of lupine intercropped with tef, respectively. The highest lupine yield (2.74 t ha-1) was recorded from sole cropping. Lupine intercropped with tef at 40 cm inter and 15 cm intra-row spacings increased tef equivalent yield, (2.32 t ha-1), area time equivalent ratio (1.09), actual yield loss (0.87), monetary advantage index (396.2 USD), net benefit (2479.5 USD ha-1) with acceptable range of MRR. Among all planting densities, 40 and 15 cm inter and intra-row spacing of lupine had the highest yield advantage based on tef equivalent yield and other economic benefits. To maximize the productivity of tef fields, 40 cm of inter and 15 cm of intra-row spacing of lupine intercropping with tef is recommended based on the present finding. 
Keywords: Intercropping, lupine, spacing, tef, yield.
[bookmark: _Toc109623037] 2.1 Introduction
The global human population is expected to reach 9.8 billion people in 2050 (United Nations (UN), 2017). Ethiopia's highlands are Africa's most densely populated regions, with low crop productivity due to limited land size (Derek et al., 2014). To feed this rapidly growing population, agriculture must rely on scientific methods and inputs (Dietrich et al., 2014). Crop productivity should be enhanced further without deteriorating soil fertility, the environment, or food quality (Lal et al., 2003; Bedoussac et al., 2015). Intercropping is an alternate technique for increasing agricultural output by maximizing the use of available land (Lithourgidis et al., 2011). Intercropping is essential, particularly in areas with limited land resources (Tsubo et al., 2005). The current production system cannot meet consumer demand in northwest Ethiopia highlands because farmers use traditional and sole cropping systems that are not supported by different cropping systems due to a lack of understanding of the effectiveness of intercropping systems (Yayeh Bitew et al., 2014).
Intercropping has a number of advantages, including greater land use efficiency, resource efficiency, weed, pest, and disease control, and lengthening production cycles (Ijoyah, 2012). Farmers use intercropping of different legumes with other crops as one of their strategies to address the scarcity of arable land, and they attribute several crops to crop diversification, high productivity per unit area, and soil fertility maintenance and improvement (Seran and Brintha, 2010). According to Chu et al. (2004), intercropping improves crop production stability and profitability. Intercropping cereals with legumes increase soil fertility through nitrogen fixation (Adu-Gyamfi et al., 2007).
Tef is a major staple crop in Ethiopia. Ethiopia is the largest tef producing country in the world and the only country to have adopted tef as a staple crop. The country produces more than 90% of the tef in the world (Esubalew Tadele and Tewabe Hibistu, 2022). Tef is mostly used to prepare "injera" (Tamirat Wato, 2019), which is consumed by about 70% of the Ethiopian people (Tamirat Wato et al., 2020). More than 6.5 million smallholder farmers grow tef, and it is indispensable to the livelihoods of many Ethiopians (FAO, 2018). Tef fills in as a staple food for more than 50 million people in the Horn of Africa (Tadele Zerihun and Kebebew Assefa, 2012). 
Moreover, tef is the most important crop in terms of production and cultivation area, with excellent storage properties, high-quality food, and the unique ability to thrive in extreme environmental conditions (Minten et al., 2016). Tef is a major cereal crop and is extensively cultivated in most of the agro-ecological zones of Ethiopia (Miretu Ademe and Abebaw Lijalem, 2020). In Ethiopia, a total of 2.9 million hectares of land was covered by tef (CSA, 2021). From this, 5.5 million tons of yield were produced. At the country level, tef contributes 28% of the total cultivated cereal crops and 18% of the total production (CSA, 2021). Tef contributes 30% of total area coverage and 21% of total production in the Amhara region (CAS, 2021). Tef is more readily eaten by urban households (61 kg/person/year) than by rural households (20 kg/person/year) (FAO, 2018). Fikadu Asmiro et al. (2019) reported that tef has a significant role in Ethiopian agriculture, food, and trade sectors. Therefore, Ethiopia has a great chance to assure food security by increasing tef production.
Tef is the first cash crop in the study area, but its productivity (1.6 t ha-1) is low (East Gojam Zone Agriculture Office, 2017), especially when compared to the national average tef yield (1.88 t ha-1) (CSA, 2021) and the highest yields of 3.08 t ha-1 and 2.70 t ha-1 reported by Asaye Birhanu et al. (2020) and Tamirat Wato (2019), respectively. Low soil fertility and acidity (Wakene Negassa et al., 2017) and severe organic matter lost IFPRI (International Food Policy Research Institute), 2010) are the main causes of low crop yield. These problems are real challenges in the study area.
Lupine has traditionally been grown as an intercrop with cereals and oil crops by low-input farmers; it is only restricted to low-income people during droughts (Jansen, 2006). Lupine is one of Ethiopia's most important highland food legumes (Yayeh Bitew et al., 2014). Low-input farmers have traditionally grown lupine as an intercrop with cereals (Jansen, 2006). They grow it as part of a traditional additive intercropping system, with lupine as a minor crop and cereals as the main crop. Farmers in East Gojjam are seriously affected by small farm sizes due to the rising human population (East Gojjam Zone Agriculture Office, 2017).
Intercropping lupine with tef was chosen first among other legumes for the study area because of its adaptability, stability, and practicality of production under poor soil fertility and biotic environments. Furthermore, unlike cereals, lupine's tap root structure allows it to reach deeper soil layers for water and nutrients (Jansen, 2006). Thus, growing lupine as an intercrop in tef fields without affecting tef productivity would be a huge benefit to farmers in particular and the country as a whole, as it would increase tef field productivity per unit area while also providing a great opportunity to expand and increase lupine production. Farmers in Ethiopia have been intercropping lupine with finger millet in poor soil (Lekawunt et al., 2012). Furthermore, tef intercropping with faba bean has been done in the central Ethiopian highlands, and tef intercropping with faba bean is economically and environmentally beneficial in the Ethiopian highlands, which are characterized by high population density and small farm sizes (Getachew Agegnehu et al., 2006). However, in the study area, tef lupine intercropping and its effect on tef field productivity have yet to be explored. Rather, many studies in Ethiopia are primarily focused on intercropping of major cereal crops with beans (Vidigal et al., 2019). Before proposing and popularizing tef-lupine intercropping, it is important to determine the appropriate lupine plant density in tef fields.
The proposed study aimed to determine the effect of plant densities of lupine intercropping with tef on tef fields productivity.
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[bookmark: _Toc109623038]2. 2 Materials and Methods

[bookmark: _Toc75876503][bookmark: _Toc109623039]2.2.1 Description of the study area

The detail biophysical characteristics of the study area is described in chapter 1, sub-sub section 1.5.1

[bookmark: _Toc109623040]2.2.2 Experimental materials used for the study

The experimental materials used for the study is described in 1.5.2

[bookmark: _Toc109623041]2.2.3 Soil analysis 

The detail soil analysis of the study area is described in 1.5.3

[bookmark: _Toc109623042][bookmark: _Toc75876505]2. 2.4 Experimental Treatments, Design, and Procedures

[bookmark: _Toc75876516][bookmark: _Hlk107991315]The two experiment factors were two inter-row spacing (20 and 40 cm) and three intra-row spacing (10, 15 and 20 cm) of lupine, and their factorial combination was studied using randomized complete block design (RCBD) with three replications. Seeds of tef were drilled in rows at its recommended, inter-row spacing of 20 cm, while seeds of lupine were planted in rows between every after one (1:1 row ratio for the case of 20cm inter row spacing) and two (2:1 row ratio for the case of the 40 cm row spacing) rows of tef, 100% of the recommended seed rate of the main tef crop, (additive series). Tef and lupine were sown in sole crop. 
The experimental field was ploughed four times using an oxen-powered local plowing facility before being manually separated into blocks (replications) and plots based on the treatments and design. With a gross plot size of 3 m x 3 m (9m2), the net plot area was 2 m x 2.2 m (4.4 m2). A 1.0 m and 0.5 m walkway separated adjacent plots and blocks, respectively. In early July, tef seeds were drilled in rows 20 cm apart at the recommended rate of 10 kg ha-1 in both cropping seasons.  In the sole cropping system, lupine was planted at a 40 cm inter-row spacing and 10 cm intra-row spacing. Lupine in intercropping was planted on the same day as the tef sowing. 

Both cropping systems of tef received 46 kg/ha N and 20 kg/ha P, but the lupine cropping system received only 60 kg/ha N and 26 kg/ha P. All agronomic management measures were applied equally to all experimental plots in accordance with the research area's tef and lupine recommendations (East Gojjam zone agriculture office, 2017). 
[bookmark: _Toc109623043]2.2.5 Crop data collection
The detail data collection of tef and lupine growth parameters and yield components is described in 1.5.4
[bookmark: _Toc109623044]2.2.6 Analysis of indices for intercropping efficiency
Aggressivity
Aggressivity (A) measures the interspecies competition in intercropping by relating the yield changes of the two component crops (Willey and Rao, 1980). In order to measure yield changes of two component crops affected by interspecies competition in intercropping, McGilchrist (1965), introduces the aggressivity. The aggressivity (A) is calculated by the following formula proposed by McGilchrist (1965): 
 The aggressivity (A) of the tef + lupine intercropping system can be derived from the following formula:
  

YTL and YLT represent grain yields of tef and lupine in intercropping, respectively, where as ZTL refers to the planted share of tef in intercropping and ZLT means the sown share of lupine in intercropping, YTL and YLT denote grain yields of tef and lupine in intercropping, and YT and YL denote grain yields of tef and lupine in sole cropping.
Competitive ratio
In an intercropping system, the competitive ratio (CR) evaluates the competitiveness of both crops (Willey, 1980).  The competitive ratio shows the proportion of both crops planted in intercropping as well as the ratio of individual land equivalent ratio (LER) for both crops.


Where LERT and LERL shows the tef and lupine land equivalent ratios, respectively.
Actual yield loss
Actual yield loss (AYL) is the proportionate yield loss or gain of component crops in an intercropping system in comparison to the respective pure stand. This index is based on the actual sown proportion of the component crops with which it is solely planted. It is calculated by the following formula (Banik, 2006):


                                    
Where AYLT stands for tef partial actual yield loss, AYLL stands for lupine partial actual yield loss, ZTT stands for tef sole cropping sown proportion, and ZLL stands for lupine sole cropping sown proportion.
Monetary advantage index
As a result, none of the preceding competition indices provided any data on the financial advantage of the intercropping system, and the monetary advantage index (MAI) became advanced (Aasim et al., 2008).

      

Land Equivalent Ratio  
The Land Equivalent Ratio is the amount of land required to provide the same yield as an intercropping system when mono cropping is utilized (Willey, 1980).
  
     
               
Area time equivalent ratio
Since the grain yield advantage of intercropping over sole cropping was found, the area time equivalent ratio (ATER) is the practical comparison index. It takes into consideration the time spent by both crops in intercropping systems. ATER was calculated as follows (Hauggaard-Nielsen et al., 2001):
    
Where PLERT and PLERL are partial land equivalent ratios for tef and lupine, respectively, TT is the tef growth period in days; TL is the lupine growth period in days; and T is the total duration of the intercropping system.

Tef equivalent yield 
It is the conversion of crop yields into one form that allows us to compare the crops grown under mixed cropping, intercropping, or sequential cropping (De Wit, 1960).
The total of intercrop tef yield and converted lupine yield was used to compute tef equivalent yield (TEY), which was then compared to the sole crop tef yield. The conversion is done in the form of a tef equivalent yield by considering the lupine yield and market price of tef and lupine (Singh et al., 2009).

Where; PT is price of tef t ha-1 and PL is price of lupine t ha-1 

[bookmark: _Toc109623045]2.2.7 Partial budget analysis
In order to decide which treatment to recommend for the study area, it is necessary to know the treatments with the highest net benefit and an acceptable level of marginal rate of return. A partial budget analysis was performed following the CIMMYT partial budget methodology (CIMMYT, 1988). It examines the gross benefit (GB), the total variable cost (TVC), the net benefit (NB), and the marginal rate of return (MRR). The value of grain and straw yields were adjusted by 10% in order to narrow the yield gap between experimental plots and farmers' fields. The prices (USD/kg) of tef grain yield, lupine grain yield, and tef straw yield were 0.95, 0.50, and 0.13, respectively. The cost of labour varies across each treatment and was considered a variable cost when considering other costs as constant for each treatment. The labor cost per man day was 3.30 USD.
[bookmark: _Toc109623046]2.2.8 Data analysis
[bookmark: _Hlk108524643]All collected crop data were subjected to analysis of variance (ANOVA) using General Linear Procedure of SAS software version 9.4 (SAS Institute, 2014). Results of all crop variables at two years were also subjected to Bartlett homogeneity test and found insignificant, and hence combined of analysis of variance for the considered variableswas also conducted over years. Whenever the ANOVA results showed significant difference among treatments for variable(s), mean separation between the treatments was further carried out with with LSD at a probability level of 5 and 1%. 

[bookmark: _Toc109623047]2.3 Results and discussion

[bookmark: _Toc109623048]2.3.1 Growth and yield of tef

The analysis of variance showed that the panicle length of tef was significantly (P < 0.05) affected by both the main effects of inter and intra-row spacing of lupine in combined over years. Furthermore, the interaction effects of inter and intra-row spacing of lupine significantly (P < 0.05) influenced the panicle length of tef in combined over years (Table 2.1). In combined over years, the longest (52 cm) panicle length of tef was obtained by intercropping tef with lupine at 40 and 20 cm inter and intra-row spacing, respectively, while the shortest (24.8 cm) panicle length of tef was obtained by intercropping tef with lupine at 20 and 10 cm inter and intra-row spacing, respectively (Table 2.1). The longest panicle length of tef might be an absence of interspecific competition for above and below ground resources. The results of this experiment are in agreement with those of Khan et al. (2005), who reported that wheat intercropping with legumes had an effect on wheat spike length. Yayeh Bitew et al. (2019) also showed the panicle length of finger millet was significantly affected by finger millet lupine intercropping, which is in line with our study.

