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CHAPTER ONE

GENERAL INTRODUCTION




Chapter one — General introduction

1.1. Background
1.1.1. Teff cultivation in Ethiopia

Agriculture contributes heavily to the Ethiopian economy by generating income,
employment and foreign exchange. Agriculture contributes 41% of the country’s gross domestic
product (GDP), 84% of the total export and 85% of the employment (Baye, 2017). Crop production
is the leading component of the agricultural economy and more than 12 million hectares of land is
cultivated with grain crops and 32 million tons of grain is annually produced in Ethiopia (CSA,
2019). Teff [Eragrostis tef (Zucc.)], maize (Zea mays), sorghum