Effective tillers plant-1 was significantly (P < 0.05) affected by the main and the interaction effects of inter and intra-row spacing of lupine in combined over years (Table 2.1). The highest effective tef tillers per plant (7.2) were obtained from lupine intercropped with tef at 40 and 20 cm inter and intra-row spacing, respectively, while the lowest effective tef tillers per plant (2.2) were obtained from lupine intercropped with tef at 20 and 10 cm inter and intra-row spacing (Table 2.1). In tef fields, wider-spaced lupine plants were less competitive with tef and increased tef growth, resulting in more tef-effective tillers per plant. Narrow spacing, on the other hand, would strongly compete with tef, preventing tef growth from bearing successful tillers per plant. In agreement with our study, Girma Taddese et al. (2019) found that the highest tiller amount of barley (7.67) was found in a 2:1 barley to faba bean intercropping row ratio. In line with this result, Yayeh Bitew et al. (2014) showed that in a cereal-lupine additive design intercropping experiment, finger millet effective tiller per plant decreased with increasing lupine seed proportion. Furthermore, intercropping encourages legume and cereal plants to use root-induced processes to acquire phosphate and nitrogen. Legumes may provide the potential to sustain enhanced plant numbers and higher tiller numbers for intercropped species due to their adaptability to different cropping patterns and ability to fix nitrogen (Latati et al., 2016).

Grain yield of tef was significantly (P < 0.05) affected by the main and the interaction effects of inter and intra-row spacing of lupine in combined over years (Table 2.1). The highest tef grain yield (1.80 t ha-1) of tef was recorded from 40 and 20 cm inter and intra-row spacing of lupine intercropped with tef, respectively but it was statistically similar to the tef grain yield (1.71 t ha-1) and 1.75 obtained from treatment 5 and sole tef, respectively while the lowest yield (0.63 t ha-1) was recorded from the narrow inter and intra-row spacing of lupine (Table 2.1). The wider spacing of lupine (40 and 20 cm inter and intra-row spacing) increased the combined over years grain yield by 182% as compared to narrow spacing (20 and 10 cm inter and intra-row) (Table 2.1). The reason for the increase in growth and yield parameters was mainly due to the efficient use of available resources as well as the lupine's minimal shading effect, which improved photosynthesis efficiency. According to this study, the grain yield of tef increased as the seeding ratio of lupine in the intercrop decreased and vice versa. Similarly, Getachew Agegnehu et al. (2008) and Yayeh Bitew et al. (2020) found that as the faba bean and lupine seeding rate in the intercrop decreased, wheat and finger millet yields increased, respectively. Similarly, Megawer et al. (2010) showed that the barley lupine of 2:1 row ratio intercropping produced the maximum grain yield of barley, while the barley lupine of 1:1 row ratio produced the lowest yield. 

Tef equivalent yield was also significantly (P < 0.05) affected by the interaction effects of inter and intra-row spacing of lupine in combined over years (Table 2.1). The combined over two years data showed that the highest tef equivalent yield (2.32 t ha-1) was obtained from 40 and 15 cm inter and intra-row spacing of lupine intercropped with tef, respectively, which had 33% yield advantage over the combined over years sole tef (Table 2.1). In line with current studies, the equivalent yield of cereals in intercropping crops was significantly higher than that in sole crops (Latati et al., 2016). This may be because intercropping enhances the ability of legumes and grains to promote phosphorus and nitrogen uptake through root-induced processes. In addition, legumes have the ability to adapt to different cropping patterns and fix nitrogen, which may provide an opportunity to maintain an increase in plant biomass for intercropped crops (Latati et al., 2016). In line with this study, Jabbar et al. (2009) found that intercropping produces a higher grain equivalent yield than sole cropping of cereals. The higher tef equivalent yield from intercropping tef with lupine is due to improved soil fertility, either from biologically fixed nitrogen or root excretion from the associated legume crop (Ghosh, 2004). The maize yield response in maize-legume intercropping can be explained by the transfer of fixed nitrogen from legume to cereal crop (Alemayehu et al., 2016), as well as the improvement of phosphorus uptake as its mobilization is assisted by the rhizosphere via legume root release of organic acids. 

Results of ANOVA revealed that straw yield was significantly (P < 0.05) affected by the interaction effects of inter and intra-row spacing of lupine in combined over years (Table 2.1). The highest straw grain yield of tef (4.98 t ha-1) was achieved from 40 and 20 cm inter and intra-row spacing of lupine, respectively, whereas the lowest straw yield (2.42 t ha-1) was obtained from the narrow inter and intra-row spacing of lupine intercropped with tef (Table 2.1). Getachew Agegnehu et al. (2006) showed that increasing the proportion of faba bean in the mixture from 12.5 to 62.5% decreased tef straw yield from 94 to 71%. Increasing the proportion of barley and faba bean in the spatial arrangements reduced the straw yield of barley (Hidoto et al., 2015). Similar results were reported by Chen et al. (2004) for intercropping of pea and barley and Hauggaard-Nielsen et al. (2001) for field bean and wheat.

Table 2.1. Effect of plant density of white lupine intercropping with tef on growth and yield of tef combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	T
	IR1(cm)
	IR2 (cm)
	No. of effective
tillers of tef
	Panicle length
of tef (cm)
	Grain yield of tef
(t ha-1)
	TEY
(t ha-1)
	
	Straw yield of tef
(t ha-1)

	
	
	
	2016
	2017
	COY
	2016
	2017
	COY
	2016
	2017
	COY
	COY
	
	2016
	2017
	COY

	T1
	20
	10
	2.2d
	2.3e
	2.2d
	25.5d
	24.0c
	24.8c
	0.64d
	0.63d
	0.64d
	1.34d
	
	2.33c
	2.57c
	2.42d

	T2
	
	15
	3.6c
	3.4cd
	3.5c
	40.3c
	41.6b
	40.8b
	0.97b
	0.92c
	0.94c
	1.71c
	
	2.75c
	2.91c
	2.80cd

	T3
	
	20
	4.0c
	4.2bc
	4.1c
	42.2bc
	43.3b
	42.8b
	1.01b
	1.00bc
	1.01bc
	1.74c
	
	3.33b
	3.20bc
	3.26bc

	T4
	40
	10
	3.3c
	2.6de
	2.9c
	44.0bc
	43.6b
	43.8b
	1.08b
	1.11b
	1.10b
	1.91b
	
	3.54b
	3.73b
	3.63b

	T5
	
	15
	5.5b
	5.0b
	5.3b
	47.5ab
	43.3b
	45.4b
	1.73a
	1.69a
	1.71a
	2.32a
	
	4.42a
	4.48a
	4.38a

	T6
	
	20
	7.5a
	6.9a
	7.2a
	50.8a
	53.2a
	52.0a
	1.78a
	1.81a
	1.80a
	2.23a
	
	4.90a
	5.06a
	4.98a

	Sole tef
	
	
	
	
	
	
	
	1.77a
	1.73a
	1.75a
	
	
	
	
	

	
	LSD
	1.36*
	1.11*
	1.34*
	4.79*
	9.47*
	8.82*
	0.13*
	0.16*
	0.11*
	0.12*
	
	0.49*
	0.67*
	0.51*

	
	SE±
	0.61
	0.50
	0.06
	2.6
	4.7
	3.1
	0.06
	0.07
	0.05
	0.04
	
	0.22
	0.30
	0.23

	
	CV%
	12.3
	17.2
	6.8
	7.6
	13.2
	8.1
	6.8
	7.7
	5.8
	9.2
	
	7.5
	10.1
	7.8



 Means within a column followed by the same letter(s) are not significantly different: * = significant at P < 0.05; T= Treatment; IR1= inter-row spacing of lupine; IR2=intra-row spacing of lupine; TEY=Tef equivalent yield, T=treatment , COY= combined over years; SE ±= standard error; LSD=Least Significant diference, CV = coefficient of variation.

[bookmark: _Toc109623049]2.3.2. Growth and yield of lupine

The branch of lupine was significantly (p < 0.05) affected by the main and the interaction effects of inter and intra-row spacing of lupine in combined over years (Table 2.2). The highest number of branches (7.4) was recorded in low planting densities (40 and 20 cm inter and intra-row spacing) of lupine intercropped with tef, while the lowest number of branches per plant (2) was obtained from 20 and 10 cm inter and intra-row spacing (Table 2.2). This indicates that as the planting density of lupine increases, the number of branches per plant decreases (Table 2.2). The reason might be that tef causes nearly complete dominance in the early stages of the minor crop and competition between the lupine plants which make the numbers of branches at the higher plant density to be lower. Similarly, Yayeh Bitew et al. (2014) reported that the lowest number of branches per lupine plant was recorded from a high seeding ratio in a lupine barley intercropping system. In agreement with our study, Megawer et al. (2010) discovered that as lupine planting density increases, the number of branches per plant decreases in barley-lupine intercropping.

The result of this study showed pod per plant was highly significantly (P < 0.01) affected by the main effects in combined over years. Moreover, the interaction of the main effects significantly (P < 0.05) affected the pod per plant of lupine in combined over years (Table 2.2). The highest pods per plant (46.3) was obtained from 40 and 20 cm inter and intra-row spacing of lupine intercropped with tef (Table 2.2) due to the low planting density of lupine compared to the high planting density of lupine. Similar to these results, Tilahun (2002) reported that planting density of faba bean significantly affected the number of pods per plant of faba bean intercropped with maize. The highest pod/plant in sole lupine was recorded due to the absence of inter-specific and intra-specific competition between lupine crops, which favored efficient utilization of growth resources. Oskoii et al. (2015) reported that decreasing the number of faba bean pods per plant in intercropping can contribute to a rise in interspecific competition. Furthermore, increased competition for light and minerals, as well as increased shading in intercropping, leads to a decrease in photosynthesis, more abscission, and fewer pods per plant. This finding is further supported by Ghosh (2004), who reported that the pod yield of groundnut was lower in groundnut-cereal intercropping than in monoculture.
The grain yield of lupine was highly significantly (P < 0.01) affected by the main and the interaction effects in combined over years (Table 2.2). The highest lupine grain yield of 2.73 t ha-1 was obtained from the sole crop (Table 2.2). From the intercropping treatments, the highest grain yield of 1.63 t ha-1 was obtained from 40 and 10 cm inter and intra-row spacing of lupine, respectively, while the lowest grain yield (1.06 t ha-1) was obtained from 20 and 10 cm inter and intra-row spacing of lupine (Table 2.2). As the planting density of lupine increases, lupine yield decreases (Table 2.2). This is most likely due to too many plants (in the case of 20 x 10 lupine spacing), which causes the lupine plants to compete for resources. Yield reduction could also be due to inter-specific competition for growth resources between the component species, which in turn reduces the number of branches/plants or pods/plant. This finding is supported by a number of research results which report a decrease in the legume yield component because of cereal-legume intercropping. Egbe (2010) reported that cowpea grain yield was depressed in maize-cowpea intercropping systems. According to Onuh et al. (2011), the sole mung bean provided the maximum seed production when compared to the intercropped mung bean. Oseni (2006) reported the lowest yield in cowpea intercropped with sorghum and found comparable findings. Berhane Sibhatu (2016) supports these results by indicating that cowpea plant density has a significant impact on grain yield in intercropped cowpea, with the lowest cowpea plant density providing the highest grain yield.









Table 2.2. Effect of plant density of white lupine intercropping with tef on yield and yield components of lupine combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	T
	IR1
(cm)
	IR2
(cm)
	No. of branches per lupine
	No. of pods per lupine plant
	Grain yield of lupine (t ha-1)

	
	
	
	2016
	2017
	COY
	2016
	2017
	COY
	2016
	2017
	COY

	T1
	20
	10
15
20
	2.6 d
	1.4e
	2.0d
	31.3b
	30.6b
	31.0b
	1.11e
	1.01e
	1.06e

	T2
	
	
	4.6c
	4.0d
	4.3c
	32.0b
	34.0b
	33.b
	1.43d
	1.37de
	1.41de

	T3
	
	
	4.6c
	4.3cd
	4.5c
	32.8b
	33.8b
	33.3b
	1.40de
	1.50cd
	1.45d

	T4
	40
	10
15
20
	4.7c
	5.0bc
	4.8bc
	33.0b
	32.6b
	32.8b
	1.60b
	1.66b
	1.63b

	T5
	
	
	5.0bc
	5.3bc
	5.2bc
	40.7a
	42.3a
	41.5a
	1.50c
	1.55cd
	1.53bc

	T6
	
	
	7.5a
	7.3a
	7.4a
	45.6a
	47.0a
	46.3a
	1.37de
	1.42d
	1.40de

	Sole Lupine
	
	
	
	
	
	
	
	2.78a
	2.68a
	2.73a

	
	LSD
	
	0.67*
	0.71*
	0.58*
	5.41*
	7.29*
	4.68*
	0.19*
	0.18**
	0.16**

	
	SE±
	
	0.30
	0.32
	0.26
	0.43
	2.3
	2.1
	1.3
	0.08
	0.07

	
	CV%
	
	8.3
	7.8
	4.8
	11.7
	13.3
	10.6
	9.5
	6.8
	6.5



Means within a column followed by the same letter(s) are not significantly different: * = significant at P < 0.05; ** = highly significant at P < 0.01; IR1= inter-row spacing of lupine; IR2=intra-row spacing of lupine; T=treatment;  COY= combined over years;  LSD=Least significant diference, SE ±= standard error;  CV = coefficient of variation.


[bookmark: _Toc109623050]2.3 3. Intercropping production efficiency
The aggressivity (A) results revealed that lupine was the dominant species, with positive values in treatments 1, 2, 3, and 4, but negative A values in treatments 5 and 6, indicating that tef dominated lupine (Table 2.3). The lower A values of tef in narrow spacing were due to the shading effect of lupine (Table 2.3). In barley-faba bean (Strydhorst et al., 2008) and maize-groundnut (Inal et al., 2007) intercropping systems, the aggressive crops are barley and maize, while the suppressed crops are faba bean and groundnut. As the positive aggressivity of one crop in the intercropping system affects the performance of the component crop (Ram and Meena, 2014), it is reflected in the negative aggressivity.
When the main crop was intercropped with 15 and 20 cm intra-row and 40 cm inter-row spacing of lupine, the main crop proved to be more efficient. Treatments with a higher population (Treatments 1, 2, 3, and 4) and tef with a lower lupine population (Treatments 5 and 6) had higher competitive ratios (CR) (Table 2.3). Lupine's rapid growth, large number of lateral branches per plant, and tallest plant height were observed in higher lupine populations (Treatments 1, 2, 3, and 4), resulting in a higher CR of lupine than tef. The results showed that intercropped lupine had higher competitive ratios in all proportions with tef except treatments 5 and 6, indicating that lupine was more competitive (CR > one) than tef (CR < one) (Table 2.3). However, in treatments 5 and 6, the values of CR for tef were greater than for lupine, indicating the dominance of tef. This corroborates with Trydeman et al. (2014), who stated that barley was dominant over lupine in intercrops. A higher CR value for lupine was recorded at 10 and 40 cm intra and inter-row spacing of lupine (Table 2.3). This could probably occur through lowering its abundance, for example, through uptake of a growth-limiting nutrient resource (Zhang and Li, 2003) or the creation of shade (Berntsen et al., 2003). This result corroborates that of Hauggaard-Nielsen et al. (2005), who reported that the competitive ratio of barley relative to pea showed that barley was most competitive at recommended plant density.
Based on the combined over years data, actual yield loss (AYL) of tef, lupine, and total were negative at 20 cm inter-row spacing at all intra-row spacing of lupine. In contrast, at all intra-row spacing of lupine, actual yield loss of tef, lupine, and total was positive at 40 cm inter-row spacing (Table 2.3). Actual yield losses of 0.75, 0.87, and 0.64% were recorded from treatments 4, 5, and 6 (Table 2.3), which indicates the yield advantages of 75, 87, and 64%, respectively. This is probably due to better use of growth capital and low competition between the tef and lupine crops. When yield is compared per plant, the AYL provides more accurate information on inter- and intraspecific competition and can have either positive or negative values, indicating advantage or disadvantage in intercropping. Actual yield loss with a positive coefficient indicates the advantage of intercropping over sole cropping (Aasim et al., 2008).
Substantial agronomic advantages from intercropping do not always ensure an economic advantage, and there is a need for some economic evolution and absolute yield comparisons of intercropping systems (Tamado Tana and Eshetu Mulatu , 2000). The Monetary Advantage Index (MAI) is an indicator of the economic feasibility of intercropping systems as compared to sole cropping (Aasim et al., 2008). The greatest MAI (396.2 USD) was from treatment 5, while the lowest MAI (-4713.0) was from treatment 1 (Table 2.4). Except for treatment 1, all intercropping treatments exhibited positive MAI values, which shows a definite yield advantage compared with the respective sole cropping systems tested in this study due to high competition for above and below-ground resources. The result was in line with Dhima et al. (2006) who reported that vetch barley intercropping in different seeding ratios gave negative MAI as compared to sole cropping.
According to Ashenafi (2016), a useful expression in assessing crop productivity in sole cropping systems is mass yield (mass per unit area). Direct comparison is difficult in intercropping systems, however, because the products are different for the different plant species growing on the same area of land (Beets, 1982). Crop productivity should be measured using a standard unit in this case. The land equivalent ratio (LER) is a widely used method (Beets, 1982). The combined over-year results in this study revealed that LER was greater than one in all intercropping treatments except treatment 1 (Table 2.4). Treatment 5 had the highest LER (1.42%). This indicates that 0.42 more area would be required by a sole cropping system to equal the yield of an intercropping system. The reason the amount of LER is more than one is perhaps because of the fixing and absorbing of nitrogen in intercropping sorghum and mungbean (Koocheki et al., 2009). Banik et al. (2006) showed LER greater than one in the maize-haricot bean intercrop. Inal et al. (2007) and Hauggaard-Nielsen et al. (2001) reported similar results in tef-faba bean and wheat-field bean intercropping. Similarly, compared with corresponding sole crops, yield advantages have been recorded in pearl millet-cluster bean (Yadav et al., 2001). On the other hand, total LERs below 1 were found in narrow lupine planting (treatment 1), which gave a disadvantage of these mixtures over pure stands (Table 2.4). This result was in agreement with Ghosh (2004), who reported that common vetch–barley and common vetch-triticale mixtures
The land equivalent ratio does not take into account the duration of the crops in the field and is based on harvested products rather than the desired yield proportion of the component crops. Moreover, the choice of sole cropped yield for standardizing mixture yield in the estimation of LER is not clear. Therefore, area time equivalent ratio (ATER) provides a more realistic comparison of the yield advantage of intercropping over sole cropping in terms of the variation in time taken by the component crops of different intercropping systems (Aasim et al., 2008). The area time equivalent ratio values in treatments 4, 5, and 6 showed a 2–25% yield advantage (Table 2.4). The ATER results were lower than LER in intercropping treatments (Table 2.4). This could be due to the fact that intercropping systems can actually provide more efficient total resource exploitation and greater overall production than sole crops, optimum mixture ratios, and staggered planting arrangements, particularly planting dates. Khan and Khaliq (2004) reported similar findings. Similarly, yield gains have been shown in various non-legume-legume intercropping systems, including bean-wheat (Hauggaard-Nielsen et al., 2001), groundnut-cereal fodders (Ghosh, 2004), barley-pea (Chen et al., 2004), and faba bean-barley (Trydemanknudsen et al., 2004).
[bookmark: _Hlk108525238] Partial budjet analysis
The economic analysis system developed by CIMMYT in 1988 was used. Using the final yield and straw yield of tef as well as the grain yield of lupine data, the gross yields of six treatments were determined. The highest net return (2479.3 USD ha-1) was achieved by planting of lupine at 40 and 15 cm inter and intra-row spacing intercropped with tef (Table 2.5). Treatment 5 (lupine intercropped with tef at 40 and 15 cm inter and intra-row spacing) also had the highest marginal rate of return of 682% (Table 2.5), indicating that the producer would earn birr 6.82 for every birr invested in tef production.

 Table 2.3. Aggressivity, competitive ratio and actual yield loss of tef and lupine in tef-lupine intercropping system combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	T
	IR1(cm)
	IR2 (cm)
	COY
	COY
	COY

	
	
	
	AT
	AL
	CRT
	CRL
	AYLt
	AYLl
	AYLtt

	T1
	20
	10
	-0.15b
	+0.15b
	0.72c
	1.41b
	-0.57d
	-0.40d
	-0.97c

	T2
	
	15
	-0.01b
	+0.01b
	0.97b
	1.03c
	-0.45c
	-0.45d
	-0.89c

	T3
	
	20
	-0.04b
	+0.04bc
	0.99ab
	1.08c
	-0.42c
	-0.46d
	-0.89c

	T4
	40
	10
	-0.85c
	+0.85a
	0.53d
	1.92a
	-0.04b
	0.79a
	0.75ab

	T5
	
	20
	0.30a
	-0.30a
	1.28a
	0.80c
	0.47a
	0.17c
	0.64b

	T6
	
	15
	0.02b
	-0.02c
	1.02b
	0.98c
	0.45a
	0.42b
	0.87a

	
	
	SE±
	0.08
	0.08
	0.08
	0.11
	0.04
	0.05
	0.10



CR=competitive ratio of tef and lupine in intercropping; A= aggressivityof tef and lupine in intercropping; AYLt=actual yield loss of tef;  AYLl=actual yield loss of lupine ; TAYL=Total actual yield loss; T=treatment; IR1=inter-row spacing of lupine=IR2, intra-row spacing of lupine; SE ±=standard error.

Table 2.4. Production efficiency of tef-lupine intercropping system in combined combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	T
	IR1 (cm)
	IR2  (cm)
	Partial LER for tef
	Partial LER for lupine
	Total
LER
	ATER
	MAI

	T1
	20
	10
	0.36d
	0.51c
	0.87e
	0.71d
	-1 89.0d

	T2
	
	15
	0.54c
	0.55ab
	1.10d
	0.89c
	118.1c

	T3
	
	20
	0.57bc
	0.54ab
	1.11d
	0.88c
	128.8c

	T4
	40
	10
	0.63b
	0.60a
	1.22c
	1.01b
	240.6b

	T5
	
	15
	0.95a
	0.47c
	1.42a
	1.09a
	396.2a

	T6
	
	20
	0.97a
	0.38d
	1.35a
	1.03b
	348.9a

	
	SE±
	0.04
	0.03
	0.05
	0.03
	771



LER=land equivalent ratio; ATER=area time equivalent ratio; MAI= monetary advantage index; T= treatment; IR1= inter-row spacing of lupine; IR2= intra-row spacing of lupine; SE ±=standard error.


[bookmark: _Hlk108525327]Table 2.5. Partial budget analysis of tef-lupine intercropping system combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	Treatment
	IR1 (cm)
	IR2 (cm)
	Adj. Tef GY(t/ ha)
	Adj. Tef SY(t/ ha)
	Adj. lupine GY(t/ ha)
	GB (USD/ha)
	TVB (USD/ha)
	NB (USD/ha)
	MRR
(%)

	
	Sole lupine
	
	
	
	2.46
	1230
	42
	1178
	-

	
	Sole tef
	
	1.58
	4.32
	0
	2066.7
	66.1
	2030.5
	3535

	T6
	
	20
	1.53
	4.3
	0.95
	2513.7
	116.5
	2397.2
	457

	T5
	
	15
	1.51
	3.95
	1.26
	2607.8
	128.5
	2479.3
	682

	T4
	40
	10
	0.99
	3.3
	1.47
	2145.8
	152.6
	1993.2
	D

	T3
	
	20
	0.91
	2.93
	1.31
	1936.3
	168.7
	1767.7
	D

	T2
	
	15
	0.86
	2.53
	1.37
	1865.3
	200.8
	1664.5
	D

	T1
	20
	10
	0.58
	2.18
	1.26
	1500.0
	273.1
	1226.9
	D



IR1= Inter-row spacing of lupine; IR2=Intra-row spacing of lupine; GY=Grain yield, SY=Straw yield  price; GB= Gross field benefit; TVB= Total variable cost; NB= Net benefit; MRR=marginal rate of return;  (USD kg-1) of tef grain yield;  straw yield and luine grain yield were 0.95, 0.13, and 0.50, respectively. Lbour cost man day-1 was 3.30 USD.




[bookmark: _Toc109623051]2.4 Conclusion
The interaction effects of inter and intra-row spacing of lupine had a significant effect on the vegetative growth and yield-related parameters of the component crops. The longest panicle length, the maximum number of effective tillers per plant, and the grain yield of tef were obtained from treatment combinations of 40 cm and 20 cm inter and intra-row spacing of lupine intercropped with tef. 
Furthermore, 40 and 15 cm inter and intra-row spacing of lupine intercropped with tef resulted in higher tef equivalent yield (2.32 t ha-1), area time equivalent ratio (1.09), actual yield loss (0.87), monetary advantage index (396.2 USD), net benefit (2479.5 USD ha-1) with acceptable range of MRR (682%).
The 40 and 15 cm inter and intra-row spacing of lupine was the most profitable and had the highest yield advantage based on tef equivalent yield and other economic benefits. Our findings strongly suggest that tef fields can be profitably intercropped with lupine in an additive design using 40 and 15 cm of inter and intra-row spacing of lupine. Therefore, 40 and 15 cm of inter and intra-row spacing of lupine intercropping with tef is recommended for farmers in the study area and similar agro-ecological areas. 







[bookmark: _Toc109623052][bookmark: _Hlk80547822]CHAPTER 3.  PLANT DENSITY AND TIME OF WHITE LUPINE (Lupinus albus L.) RELAY CROPPING WITH TEF (Eragrostis tef  (zucc.) Trotter) IN ADDITIVE DESIGN IN THE HIGHLANDS OF NORTHWEST ETHIOPIA
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ABSTRACT

[bookmark: _Hlk107694834]Agronomic strategies such as choosing the optimal row ratio and planting legume crops at the right time are crucial for enhancing crop productivity. A field experiment was conducted in 2016 and 2017 to assess the influence of plant density and lupine intercropping time on tef field productivity. The treatments were as follows: tef was planted at a 20 cm inter-row spacing, lupine was sown at 20 and 40 cm inter-row spacing (row ratio of 1 tef: 1lupine and 2 tef: 1lupine), and lupine intercropped three times (1, 2 and 3 weeks after tef planting). Randomized complete block design (RCBD) with 3 replications were used. Tef and lupine were also sole planted. The results revealed 40 cm inter-row spacing and delayed lupine intercropping (3 weeks after tef planting) provided the maximum tef grain yield of 1.91 t ha-1. The sole cropping of lupine produced the highest lupine grain yield (2.63 t ha-1). Lupine intercropping at 40 cm inter-row spacing and two weeks after tef planting resulted in the highest land equivalent ratio (1.54), tef equivalent yield (2.45 t ha-1), area time equivalent ratio (1.11), monetary advantage index (633 USD ha-1), net benefit (2712.8 USD ha-1) and marginal rate of return (605 %). Therefore, farmers in the study area should consider intercropping lupine two weeks after tef planting in between two rows of tef as an effective intercropping system. 
Keywords: Inter-row spacing, lupine, relay, tef equivalent yield, yield

[bookmark: _Toc109623054]3.1 Introduction

Population increase in Ethiopia is surpassing agricultural food production (FAO, 2018). This has resulted in a scarcity of farmland in Ethiopia's highlands (Getachew et al., 2008).  Ethiopian farmers also lack sufficient land to plant both cereal and pulse crops in a sole cropping system (Gebeyanesh Zerssa et al., 2021). Such farming practices do not generate enough food for the family in the Ethiopian highlands, where the average land holding is quite small (Gebre-Selassie Atsbha and Bekele Tesema, 2012). The only approach to raise agricultural production is to increase yield per unit area (Maitra et al., 2019).

Intercropping is an intensification of agricultural activities defined as growing two or more crops at the same space and time (Seran and Brintha, 2010). In terms of yield, intercropping outperforms mono cropping by optimizing the use of all available resources that would otherwise be wasted by a mono crop (Bhatti et al., 2006; Ram and Meena, 2014), improves soil fertility, increases yield stability, and raises returns (Dapaah et al., 2003). The largest demands on environmental resources are made by component crops are varied with planting and harvesting dates (Chandra et al., 2013).

Tef is Ethiopia's most significant crop, accounting for 18.3% of total grain production (CSA, 2021) and over 60% of human nutrition (Lacey and Llewellyn, 2005).  However, tef productivity (1.60 t ha-1) in the study area is still low (East Gojjam zone agriculture office, 2017), compared to the average national tef yield (1.88 t ha-1) (CSA, 2021). Cereals have been intercropped with lupine (Jansen, 2006). Lupine is planted as a minor crop while cereals are the major crop. Farmers in the east Gojjam highlands are generally hampered by small farm sizes due to the high population density. Furthermore, due to land constraint, producing legumes as a sole cropping system is difficult. 

As a result, the key agricultural production strategies in the northwest Ethiopian highlands are innovative technology and sustainable crop development. Intercropping is one technique to improve crop productivity (Sullivan, 2000). Cultivating tef and lupine individually, the free land between rows of tef may be better utilized if the two were intercropped.
Selection of compatible species and timing of intercropping (Banik et al., 2000), as well as determining an optimal spatial row ratio are all important agronomic activities in intercropping. The intensity of interspecific competition for restricted growth resources between and among component crops is reduced when the best time for legumes is determined (Muoneke et al., 2012). The appropriate spatial ratio had a significant impact on interspecies rivalry and yield production in maize-soybean relay strip intercropping (Cui et al., 2017). 

Growing lupine in tef fields as a relay intercrop without significantly affecting tef productivity would be a huge benefit to tef growing farmers in particular and the country in general, as it would increase tef field productivity per unit area while also creating a great opportunity to expand and increase lupine production. However, before recommending and popularizing relay intercropping of lupine with tef, optimal plant density and time of intercropping of lupine in tef fields should be well understood.
[bookmark: _Toc75876520][bookmark: _Hlk72688616]However, no research studies have been undertaken in the study area on the optimal timing of intercropping and planting density of lupine with tef to boost tef field’s productivity. Therefore, the objective of this study was to see if there was a way to boost tef field’s productivity by maintaining optimal planting density and time of lupine as a relay crop.










[bookmark: _Toc109623055][bookmark: _Toc2786587]3. 2 Materials and Methods

[bookmark: _Toc109623056]3. 2. 1 Description of the study area

The detail biophysical characteristics of the area is described in chapter 1, sub-sub section 1.5.1
[bookmark: _Toc109623057]3.2.2 Experimental materials used for the study
The experimental materials used for the study is described in 1.5.2
[bookmark: _Toc109623058]3.2.3 Soil analysis 

The detail soil analysis of the area is described in 1.5.3

[bookmark: _Toc75876523][bookmark: _Toc109623059]3.2.4 Experimental Treatments, Design, and Procedures

The experiment was conducted in factorial combinations of two inter-row spacing (20 and 40 cm), three lupine planting time with tef (1, 2 and 3 weeks after tef planting). Additional sole cropping of tef and lupine were planted for comparison purpose. The treatments were laid out in RCBD with three replications. Adjacent plots and blocks were separated by 1.0 m and 0.5 m path , respectively. 
The experimental field was plowed four times with an oxen-powered local plowing facility, then manually divided into blocks  and plots according to the treatments and design. The net plot area was 2 m × 2.2 m (4.4 m2) with a gross plot size of 3 m x 3 m (9 m2). 
Tef seeds were drilled in rows 20 cm apart in both cropping systems in early July at the recommended rate of 10 kg ha-1. Lupine was planted with 10 cm of intra-row spacing in the intercropping case Lupine in the sole cropping system was planted at 40 cm inter and 10 cm intra row spacing. All agronomic management measures were applied equally to all experimental plots in accordance with the research area's tef and lupine recommendations. The crops were harvested manually at physiological maturity.
[bookmark: _Toc109623060]3.2.5. Crop data collection
The detail data collection of tef and lupine growth parameters and yield components is described in 1.5.4
[bookmark: _Toc109623061]3.2.6 Analysis of indices for intercropping efficiency
The analysis of indices for intercropping efficiency is described in 2.2.6
[bookmark: _Toc109623062]3.2.7. Partial Budjet Analysis
The detail Partially budget analysis is described in 2.2.7
[bookmark: _Toc109623063]3.2.8. Data Analysis
[bookmark: _Toc75876527][bookmark: _Hlk108526003][bookmark: _Hlk69806497]All collected crop data were subjected to analysis of variance (ANOVA) using General Linear Procedure of SAS software version 9.4 (SAS Institute, 2014). Results of all crop variables at two years were also subjected to Bartlett homogeneity test and found insignificant, and hence combined of analysis of variance for the considered variableswas also conducted over years. Whenever the ANOVA results showed significant difference among treatments for variable(s), mean separation between the treatments was further carried out with with LSD at a probability level of 5 and 1%. 







[bookmark: _Toc109623064]3. 3 Results and discussion

[bookmark: _Toc109623065]3.3.1 Growth and grain yield tef 

The interaction effects of inter-row spacing and relay cropping of lupine had a significant (P< 0.05) effect on tef plant height in combined over years (Table 3.1). Inter-row spacing at 20 cm with early lupine intercropping (one weeks after tef planting) produced the tallest (129.3 cm) tef plant height (Table 3.1). This could be due to increased competition for sunlight between lupine and tef. Girma Taddese et al. (2019) recorded the maximum barley plant height for a spatial layout of 1:1 barley and faba bean intercropping. In contrast to our findings, Alemayehu et al (2018) discovered that delayed intercropping of common bean in maize resulted in longer maize height. 
The analysis of variance showed that the panicle length of tef was significantly (P < 0.05) affected by both the main and the interaction effects of inter-intra-row spacing and time of lupine intercropping with tef in combined over yeas (Table 3.1). The longest panicle length (54.1 cm) was obtained with 40 cm lupine inter-row spacing and delayed lupine intercropping (3 weeks after tef planting) (Table 3.1), whereas the shortest panicle length (25.7 cm) was obtained with 20 cm of lupine inter-row spacing and early relay cropping of lupine (one week after tef planting)  (Table 3.1). The longest panicle length of tef (54.1 cm) could be due to lupine having broader inter-row spacing and delayed planting of lupine in tef fields, resulting in lupine having less competitiveness and a shadowing impact on tef. Our findings are consistent with those of Khan et al.  (2005) showed that differences in wheat plant density resulted in variations in wheat spike length. Thus, crops with a long panicle length may produce more grain, straw, and biomass (Giday Okubay, et al. 2014). In contrast, Tefaw Fetene and Getachew Alemayehu (2020) found that the interaction effects of density and timing of relay cropping of white lupine on tef panicle length were not significant.

The main and the interaction effects of inter-row and relay cropping of lupine had a significant (P< 0.05) impact on effective tiller numbers of tef in combined over years (Table 3.1). Lupine intercropped in tef fields with wider spacing (40 cm) and delayed lupine planting (3 weeks after tef planting) resulted in less competition with tef and increased tef growth to bear more (6.3) tef effective tillers (Table 3.1). Narrow lupine spacing and early lupine intercropping; on the other hand, severely compete with tef, making it difficult for tef to bear effective tillers. Girma Taddese et al. (2019), in accordance with the current report, found that the highest tiller number of barley (7.6) in 2:1 barley to faba bean row ratio rather than a 1:1. Our result is supported by the findings of Awal et al. (2007). According to Joorabi et al. (2015), the maximum sorghum tiller number was observed from delayed intercropped of forage legumes in sorghum. 

Grain yield was significantly (P< 0.05) influenced by the main and the interaction effects of lupine inter-row spacing and relay cropping in combined over years (Table 3.2). Tesfaw Fetene and Getachew Alemayehu (2020) indicated that the grain yield of tef was significantly affected by relay inter cropping time of white lupine in tef and the highest grain yield was obtained from the lately inter cropping of lupine.  This is in line with the results of Getachew Agegnehu et al. (2006) who found that intercropping faba bean with tef resulted in a higher tef equivalent yield than sole crops. 
The highest tef yield (1.91 t ha-1) was obtained from 40 cm inter-row spacing and delayed lupine intercropping, while the lowest grain yield (0.80 t ha-1) was obtained from narrow inter-row spacing and early lupine with tef intercropping (Table 3.2). Increased lupine plant population (in closely spaced lupine plants) caused lupine shadowing, inter and intraspecific competition of the component crops, and lower tef grain yield. The increased growth and yield parameters were attributed to more efficient use of available resources compared to other intercropping treatments, which improved photosynthesis efficiency. In line with our result, planting maize and dwarf beans at the same time planting in a ratio of 2 maize:1 bean might help maximize maize fields (Peksen and Gulumser, 2013). In finger millet black gram intercropping, grain yields of finger millet decreased from 92 % to 60 % of the respective sole crop yields as the black gram seeding proportion increased from 25 % to 75 % (Chandra et al., 2017). In addition, Takele Abuhay and Mohammed Jibril (2016) discovered that intercropping haricot bean with maize reduced maize grain yield at higher haricot bean population. Similarly, Langat et al. (2006) who indicated that intercropping significantly affected the yield of sorghum in sorghum/ groundnut intercropping. Alemayehu Demssie et al. (2018) found that intercropping typical in maize six weeks later resulted in the highest grain yield (4295 kg ha-1). This was in agreement with Addo-Quaye (2011) who found that delayed soybean intercropping increased maize grain yield in maize/soybean intercropping. Tamiru Hirpa (2014) also showed that the highest yield of maize was recorded when haricot bean was intercropped 3 weeks after maize planting. 

The interaction effects of lupine inter-row spacing and relay cropping significantly (P< 0.05) affected tef equivalent yield in combined over years (Table 3.2). The combined over two year results showed that the highest tef equivalent yield (2.45t ha-1) was obtained from wider inter-row spacing (40 cm) and intercropping of lupine 2 weeks after tef planting, which had 33% yield advantage over the combined over years sole tef (Table 3.2). The difference in TEY between intercropping treatments was due to better use of natural (land, CO2, and light) and added (fertilizer and water) resources. This is in line with the results of Getachew Agegnehu et al. (2006) who found that intercropping faba bean with tef resulted in a higher tef equivalent yield than sole crops.

The interaction of the main factors significantly (P< 0.05) affected straw yield in combined over years (Table 3.2). The highest straw yield of tef (5.53 t ha-1) was recorded from 40 intra-row spacing and delayed lupine intercropping, while the lowest (3.40 t ha-1) straw yield of tef was recorded from early and narrow intercropping of lupine with tef (Table 3.2). The lower straw yield might be due to increased competition for growth resources from the associated lupine as its density increased.  In line with this study, Getachew Agegnehu et al. (2006) showed that increasing the proportion of faba bean in the mixture from 12.5 to 62.5% decreased tef straw yield from 94 to 71%. Increasing the proportion of barley and faba bean in the spatial arrangements reduced the straw yield of barley (Hidoto et al., 2015). This might be attributed to the increasing number of plants per unit area, which aggravated competition for resources, leading to plants with smaller sizes. Similar results were reported by Chen et al. (2004) for intercropping of pea and barley and Hauggaard-Nielsen et al. (2001) for field bean and wheat. In contrary, Tamiru Hirpa (2013) reported that the straw yield of tef and maize were not significantly affected by relay cropping of lupine and legume crops in tef and maize, respectively.

Table 3.1.  Effect of plant density and time of lupine relay cropping in tef (Eragrostis tef ) on vegetative growth of tef combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	T
	IR1(cm)
	TI (Weeks)
	Plant height of tef (cm)
	Panicle length of tef (cm)
	No. of effective tillers of tef

	
	
	
	2016
	2016
	COY
	2016
	2017
	COY
	2016
	2017
	COY

	T1
	20
	1
	128.5a
	130.1a
	129.3a
	26.4d
	25.1d
	25.7c
	1.8d
	2.1d
	2.0e

	T2
	
	2
	122.3ab
	117.3ab
	119.8 b
	41.2c
	38.7bc
	39.7b
	2.3cd
	2.4cd
	2.5d

	T3
	
	3
	108.4c
	106.3c
	107.3c
	43.4bc
	42.8b
	43.2b
	2.6c
	2.6c
	2.6d

	T4
	40
	1
	111.0bc
	114.1b
	113.0bc
	45.1b
	44.5b
	44.7b
	4.7b
	4.4b
	4.6c

	T5
	
	2
	106.1c
	112.6b
	109.3bc
	49.6ab
	45.5b
	47.5b
	5.2b
	5.7a
	5.4b

	T6
	
	3
	105.1c
	100.5c
	103.1c
	54.7a
	53.4a
	54.1a
	6.5a
	6.1a
	6.3a

	
	
	LSD
	11.81*
	10.25**
	8.91*
	5.79*
	7.47*
	6.41*
	0.89*
	0.76*
	0.51*

	
	
	SE±
	5.3
	4.6
	4.0
	2.6
	4.7
	3.1
	4.0
	0.34
	0.23

	
	
	CV%
	6.6
	5.8
	4.2
	7.6
	13.2
	8.1
	4.2
	10.6
	12.1


Means within a column followed by the same letter(s) are not significantly different: ** = highly significant at P < 0.01; * = significant at P < 0.05; ns =non significant at P≥0.05; T= Treatment; IR= inter-row spacing of lupine; TI=time of lupine intercropping in weeks; LSD= Least significant difference; COY= combined over years; SE ±= standard error; CV = coefficient of variatio

	T
	IR (cm)
	TI (Weeks)
	
	Grain yield of tef
(t ha-1)
	TEY
(t ha-1)
	Straw yield of tef (t ha-1)

	
	
	
	2016
	2017
	COY
	COY
	2016
	2017
	COY

	T1
	20
	1
	0.76e
	0.84d
	0.80e
	1.29c
	3.43
	3.37c
	3.40c

	T2
	
	2
	1.13d
	1.36c
	1.25d
	1.77b
	4.33
	4.42b
	4.38b

	T3
	
	3
	1.47c
	1.44bc
	1.45c
	1.79b
	4.79
	4.97ab
	4.88ab

	T4
	40
	1
	1.57bc
	1.61ab
	1.60bc
	2.33a
	5.11a
	5.19a
	5.15a

	T5
	
	2
	1.79ab
	1.77ab
	1.78ab
	2.45a
	5.51a
	5.22a
	5.37a

	T6
	
	3
	1.86a
	1.96a
	1.91a
	2.30a
	5.50a
	5.56a
	5.53a

	Sole
	
	
	1.80a
	1.84a
	1.82a
	
	
	
	

	
	LSD
	0.25*
	0.20*
	0.18*
	0.21*
	0.71*
	0.76**
	0.53*

	
	SE±
	0.11
	0.08
	0.07
	0.09
	0.33
	0.35
	0.23

	
	CV%
	8.7
	7.1
	6.7
	9.3
	12
	8.9
	7.2


Table 3.2.  Effect of plant density and time of lupine relay cropping in tef (Eragrostis tef ) on grain and straw yield of tef combined over two years (2016 and 2017) in northwest Ethiopian highlands 

Means within a column followed by the same letter(s) are not significantly different: ** = highly significant at P < 0.01; * = significant at P < 0.05; T= Treatment; IR= inter-row spacing of lupine; TI=time of lupine intercropping in weeks; TEY=Tef equivalent yield;  COY= combined over years; SE ±= standard error; CV = coefficient of variation

[bookmark: _Toc109623066]3.3.2 Growth and yield of lupine 
The interaction effects of inter-row spacing and relay cropping of lupine had a significant (P < 0.05) effect on plant height in combined over years (Table 3.3). Early lupine intercropping and 20 cm lupine inter-row spacing produced the tallest lupine plant height (127.7 cm), while delayed intercropping and 40 cm spacing produced the shortest height (102.3 cm) (Table 3.3). This may be due to intra-specific competition, as plants become thinner and longer to compete for above ground resources as plant density increases. Megawer et al. (2010) also found that in barley lupine intercropping, narrow inter-row spacing of lupine resulted in maximum plant height of lupine. This is because the competition, especially for light, has a direct impact. Our results finding further supported by Alemayehu Assefa et al. (2016) who reported that lupine height was significantly affected by intercropping treatments in maize common bean/lupine intercropping. This is consistent with the findings of Mitiku Woldesenbet and Getachew Mekonnen (2017) who indicated that plant height of common bean significantly increased as planting density of common bean was increased. Alemayehu Demessie et al. (2018) found that delayed planting of common beans resulted in the shortest common bean plant height (94.95 cm). This finding is consistent with the findings of Adipala et al. (2002), who discovered that the timing of cowpea introduction into maize had a substantial impact on cowpea growth. 
The results of ANOVA showed that the interaction of inter-row spacing and time of lupine intercropping significantly (P<0.05) affected the number of branches per plant of lupine in combined over years (Table 3.3). The highest number of branches per lupine plant (7.8) was recorded from 40 cm inter-row spacing of lupine intercropped with tef one week after tef planting (Table 3.3). The result revealed that as the planting density of lupine increases, the number of branches per plant decreases (Table 3.3). This is due to interspecific competition and shading condition under the intercrop situations which results poor vegetative growth in dominated crop.  Delayed lupine intercropping (three weeks after tef planting) could also be attributed to the cereal crop developing abundant roots throughout the growth period that were entwined with the legume roots. As a result, shadowing by cereal in an intercrop system reduces biological nitrogen fixation of the component legume crop and has a direct impact on the number of branches and other yield-related characteristics of legume crops (Lawson et al., 2013). This result is consistent with the findings of Adipala et al. (2002), who reported that cowpeas simultaneously planted with maize had more branches per plant than those planted two and four weeks after planting maize. 
Pod plant-1 of lupine was significantly (p<0.05) affected by the main and interaction effects of the main factors in combined over years (Table 3.3). The maximum (33.1) number of pods per plant was obtained from early lupine intercropping (one week after tef planting) and 40 cm lupine row spacing, while the lowest was recorded from late lupine planting (three weeks after tef planting) and narrow lupine spacing (Table 3.3). This decrease in the number of pods per plant at higher density could be attributed to increased competition among plants for growth factors (Mitiku Woldesenbet and Getachew Mekonnen, 2017) Increased competition resulted in shading in intercropping, lead to a decrease in photosynthesis, more abscission, and fewer pods per plant. This finding is further supported by Ghosh (2004), who reported that the pod yield of groundnut was lower in groundnut-cereal (maize, sorghum and pearl millet) intercropping than in monoculture. On the other hand, delayed lupine planting in tef fields significantly reduced the number of pods per lupine plant. This is most likely due to the shading effect of the main crop (tef), which prevented sun energy from accessing the lupine, reducing photosynthesis. Adipala et al. (2002) found that cowpeas planted two to four weeks after maize had been planted had a lower average pod per plant than cowpeas planted simultaneously with maize.
The interaction of the main and the interaction effects significantly (P<0.05) influenced the grain yield of lupine in combined over years (Table 3.3). Over combined years, the highest lupine yield of 2.63 t ha-1 was recorded from sole lupine cropping system. From the intercropping treatments, the highest lupine yield of 1.47 t ha-1 was obtained from 40 cm inter-row spacing and early intercropping of lupine in tef fields, which is statistically equivalent to the yield obtained from treatment 5 (1.37 t ha-1) and the lowest yield (0.76 t ha-1) was obtained from delaying planting and wider inter-row spacing of lupine (Table 3.3). The finding is consistent with those of Oseni (2006), who recorded 65 % yield reductions in cowpea intercropped with sorghum in 1:2 row proportions. The detrimental shading effects of barley in the mixture can also explain these reductions in lupine grain yields. Similarly, Kinde Lamessa et al. (2015) reported confidentially that in a sorghum-cowpea intercropping field experiment, the highest grain yield of soybean (1169 kg ha-1) was recorded when soybean was planted simultaneously with sorghum. This observation was further supported by Adipala et al. (2002), who observed that all intercropped cowpeas yielded the most when cowpea and maize were planted simultaneously, but yields dropped gradually when cowpea planting was delayed. The detrimental shading effects of the taller component (maize) in the mixture can explain these reductions in cowpea grain yields.



 Table 3.3 Effect of plant density and time of lupine relay cropping with tef on growth, yield and yield components of lupine combined over  two years (2016 and 2017) in northwest Ethiopian highlands 

	T
	IR
(cm)
	TI (Weeks)
	Plant height of lupine (cm)
	No. of branches per lupine
	No. of pods per lupine plant
	Grain yield of lupine (t ha-1)

	
	
	
	2016
	2017
	COY
	2016
	2017
	COY
	2016
	2017
	COY
	2016
	2017
	COY

	T1
	20
	1
	129.7a
	126.7a
	127.7a
	4.6c
	4.9c
	4.7c
	24.6bc
	25.5bc
	25.1c
	0.98cd
	1.01cd
	0.99cd

	T2
	
	2
	124.0ab
	125.0a
	124.5a
	3.8cd
	4.0cd
	3.9cd
	21.0d
	22.3c
	21.1d
	1.04c
	1.08c
	1.06c

	T3
	
	3
	105.0c
	99.2b
	112.1b
	2.8d
	3.3d
	3.1d
	16.6e
	18.0d
	17.3e
	0.75d
	0.77d
	0.76d

	T4
	40
	1
	111.0bc
	112.0ab
	111.5b
	8.1a
	7.6a
	7.8a
	32.6a
	33.6a
	33.1a
	1.46b
	1.48b
	1.47b

	T5
	
	2
	104.5c
	103.5b
	103.8c
	7.2b
	6.8b
	7.1b
	28.7b
	30.bb
	29.5ab
	1.36b
	1.37b
	1.37b

	T6
	
	3
	102.1c
	107.6b
	102.3c
	5.5bc
	5.1c
	5.3c
	27.0bc
	26.3b
	26.6bc
	0.99
	1.03
	1.00

	Sole lupine
	
	
	
	
	
	
	
	
	
	2.62a
	2.65a
	2.63a

	LSD
	17.60*
	16.26*
	15.82*
	0.67*
	0.7*
	0.61*
	3.12*
	3.34*
	2.90*
	0.13*
	0.16*
	0.11*

	
	SE±
	7.9
	7.3
	7.1
	0.30
	0.32
	0.26
	1.4
	1.5
	1.3
	0.06
	0.07
	0.05

	
	CV%
	8.6
	8.1
	8.4
	8.3
	7.8
	4.8
	7.1
	7.4
	6.6
	6.4
	7.0
	5.7



Means within a column followed by the same letter(s) are not significantly different: * = significant at P < 0.05; T= Treatment; IR= inter-row spacing of lupine; TI=time of lupine intercropping in weeks;  COY= combined over years; SE ±= standard error; CV = coefficient of variation



[bookmark: _Toc109623067]3.3.3 Production efficiency of intercropping

Tef had a higher competitive ratio (CR) value than lupine in all treatments except treatment 1. This could be because lupine was planted late. When lupine is intercropped in tef 2 and 3 weeks after tef planting, tef is more dominant. When lupine was intercropped at 40 cm inter row spacing and 3 weeks after tef planted, the highest CR (2.96) value of tef was recorded (Table 3.4). The findings of this result are consistent with those of Yu et al (2015). Takele Abuhay, Mohammed Jibril (2016) also found that haricot bean intercropping in maize at a later time resulted in maize with the highest CR values. Furthermore, Ashenafi Nigussie (2002) discovered that the highest (0.72) and lowest (0.56) onion CR values were obtained in treatments with onion intercropped with rosemary at 20% and 80% population density, respectively. 

Actual yield loss (AYL) of tef, lupine, and total in 20 cm inter-row spacing was negative at all dates of lupine intercropping, indicating the disadvantage of intercropping over sole cropping, while positive AYL (1.13, 1.15, and 1.08) was obtained from treatment 4, 5, and 6 (Table 3.4). The highest AYL (1.15) was caused by 40 cm inter-row spacing and intercropping of lupine two weeks after tef planted (Table 3.4). Actual yield loss provides more detailed information about competition between and within component crops than the other indices (Banik et al., 2006). Intercropping is preferable to pure stands because it makes greater use of growth resources and reduces rivalry between the tef and lupine crops. Positive values of AYL were recorded in onion rosemary intercropping at a population density of 20% (Ashenafi Nigussie, 2002). 
The highest land equivalent ratio (LER) of 1.54 was obtained from intercropping of lupine at 40 cm inter-row spacing and 2 weeks after tef planting, while the lowest values were obtained from treatment 1 (Table 3.4). With the highest LER of 1.54, sole cropping took 0.54 more units of land to produce the same yield as intercropped (Table 3.4). The yield advantage may be attributed to the intercropped crop's efficient use of available resources compared to mono cropped crops. Similar result was reported by Alemayehu et al. (2018). This result contrasted with the findings of Peksen and Gulumser (2013), who found that planting common bean and maize at the same time resulted in higher LER values than delayed common bean intercropping.
Area time equivalent ratio (ATER) values were found to be greater than one (1.13, 1.15 and 1.08) in treatments 4, 5, and 6 (Table 3.4), which indicates the advantage of intercropping. On the other hand, treatments 1, 2, and 3 had less than one ATER value of 0.63, 0.79, and 0.74, respectively, which indicates the disadvantage of intercropping (Table 3.4). In our research, LER values were higher than ATER values suggesting that resource use was overestimated. Two weeks of lupine intercropping after tef planting at 40 cm inter row spacing resulted in the highest ATER (1.11). In conformity with our result, Aasim 2008) found higher ATER values. Khan et al. (2018) also reported that maize 100% + garden pea (36%) generated the highest ATER value (1.28) compared to other intercropping systems.
Intercropping of lupine at 40 cm inter-row spacing and 2 weeks after tef planting resulted in the highest MAI of 15206 ETB ha-1 , while early intercropping of lupine at 20 cm inter-row spacing produced the lowest MAI of -433 ETB ha-1 (Table 4.4). The highest MAI was recorded from intercropping of lupine at 40 cm inter-row spacing and 2 weeks after tef planting (Table 3.4).  MAI is one of the economic profitability indices used to determine whether an intercropping system is more profitable or productive than mono cropping (Tamado Tana and Eshetu Mulatu, 2002). 





Table 3.4 The effect of tef - lupine intercropping system on intercropping production efficiency combined over  two years (2016 and 2017) in northwest Ethiopian highlands 

	T
	IR (cm)
	TI (Weeks)
	CRT
	CRL
	AYLt
	AYLl
	AYLT
	LER
	ATER
	MAI

	T1
	20
	1
	0.84e
	1.92a
	-0.54d
	-0.64d
	-1 .18d
	0.83c
	0.63d
	-433c

	T2
	
	2
	1.02b
	0.98c
	-0.28c
	-0.61d
	-0.89c
	1.12b
	0.79c
	5069b

	T3
	
	3
	1.40c
	0.80c
	-0.17c
	-0.72e
	-0.89c
	1.13b
	0.74c
	6891b

	T4
	40
	1
	1.42c
	1.41b
	0.51b
	0.62a
	1.13a
	1.48a
	1.10a
	4944b

	T5
	
	2
	1.84b
	1.03c
	0.63a
	0.50b
	1.15a
	1.54a
	1.11a
	15206a

	T6
	
	3
	2.96a
	0.92c
	0.58a
	0.50c
	1.08b
	1.42a
	1.01b
	13492a

	
	
	SE ±
	0.19
	0.11
	0.11
	0.04
	0.06
	0.05
	0.04
	1532



T=treatment; IR=inter-row spacing of lupine; TI=time of lupine intercropping in weeks;    CR=competitive ratio of tef and lupine in intercropping; AYL=actual yield loss of tef and lupine in intercropping; LER=land equivalent ratio; ATER=area time equivalent ratio; MAI= monetary advantage index; COS=combined over years; SE ±=standard error




Partial Budjet analysis

The highest net benefit (2712.8 USD ha- 1) with acceptable range marginal rate of return (605%) was obtained from 40 cm inter-row spacing  and intercropping of lupine 2 weeks after tef planting (Table 3.5), implying that for every birr invested in tef production, the producer receive birr 6.02 after recovering his investment CIMMYT (1988).  Therefore, 40 cm inter-row spacing  and intercropping of lupine 2 weeks after tef planting which had the highest tef equivalent yield  of 2.45 t ha -1 (Table 5) and thus had higher net benefit (2712.8 USD ha- 1) and acceptable range of  MRR (605 %)  can be recommended for farmers in the area.














Table 3.5. Partial budget analysis of tef-lupine intercropping as influenced by plant density and relay intercropping of white lupine with tef combined over  two years (2016 and 2017) in northwest Ethiopian highlands 

	Treatment
	IR
	TL(weeks)
	Adj. Tef
	Adj. Tef
	Adj. lupine
	GB (USD ha-1)
	TVB (USD ha-1)
	NB (USD ha-1)
	MRR

	
	(cm)
	
	GY
	SY
	GY
	
	
	
	(%)

	
	
	
	(t ha-1)
	(t ha-1)
	(t ha-1)
	
	
	
	

	Sole lupine
	
	
	2.37
	1183
	41
	1142
	-

	Sole tef
	1.6
	4.32
	
	2163.3
	71.9
	2121.4
	3168

	T4
	40
	7
	1.44
	4.63
	1.32
	2770.2
	160.3
	2610.0
	2203

	T5
	
	14
	1.58
	4.83
	1.24
	2890.2
	177.3
	2712.9
	605

	T6
	
	21
	1.62
	4.93
	0.9
	2759.0
	206.1
	2552.9
	D

	T1
	20
	7
	0.71
	3.03
	0.89
	1604.4
	245.3
	1359.1
	D

	T2
	
	14
	1.13
	3.9
	0.94
	2160.8
	333.2
	1827.7
	D

	T3
	
	21
	1.31
	4.39
	0.69
	2269.4
	374.3
	1895.1
	D



IR1= Inter-row spacing of lupine; TL= Time of lupine intercropping in weeks; GY=Grain yield, SY=Straw yield  price; GB= Gross field benefit; ; TVB= Total variable cost; NB= Net benefit; MRR=marginal rate of return;  (USD kg-1) of tef grain yield;  straw yield and luine grain yield were 0.95, 0.13, and 0.0.50, respectively. Lbour cost man day-1 was 3.30 USD.
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[bookmark: _Toc109623068]3.4 Conclusion

The current study found that tef-lupine relay cropping systems had a significant effect on both crops' growth parameters, yield, and yield components. Over combined years, 40 cm inter-row spacing and delayed lupine intercropping (3 weeks after tef planting) produced the highest tef grain yield (1.91 t ha-1). It is possible to increase lupine yield without reducing tef yield in both years thorough relay cropping. Furthermore, higher land equivalent ratio (1.54), tef equivalent yield (2.45 t ha-1), area time equivalent ratio (1.11), actual yield loss (1.15), monetary advantage index (633 USD ha-1), net benefit (2712.8 USD ha- 1) and marginal rate of return (605%) were recorded from intercropping of lupine at 40 cm inter-row spacing and 2 weeks after tef planting. In conclusion, farmers in the northwest Ethiopian highlands should use intercropping lupine two weeks after tef planting in between two rows of tef as an effective intercropping system. 
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[bookmark: _Hlk72688445]ABSTRACT

The lack of sustainable soil fertility management is a critical challenge for crop production in Ethiopia. The problem is more serious in East Gojjam Zone's highlands. Integrated use of lime, manure and chemical fertilizers is considered as a good approach for sustainable crop production under acidic soils. In 2016, and 2017, field experiments were conducted to determine the effect of soil amendments on soil fertility and tef productivity in the Gozamin district. Factorial combinations of two rates of lime (0 and 2 t ha-1), two rates of NP fertilizers (0/0 and 46/20 kg N/P ha-1) and three rates of cattle manure (0, 10 and 15 t ha-1) were laid out in RCBD with three replications. The results showed that applying lime in combination with NP fertilizer and manure significantly improved soil chemical properties. Panicle length, effective tillers, and thousand seed weight of tef increased from 25.1 to 44.4 cm, 2.8 to 11.3 cm, and 0.23 to 0.37 g, respectively, when 10 t ha-1 manure and recommended NP fertilizer were applied together. The highest tef grain yield of 2.31t ha-1 and  net benefit of 2252.91 USD ha-1 was obtained from the combined application of 10 t ha-1 cattle manure, 46/20 kg ha-1 N/P fertilizer, and 2 t ha-1 lime. This study recommends combined application of 2 t ha-1 lime, 10 t ha-1 cattle manure, and 46/20 kg ha-1 N/P fertilizer as an effective amendment to improve soil chemical properties and yield of tef in acidic soils of North-west Ethiopia highlands. 
Keywords: Fertilizers, lime, cattle manure, yield, soil acidity

[bookmark: _Toc109623071]4.1 Introduction
Tef (Eragrostis tef (Zucc.) Trotter) is a staple crop in Ethiopia and used for making “injera”, Ethiopian`s typical basic food (Baye Kaleab, 2012). Ethiopia is centre of origin and genetic diversity for tef (Vavilov, 1951). During the dry season, tef straw is the primary source of cattle feed (Seyfu Ketema, 1997). As a result, tef grain and straw have higher retail prices than other cereals. Tef has the highest cultivation area share (24.32%) with about 3 million hectares and ranks second in grain production (17.22%) with 5.44 million ton annually, after maize (CSA, 2021). Tef was the first cash crop in the study areas, but its productivity (1.6 t ha1) is low (East Gojjam zone agriculture office, 2017), compared to the national average tef yield (1.80 t ha-1) (CSA, 2021) and the highest yields of 3.08 t ha-1 and 2.70 t ha-1 reported by Asaye Birhanu et al. (2021) and Tamirat Wato (2019). 

The main factors limiting tef crop productivity in the Ethiopian highlands are low soil fertility and acidity (Aberha Kidanemariam et al., 2013; Mitiku Woldesenbet and Getachew Mekonnen, 2017). Due to soil erosion and nutrient leaching caused by frequent rains, these problems are more severe in the highlands of northwest Ethiopia (Mekonnen Asrat et al., 2014). Because of the poor rate of biomass return to the agricultural fields, most farmed lands in the Ethiopian highlands are prone to soil deterioration (Gete Zeleke et al., 2010). In this regard, Yihenew Gebreselassie (2002) found that the soils in the Eastern and Central Gojam that are predominantly under cereal cultivation are entisols, which have poor nutrient content due to erosion and lack of nutrient recycling.  Most acidic soils have low crop growth as a result of macronutrient deficiencies and high Al and Fe contents, which are the key causes of P fixation (Woubshet Demssie et al., 2017). However, solubility of Al and Mn in the soil can be reduced by soil amendment strategies like liming (Kenyanjua et al., 2006; Getachew Agegnehu  2010; Crawford et al., 2008). Lime is an outstanding soil amendment for rising fertility and improving pH (Abyotu Golla, 2019). The addition of lime to manure and industrial fertilizer increased soil physico-chemical properties and nutrient uptake significantly (Benvindo et al., 2018).

Manure is an essential fertilizer in organic and sustainable soil management (Getachew Agegnehu, 2010). Cattle manure increased the pH of acidic soils and decreased aluminum and manganese toxicity due to its alkalinity and binding effect on toxic elements (Wael et al., 2011). Manure contains all plant nutrients including N, P, K and micronutrients necessary for plant growth (Tesfaye Balemi, 2017). Tilahun Tadese et al. (2013), however, concluded that using only inorganic or organic fertilizers would not result in increased crop production over time. To ensure adequate nutrient supply and raise soil pH for increased crop yields, determining the optimal dose of integrated soil amendments is critical. However, there hasn't been enough research done to determine the impact of different rates of cattle manure combined with mineral NP fertilizers and lime on tef production, so it's crucial to investigate the combined effect of manure, NP fertilizers and lime applications on improving crop productivity in Ethiopia's highlands. 
Therefore, this study was aimed at assessing the integrated effect of liming, NP fertilizer, and cattle manure applications on soil fertility and productivity of tef in the acidic soils of the East Gojam Zone, northwest Ethiopian highlands.
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[bookmark: _Toc109623072]4.2 Materials and Methods 
[bookmark: _Toc75876482]
[bookmark: _Toc109623073]4.2.1 Description of the study area

[bookmark: _Toc75876483]The detail biophysical characteristics of the study area is described in 1.5.1

[bookmark: _Toc109623074]4.2.2 Experimental materials used for the study

The experimental materials used for the study is described in 1.5.2
[bookmark: _Toc109623075]
4.2.3 Soil analysis 

The detail soil analysis of the study area is described in 1.5.3
[bookmark: _Toc75876484]
[bookmark: _Toc109623076][bookmark: _Hlk107991472]4.2.4 Experimental treatments, design and procedures

Anteneh Abewa et al. (2014) advised to use 2 t ha-1 lime in Northwestern Ethiopia for tef. East Gojjam agriculture department (2021) recommended 46/20 kg ha-1 N/P fertilizer to improve soil fertility and enhance grain yield of tef in Gozamin district. According to Assefa Alemu et al. (2016), the maximum rate of cattle manure (7.5 t ha-1) produced the largest grain yield of tef, and as the rate of manure increased, the grain yield of tef increased. Our treatment combinations are based on above findings. Therefore, two rates of lime (0 and 2 t ha-1), two rates of NP fertilizers (0/0 and 46/20 kg ha-1) and three rates of cattle manure (0, 10 and 15 t ha-1) were factorially combined and tested using randomized complete block design /RCBD/ with three replications. 
 
The experimental field was plowed four times using oxen driven local plowing facility. The field was divided into blocks and plots as per the treatments and design manually. The gross plot size was 2 m * 3m (6m2) with the net plot area of 1.5m*2.4m (3.6m2). Lime was broadcasted and thoroughly mixed into soil 50 days before tef planting. Manure was collected under shade for 40 days and incorporated into soil one month before planting. Tef seeds were drilled in rows, which were spaced 20 cm apart in early July 2016 and 2017 at the recommended rate of 10 kg ha-1. The whole phosphorous fertilizer was applied during the sowing of tef seeds, while nitrogen fertilizer was applied in split in such a way that the first half during sowing and the the second half at tillering growth stage. Moreover, all the necessary field management practices were carried out uniformly to all plots.
[bookmark: _Toc109623077]4.2.5  Crop data collection 
The detail data collection of tef growth parameters and yield components is described in 1.5.4

[bookmark: _Toc109623078]4.2.6  Partial budget analysis

In order to decide which treatment was recommended for the study area, it is necessary to know treatments with highest net benefit and acceptable level of marginal rate of return. Partial budget analysis was performed following the CIMMYT partial budget methodology (CIMMYT, 1988). It considers the analysis of gross benefit (GB), total variable cost (TVC), net benefit (NB), and finally the analysis of marginal rate of return (MRR). The cost of applied lime, cattle manure and NP fertilizer which varies across each treatment was considered as variable cost considering other costs as constant for each treatment. The value of grain and straw yield was adjusted down by 10% in order to narrow the yield gap between experimental plots and farmers field.  Price (USD /kg) of tef grain yield, straw yield, lime, urea  and DAP were 0.84, 0.13, 0.04, 0.51 and 0.55, respectively. The cost of cattle manure with transportation and incorporation into the soil was estimated in USD 0.47/100kg. The cost of incorporation of lime into the soil was USD  0.73/100kg, while the cost of transportation and application fertilizer into the soil was estimated in USD 5.82/100 kg were considered for the economic analysis. Labour cost man day-1 was 3.3 USD.



[bookmark: _Toc109623079]4.2.7 Data analysis

All collected crop data were subjected to analysis of variance (ANOVA) using General Linear Procedure of SAS software version 9.4 (SAS Institute, 2014). Results of all crop variables at two years were also subjected to Bartlett homogeneity test and found insignificant, and hence combined of analysis of variance for the considered variableswas also conducted over years. Whenever the ANOVA results showed significant difference among treatments for variable(s), mean separation between the treatments was further carried out with with LSD at a probability level of 5 and 1%. 

[bookmark: _Toc109623080]4.3 Results and discussion

[bookmark: _Toc109623081][bookmark: _Toc72954057]4.3.1 Soil chemical properties after tef harvest 

The main and interaction effects of cattle manure and NP fertilizer applications combined over years highly significantly (P < 0.01) influenced soil OC and total N  (Table 4.1). However, lime and its interaction with manure and NP fertilizer combined over years did not show a significant (P > 0.05) difference on total N. The highest soil OC content (2.72%) was achieved from the integrated application of 15 t ha-1 of cattle manure and 46/20 kg ha-1 N/P fertilizers (Table 4.1)., the rise in OC content of experimental soils after tef harvest was most likely due to increased manure application with NP fertilizers. Cattle manure is the source of carbon, which helps to improve soil quality and fertility. In line with this study, Tamado Tana and Mitiku Weldesenbet (2017) found that when farm yard manure and NP fertilizers were applied to the soil, the organic matter content increased significantly. Similarly, the interaction effects of lime and cattle manure showed a significant (P < 0.05) difference in soil OC. The combined application of 15 t ha-1 of cattle manure and 46/20 kg ha-1 N/P fertilizers had the highest level of OC (2.35%) (Table 4.2). The highest OC content was observed due to the application of manure and lime (Laxminarayana et al., 2011).

The highest cattle manure application with NP fertilizers combined over years produced the highest total nitrogen content of 0.23% (Table 4.1). This may be due to manure increases soil microbial biomass N, the living component of soil organic matter. Microbial biomass N is slowly transformed to inorganic N as organic material decomposes. Nitrogen fertilization resulted in a 
considerable increase in total soil nitrogen in the first 30 cm of soil depth. Organic fertilizer's residual effect on the physical and chemical properties of the soil increased total N (Singh et al., 2002). 

The cation exchange capacity of the experimental site was significantly (P < 0.05) affected by the interaction effects of manure and NP fertilizers in combined over years (Table 4.1). However, lime and its interaction with manure and NP fertilizer did not cause a significant (P > 0.05) difference in total N and CEC combined over years. The integrated application of 15 t ha-1 of cattle manure and 46/20 kg ha-1 of N/P fertilizer produced the maximum CEC of 23.4 Meq/100g, whereas the untreated produced the lowest CEC values (Table 4.1). Tolanur (2002) stated that organic and NP fertilizer application significantly increased soil CEC compared to NP fertilizer application alone, which is consistent with the current finding. 

The combined application of cattle manure and lime significantly (P < 0.05) affected calcium and magnesium in combined over years. The highest rate of manure application with lime resulted in the highest 14.5 Meq/100g Ca and 2.63 Meq/100g Mg values (Table 4.2). The highest Ca and Mg content of experimental soils was due to the application of manure with lime (Table 4.2). Repsiene and Skuodiene (2010) found that applying manure and lime together substantially increased calcium and magnesium levels. The combined application of lime and manure increased the amount of Mg available in the soil (Escobar  and Hue, 2008). The main and interaction effects of lime and cattle manure combined over years had a highly significant (P< 0.01) effect on soil pH.

[bookmark: _Hlk108527073]

Table 4.1. Interaction effects of cattle manure and NP fertilizers on organic carbon, total nitrogen and CEC combined over two years (2016 and 2017) in northwest Ethiopian highlands 

	Two way interaction
	OC (%)
	Total nitrogen (%)
	CEC  (Meq/100g)

	NP
(Kg ha-1)
	Manure
(t ha-1)
	
	
	

	0-0
	0
	1.44d
	0.12d
	17.5d

	
	10
	1.84c
	0.15c
	20.2c

	
	15
	1.90c
	0.20b
	20.9bc

	46-20
	0
	1.93c
	0.18b
	21.3bc

	
	10
	2.45b
	0.21ab
	22.1b

	
	15
	2.72a
	0.23a
	23.4a

	LSD
	0.26**
	0.03**
	1.16*

	SE±
	0.10
	0.010
	0.56

	CV
	5.3
	8.0
	5.2


Means within a column followed by the same letter(s) are not significantly different, **= highly significant at P < 0.01; *= significant at P < 0.05, LSD= Least significant difference,  SE±= standard error, CV = coefficient of variation

The combined application of cattle manure and lime significantly (P < 0.05) affected calcium and magnesium in combined over years. The maximum rate of manure application with lime resulted in the highest 14.5 Meq/100g Ca and 2.63 Meq/100g Mg values (Table 4.2). The highest Ca and Mg content of experimental soils was due to the application of manure with lime (Table 4.2). Repsiene and Skuodiene (2010) found that applying manure and lime together substantially increased calcium and magnesium levels. The combined application of lime and manure increased the amount of Mg available in the soil (Escobar  and Hue, 2008). The main and interaction effects of lime and cattle manure combined over years had a highly significant (P< 0.01) effect on soil pH. The maximum soil pH value of 5.97 was recorded from the highest rate of cattle manure with lime, which was 0.8 pH units higher than the control (Table 4.2). This could be due to the increased microbial activity that occurs during the breakdown process and the creation of organic matter, which may have resulted in the release of additional exchangeable cations.  Abdissa Bekele et al. (2018) found that mixing 7.5 ha-1  of vermicompost with 4 t ha-1  of lime raised the pH of the experimental soil from 4.8 to 6.0. To correct soil acidity and increase crop yields, soil amendments such as lime and organic materials must be applied (Abebe Zerihun and Tolera Abera, 2018).

[bookmark: _Hlk108527155]Table 4.2. Interaction effects of cattle manure and lime on OC,  available P, pH, Ca and Mg in combined combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	Two way interaction
	OC (%)
	pH
	Available P (%)
	Calcium (Meq/100g)
	Magnesium  (Meq/100g)

	Lime
(t ha-1)
	Manure
(t ha-1)
	
	
	
	
	

	0
	0
	1.49c
	5.22d
	8.2 c
	5.5d
	1.42bc

	
	10
	2.06ab
	5.58c
	9.8bc
	9.4bc
	1.97b

	
	15
	2.23ab
	5.80ab
	10.4b
	11.0bc
	2.20a

	2
	0
	1.88bc
	5.73ab
	9.4bc
	11.1ab
	2.17ab

	
	10
	2.24ab
	5.88ab
	11.5b
	12.4ab
	2.52a

	
	15
	2.35a
	5.97a
	13.3a
	14.5a
	2.63a

	LSD
	0.46*
	0.20**
	1.16**
	3.45*
	0.54*

	SE±
	0.22
	0.07
	0.80
	1.81
	0.31

	CV
	6.1
	2.2
	7.3
	8.5
	8.5



Means within a column followed by the same letter(s) are not significantly different, **= highly significant at P < 0.01; *= significant at P < 0.05, LSD= Least significant difference,  SE±= standard error, CV = coefficient of variation


Available P was highly significantly (P < 0.01) affected by the main effects and the interaction effects of lime and manure. In combined over years, the integrated application of 15 t ha-1 of cattle manure with lime and N fertilizer produced the highest available P (13.3 mg kg-1) (Table 4.2). The increase in available P with lime may be attributed to a decrease in exchangeable acidity and an increase in organic phosphorus mineralization. The release of organic acids during decomposition increased the available P content of the soil, which aided in the release of P. Manure also aids in the formation of intermediate compounds that interact with phosphorus-fixing cations such as aluminum, iron, and other metal cations, lowering P adsorption capability. Abdissa Bekele et al. (2018) observed that the combined application of organic fertilizer with lime significantly increased available P. This may be attributed to a large increase in soil pH as a result of the lime effect, which decreased P fixation. The increase in available P caused by lime application is attributable to a decrease in aluminum and manganese toxicity, as well as an increase in organic phosphorus mineralization (Fekadu Endalkachew et al., 2018). These authors also reported that that the interactions of compost, lime, and P also increase the available P due to the desorption effects of lime and compost. 

Soil pH, total nitrogen, organic carbon, available P, and CEC of the experimental soil were low before teff planting. A study of soil fertility status after tef harvest revealed that the combined application of lime with cattle manure and or inorganic NP fertilizers significantly increased soil organic carbon, total N, CEC, soil pH, available P, and available Mg and Ca over years (Tables 2.1 and 2.2). This implies that the soil fertility of the study area has improved due to soil amendments. Khan et al. (2010) reported similar results.














[bookmark: _Toc109623082]4. 3.2 Vegetative growth of tef 

In combined over two years, cattle manure and NP fertilizer, as well as their interaction, had a highly significant (P< 0.01) effect on tef plant height (Table 4.3). However, neither the lime rate nor the other interaction effects had a significant (P ≥ 0.05) effect on plant height in combined over years. Plant heights of 118.0 cm were reported in combined over years at the  manure rate of 15 t/ha with 46/20 kg/ ha N/P fertilizer, while the shortest height (72.6 cm) was recorded in the control treatment (Table 4.3). Tef plant height increased as the rate of manure with NP fertilizer increased, indicating that ample supply of balanced essential nutrients from manure and NP fertilizers is responsible for the increase in plant height. This could be due to manure's ability to provide multiple plant nutrients as well as create a favorable plant growing environment by enhancing the soil's moisture and nutrient status, all of which improve plant development and overall performance. In line with this experiment, Abdissa Bekele et al. (2018) showed that the highest rate of organic manure and P fertilizer resulted in the tallest maize height. Similarly, Dastmozd et al. (2015) found that combining organic and synthetic fertilizers increased plant height more than using only synthetic fertilizers. Dinka et al. (2018) also found that organic manures and industrial fertilizers had a positive impact on barley mean plant height. Wubshet Demssie et al. (2017) reported that the use of organic manures in combination with mineral fertilizers maximized the plant height than the application of inorganic fertilizers alone. Mulugeta Habte et al. (2018) alsoobserved that application of farmyard manure with inorganic fertilizers resulted in higher plant height of tef.  In contrast, Alemu et al. (2016) and Mekonen Asrat et al. (2014) found that interaction of compost and NP fertilizer did not show significant effect on plant height of tef and wheat, respectively. 

The interaction effects of cattle manure and NP fertilizer significantly (P<0.05) affected the panicle length of tef in combined over years (Table 4.3), while lime and all other interaction effects had no significant (P ≥ 0.05) impact on the panicle length of tef. The combined application of 10 t ha-1 manure with 46/20 kg ha-1 N/P fertilizer produced the longest panicle length of tef (44.4 cm), compared to the panicle length (40.5 cm) obtained from a sole NP fertilizer application (Table 4.3).  Fertilizer application and effective nutrient use result in high photosynthetic productivity and dry matter accumulation, resulting in panicle length. This is due to combined application of organic and inorganic fertilizer increases synchrony and reduces losses by converting inorganic nitrogen into organic forms. Arif et al. (2014) found that combining organic and inorganic fertilizers significantly increased rice panicle length over control, which is consistent with our finding. In line with this result, Kinfie Tekulu et al. (2019) reported that the application of balanced fertilizer and efficient utilization of nutrients leads to high photosynthetic productivity and accumulation of high dry matter, which ultimately increases panicle length of tef. This is consistent with the findings of Getahun Dereje et al.  (2018), Fenta Asefa (2018), who reported that panicle length of tef was significantly affected by NP fertilizers. Consistence with these findings, (2018), Girma Chala and Gebreyes Gurmu (2017) reported significant increase in tef spike length by applying manure. 

The interaction effects of cattle manure and NP fertilizer had a highly significant (P< 0.01) impact on effective tiller number (Table 4.3). However, lime, the other two interaction effects, as well as three-way interaction effects, had not significant (P ≥ 0.05) effect on this parameter in combined over years. The combined application of 46/20 kg ha-1 N/P fertilizer and 10 t ha-1 manure resulted in a higher number of effective tef tillers (11.3) than the control, which had the lowest effective tillers (2.8; Table 4.3). In comparison to sole application of either cattle manure or inorganic N/P fertilizer, the combined application of N/P fertilizer and 10 t ha-1  manure resulted in a higher number of effective tef tillers (Table 4.3). This could be due to the synergistic effect of combining organic and mineral fertilizers, which could be attributable to increased macro- and micronutrient availability as well as more fertile spikes per plant. Our result is in agreement with Prasad et al. (2019), who found that using 10 t ha-1 manure in combination with recommended NP fertilizer resulted in a higher number of effective tillers (8.4) of barley. Combined application of compost and mineral fertilizers significantly increased productive tillers of rice over control and sole application of either inorganic or organic fertilizer (Sahu et al ., 2018). Dejene kasahun et al. (2010) also reported similar finding on effective tillers of tef. In contrast, Alemu et al. (2016) indicated that effective tillers were not significantly affected by the levels of compost and NP fertilizer and it did not show any increasing or decreasing trend.
The main effects of NP fertilizers and cattle manure highly significantly (p< 0.01) influenced thousand seeds weight (TSW). Similarly, the interaction effects of NP fertilizer and cattle manure significantly (P < 0.05) affected TSW in combined over years (Table 4.3). Lime, and its interactions with NP and manure, as well as the three-way interaction, had no significant (P ≥ 0.05) influence on tef TSW in combined over years. In comparison to sole NP fertilizer or manure application, application of 46/20 kg ha-1 NP with 10 t ha-1 manure produced more TSW (0.37g; Table 4.3). The possible reason could be the use of manure and inorganic NP fertilizers improved tef's ability to partition dry materials into reproductive seed sinks. Dastmozd et al. (2015) showed the application of 80 kg ha-1 N and 1.8 t ha-1 compost resulted in the highest TSW of wheat. Similarly, Tolera et al. (2018) reported that TSW of barley was significantly affected by the integrated application of NP and cattle manure. Likewise, the combined effect of organic and inorganic sources had significant effect on TSW (Alem Reda and Fetien Abay, 2015). Different researchers reported that significantly higher thousand seeds weight was obtained from integrated nutrient application as compared to sole and control treatment (Sing et al., 2019; Godara et al., 2012; Dinka et al., 2018).




Table 4.3. Interaction effects of cattle manure and NP fertilizers on vegetative growth and yield components of tef combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	NP
(kg ha-1)
	Manure
(t ha-1)
	Plant height (cm)
	Panicle length (cm)
	No. of effective tillers
	Thousand seed weigt (g)

	
	
	2016
	2017
	COY
	2016
	2017
	COY
	2016
	2017
	COY
	2016
	2017
	COY

	0-0
	0
	73.8d
	71.4d
	72.6e
	23.6e
	26.6d
	25.1e
	2.16d
	3.5d
	2.8d
	0.22d
	0.24d
	0.23e

	
	10
	89.2c
	95.1c
	9.2d
	29.9d
	32.1c
	31.1d
	4.5c
	4.6cd
	4.5c
	0.25c
	0.26cd
	0.26d

	
	15
	101.4b
	99.3c
	100.4c
	34.4c
	35.8b
	35.2c
	5.2c
	5.3c
	5.2d
	0.28b
	0.27c
	0.28c

	46-20
	0
	108.6b
	109.2b
	108.9b
	39.8b
	41.3a
	40.5b
	9.6b
	8.6b
	9.7b
	0.32a
	034b
	0.34b

	
	10
	116.5a
	111.4b
	113.9ab
	44.6a
	43.3a
	44.4a
	11.3a
	11.6a
	11.3a
	0.38a
	0.37a
	0.37a

	
	15
	117.3a
	118.7a
	118.0a
	44.8a
	43.8a
	44.2a
	10.8ab
	9.2b
	9. 4b
	0.34a
	0.33b
	0.33b

	LSD
	10.28**
	10.16**
	7.45**
	3.42*
	3.27*
	3.39*
	1.8**
	2.02**
	1.40**
	0.06*
	0.05*
	0.04*

	SE±
	3.67
	3.63
	2.66
	1.65
	1.58
	1.21
	0.67
	0.73
	0.51
	0.009
	0.009
	0.008

	CV%
	5.8
	5.8
	4.5
	7.4
	7.1
	5.4
	13.6
	14.5
	9.2
	5.4
	5.2
	4.2



Means within a column followed by the same letter(s) are not significantly different, * = significant at P < 0.05, ** = highly significant at P < 0.01,  LSD= Least significant difference, COY= combined over years, NP= nitrogen and phosphorus, SE = standard error, CV = coefficient of variation.



[bookmark: _Toc109623083]  4.3.3 Grain yield and related parameters of tef 

[bookmark: _Hlk108158211]Grain yield was highly significantly (P <0.01) influenced by the three main effects. Furthermore, the interaction of lime, NP, and cattle manure had a significant (P < 0.05) effect on tef yield in combined over years (Table 4.4). The interaction effects of lime and manure, as well as lime and NP fertilizer did not show a significant (P ≥ 0.05) difference on tef yield in combined over years. According to the combined over two years data, the combined application of 46 /20 kg ha–1 N/P fertilizer and 10 t ha–1 cattle manure ha–1 with 2 t ha-1  lime produced the highest mean grain yield (2.31 t ha-1) of tef, (Table 4.4). The combined application of 46 /20 kg ha-1  N/P fertilizer and 10 t/ ha-1  of cattle  manure with 2 t ha-1  lime increased the combined over years grain yield by 266 and 35%  when compared to the control treatment and sole application of NP fertilizer, respectively (Table 4.4). Thus, the synergistic effect of lime made a significant difference in terms of grain yield increment. In general, combining lime with fertilizer increased tef grain yield substantially in acidic soils as compared to fertilizer alone (Table 4.4). Increased tef grain yield due to the use of manure in combination with inorganic NP and lime could be related to the gradual release of nutrients into the soil after manure decomposition, resulting in enhanced plant growth and yield components. Furthermore, it could be attributed to the addition of both macro and micro nutrients from the manure, indicating that even a full rate of inorganic NP was insufficient for tef development in the study area.

 Therefore, in acidic soils, lime application could be combined with the optimal amounts of inorganic and organic fertilizers. Abyotu Golla (2019) found that integrated acidic soil management improved yield stability and maximized nutrient use quality, which is in line with our findings. These findings were consistent with those of Wubishet Demissie et al. (2018), who found that using organic and commercial fertilizers in combination with lime improved barley yields more than sole application. Wakjira Tesfahun (2018) also found that applying combined organic and inorganic nutrient sources alone was insufficient to substantially increase barley grain yield without the addition of lime. Shiferaw  Boke and Anteneh Fekadu (2014) concurred, stating that lime is essential but must be supplemented with other nutrients. The increasing effect of grain yield of tef could be mainly due to increasing of effective tillers, panicle length, thousand seed weight and biomass yield in this study. These finding was also supported by Gebremedhin Berehe (2019) who showed that application of 64 kg ha-1  N and 20 kg ha-1  P with 4.17 t ha -1  lime gave additional grain yield increment on maize by 413% over the control. These results are similar with the findings of Giday Okubay et al. (2014) and Getahun Dereje et al. (2018) who indicted that inorganic and organic fertilizer significantly increased yield and major yield components of tef. 

The main effects of lime, NP fertilizers and cattle manure highly significantly (P < 0.01)  influenced biomass yield of tef in combined over years. Similarly, total biomass yield was significantly (P < 0.05) affected by the three-way interaction effects of lime, NP fertilizers and cattle manure in combined over years (Table 4.4). The highest total biomass yield (9.16 t ha-1) was obtained from the highest rate of manure with NP fertilizer and lime over combined years (Table 4.4). The combined application of 46 /20 kg ha-1  N/P fertilizer and 15 t/ ha-1  of cattle  manure with lime increased total biomass yield by 36 and 194 % compared to the recommended rates of NP fertilizers and the control, respectively (Table 4.4). The luxuriant vegetative development of tillers, plant height, and panicle length responsible for the highest biomass output are most likely due to the combined impact of lime and NP fertilizer, as well as large manure doses. These findings were consistent with those of Abdissa Bekele et al. (2018), who found that the maximum rates of manure, P fertilizer, and lime produced the highest biomass yield of maize (12.18 t ha-1). According to Fekadu Endalkachew et al. (2018), applying 8 t ha -1  manure, 30 kg ha-1  P, and 3.6 t lime ha -1  increased the biological yield of faba bean from 1.91 to 4.43 t ha -1. The interaction effects of lime, manure, and P fertilizer on maize biomass yield were found to be significant (Wakjira Tesfahun, 2018). 

[bookmark: _Hlk108397854]Straw yield was significantly (P ≤ 0.05) affected by the main and the interaction effects of NP fertilizers and manure in combined over years (Table 4.4). The highest straw yield in combined over years (7.05 t h-1) was obtained  from 15 t ha-1 manure  and 46/20 kg ha-1 N/P  with 2 t ha-1 lime (Table 4.4). This may be because when acidic soils were treated with organic manure and mineral NP combined with lime, the supply of critical nutrients for crop growth and development increased. Similarly, Wubshet Demessie et al. (2014) found that increasing the rate of cattle manure, as well as NP and lime, increased barley straw yield. The application of 8 t farm yard manure, phosphorus fertilizer, and lime substantially increased the yield of faba bean straw from 1037 to 2904 kg ha-1 (Fekadu Endalkachew et al., 2018).  An increase in straw yield in barley with Manure and NP application was reported by several researchers (Kumaret al., 2018; Chopra et al. 2016). They indicated that integrated application of organic and mineral  fertilizer increased vegetative biomass leading to a significant increase in the straw yield. Generally, tef is not only grain yield; but also its straw yield has a valuable role in the agriculture sector in Ethiopia (Dejene et al., 2012). Kinfie Tekulu et al. (2019) reported an increased straw yield of tef with the combined application of manure and inorganic fertilizer.
 


	Lime (t ha-1)
	NP (kg ha-1)
	Manure (t ha-1)
	Biomass yield
(t ha-1)
	Grain yield
(t ha-1)
	Straw yield
(t ha-1)

	
	
	
	2016
	2017
	COY
	2016
	2017
	COY
	2016
	2017
	COY

	0
	0-0
	0
	3.00e
	3.39i
	3.20h
	0.61f
	0.66f
	0.63g
	2.38f
	2.76i
	2.58g

	
	
	10
	4.39d
	4.67h
	4.54fg
	1.11e
	1.09cd
	1.10e
	3.28e
	3.58gh
	3.44ef

	
	
	15
	4.88cd
	5.22g
	5.05f
	1.32cd
	1.32c
	1.32d
	3.56de
	3.90fg
	3.73e

	
	46-20
	0
	6.88b
	6.37de
	6.62d
	1.72b
	1.70b
	1.71c
	5.15b
	4.68de
	4.92cd

	
	
	10
	7.00b
	7.38c
	7.20c
	1.86bc
	1.77b
	1.81bc
	5.14b
	5.61c
	5.38c

	
	
	15
	7.60b
	8.46b
	8.00b
	1.89bc
	1.87b
	1.88b
	5.70b
	6.53b
	6.12b

	2
	0-0
	0
	4.01d
	4.17h
	4.09g
	0.98e
	0.84ef
	0.91f
	3.03ef
	3.33h
	3.18f

	
	
	10
	4.61d
	5.46fg
	5.01f
	1.14de
	1.07de
	1.11de
	3.46de
	4.33ef
	3.90e

	
	
	15
	5.65c
	5.87ef
	5.76e
	1.39c
	1.29cd
	1.34d
	4.26cd
	4.58de
	4.42d

	
	46-20
	0
	6.82b
	6.66d
	6.74cd
	1.88bc
	1.72b
	1.80bc
	4.94bc
	4.90d
	4.92c

	
	
	10
	9.01a
	8.96a
	8.99a
	2.36a
	2.25a
	2.31a
	6.64a
	6.71ab
	6.68a

	
	
	15
	9.23a
	9.20a
	9.16a
	2.19a
	2.13a
	2.16a
	7.04a
	7.06a
	7.05a

	LSD
	0.93*
	0.58*
	0.62*
	0.20*
	0.25*
	0.16*
	0.87*
	0.50*
	0.56*

	SE±
	0.45
	0.28
	0.30
	0.12
	0.13
	0.07
	0.42
	0.24
	0.27

	CV
	9.3
	6.8
	5.0
	10.5
	10.1
	6.1
	11.2
	7.8
	6.1


Table 4.4. Interaction effects of lime, cattle manure and NP fertilizers on grain, biomass and straw yield of tef combined over two years (2016 and 2017) in northwest Ethiopian highlands 


Means within a column followed by the same letter(s) are not significantly different, * = significant at P < 0.05, LSD= Least significant difference, COY= combined over years, SE = standard error, CV = coefficient of variation


Partial budget analysis
The partial budget analysis method of CIMMYT (1988) was used to evaluate the expense and benefit of various treatments. The gross yields of 12 treatments were calculated using the final yield and straw results. The highest net benefit (2252.91 USD ha-1) of tef was obtained with 46/20 kg ha-1 N/P fertilizer, 10 t ha-1 cattle manure, and 2 t ha-1 lime, followed by 2027.64 USD ha-1 with 46/20 kg ha-1 N/P fertilizer, 15 t ha-1 cattle manure, and 2 t ha-1 lime, and the lowest (784.91 USD ha-1) was obtained with the control (Table 4.5). The highest MRR of 1100 % was achieved by combining the application of 2 t ha-1  lime with 10 t ha-1  cattle manure and 46/20 kg ha-1  N/P fertilizer (Table 4.5) implying that for every birr invested in tef production, the producer  receive birr 11.00 after recovering his investment CIMMYT (1989).  Using manure rates more than 10 t ha-1 in combination with 2 t ha-1 lime and 46/20 kg ha-1  N/P fertilizer resulted in higher variable costs with no compensatory advantage. This represents an increase in net return of at least 1 Birr for every one Birr invested. Therefore, manure rate of 10 t ha-1  in combination with 2 t ha-1  lime and 46/20 kg ha-1  N/P fertilizer application which had the highest grain yield (Table 4.6) and thus had higher net benefit (2252.91 USD ha-1  ) and acceptable MRR (1100 %)  can be recommended for farmers in the study area. In line with this finding, Ryan et al. (2009) found similar results. 

[bookmark: _Toc72954058]
Table 4.5. Partial budget analysis of grain and straw yields of tef  as influenced by soil amendments combined over two years (2016 and 2017) in northwest Ethiopian highlands 
	Three way interaction
	Adjusted grain yield
(t/ ha)
	Adjusted straw yield
(t/ ha)
	Gross field benefit (USD/ha)
	Total Variable cost
(USD)
	Net benefit
(USD /ha)
	MRR (%)


	Lime (t ha-1)
	NP (kg ha-1)
	Manure 
(t ha-1)
	
	
	
	
	
	

	0
	0-0
	0
	0.59
	2.29
	784.91
	0.00
	784.91
	

	0
	0-0
	10
	0.99
	3.1
	1222.55
	47.27
	1175.27
	825.77

	0
	0-0
	15
	1.19
	3.36
	1422.91
	70.91
	1352.00
	747.69

	2
	0-0
	0
	1.02
	3.06
	1242.55
	87.27
	1155.27
	D

	0
	46-20
	0
	1.44
	3.43
	1640.91
	120.73
	1520.18
	1090.76

	2
	0-0
	10
	1.00
	3.51
	1283.09
	134.55
	1148.55
	D

	0
	46-20
	10
	1.63
	4.84
	1979.27
	158.18
	1821.09
	689.63

	2
	0-0
	15
	1.21
	3.98
	1518.55
	164.36
	1354.18
	D

	0
	46-20
	15
	1.69
	5.51
	2114.73
	188.00
	1926.73
	354.27

	2
	46-20
	0
	1.62
	4.45
	1921.27
	204.36
	1716.91
	D

	2
	46-20
	10
	2.08
	6.01
	2504.55
	251.64
	2252.91
	1100.00

	2
	46-20
	15
	1.74
	6.66
	2302.91
	275.27
	2027.64
	D


D: dominated treatment, MRR=marginal rate of return, price (USD/kg) of tef grain yield, straw yield, lime, urea  and DAP were 0.84, 0.13, 0.04, 0.51 and 0.55, respectively. The cost of manure incorporation into the soil was estimated in USD 0.47/100kg. The cost of incorporation of lime into the soil was USD  0.73/100kg, while the cost of transportation and application fertilizer into the soil was estimated in USD 5.82/100 kg. Lbour cost man day-1 was 2.91 USD.

[bookmark: _Toc109623084]4.4. Conclusion

The results showed that applying cattle manure in combination with NP fertilizer and lime significantly improved soil chemical properties compared to the control.  Growth parameters, yield components tef significantly affected by the interaction effects of cattle manure and NP fertilizers. The combined application of lime, NP fertilizer and cattle manure significantly affected grain, straw and biomass yield of tef. The combined application of 46-20 kg ha-1 N-P fertilizers and 15t ha-1 cattle manure increased organic carbon, total nitrogen and CEC by 89, 109, and 34 %, respectively, relative to the control. Similarly, the combined application of 15 t ha-1 cattle manure and 2 t ha-1 lime increased organic carbon, soil pH, available phosphorus by 58, 14, and 62 %, respectively, relative to the control. Furthermore, the combined application of 46-20 kg ha-1 N-P fertilizers and 10 t ha-1 cattle manure increased panicle length, effective tillers and thousand seed weight of tef by 10, 15 and 9 % respectively, relative to the sole application of NP fertilizers. The combined application of 10 t ha-1 cattle manure, 46-20 kg ha-1 N-P fertilizers, and 2 t ha-1 lime resulted in the highest grain yield of tef (2.31 t ha-1), net return (2252.91 USD ha-1) and MRR (1100 %). This treatment increased the tef grain yield by 35 and 266 % compared to the recommended rates of NP fertilizers and the control, respectively. In northwest Ethiopian highlands, a combination of 10 t ha-1 cattle manure, 46-20 kg ha-1 N-P fertilizers, and 2 t ha-1 lime is recommended as an effective soil amendment to improve soil fertility and tef productivity. 







[bookmark: _Toc109623085][bookmark: _Hlk72870682]CHAPTER  5. GENERAL SYNTHESIS AND RECOMMENDATIONS 

[bookmark: _Toc109623086]5.1 Synthesis

The Ethiopian highlands have a lot of potential for crop production. However, soil deterioration has a significant impact on most of these areas' potential. Soil degradation is a serious issue that requires immediate treatment throughout most of Ethiopia's highlands because of its impact on crop production and productivity. Most acidic soils have poor chemical and biological properties. Soil acidity is expanding in scope and magnitude in Ethiopia, severely limiting crop production.

On the other hand, population growth is outpacing agricultural food production in Ethiopia. This has resulted in a scarcity of farmland in Ethiopia's highlands. Ethiopian farmers also don't have enough area to grow both cereals and pulse crops in a sole cropping system.  Farmers in the east Gojjam highlands are generally hampered by small farm sizes due to the high population density. Furthermore, due to land constraints, producing lupine as a mono cropping system is difficult. Therefore, a field experiment was carried out to determine the effects of soil amendments and lupine intercropping with tef on soil fertility and productivity in tef fields. Our research findings showed that the productivity of tef fields was intensified practically through intercropping or relay cropping of tef with lupine and soil amendments.


[bookmark: _Toc109623087][bookmark: _Hlk108527611]5.2 Recommendations

1. The combined application of lime, NP fertilizer, and cattle manure improved soil chemical characteristics much more than either mineral NP or cattle manure alone. In the northwest Ethiopian highlands, a combination of 10 t ha-1 of cattle manure, 46–20 kg ha-1 N-P fertilizers, and 2 t ha-1 lime is recommended as an effective soil amendment to improve soil fertility and tillage productivity. Only cattle manure and NP fertilizers were used in this study. As a result, a similar experiment will be carried out using different types of manure and micronutrients.
2. According to our findings, tef can be intercropped with lupine in an additive design with an inter- and intra-row spacing of 40 and 15 cm, respectively. However, the inter-row spacing was between 20 and 40 cm; one or more inter-row spacings greater than 40 cm should be tested to improve the result.
3. Intercropping lupine in between two rows of tef two weeks after tef planting is a successful intercropping strategy for farmers in the northwest Ethiopian highlands. The experiment should be repeated by extending the time between lupine intercropping and tef planting.
In general, these experiments provide valuable information about the use of integrated soil amendment practices and tef-lupine intercropping in soil fertility and crop productivity. These findings may persuade farmers to use integrated soil amendments rather than inorganic NP fertilizers. More research with more levels of treatments, including different types of manure, macro and micronutrients, and different types of legumes, is needed to maximize the yield of tef fields.
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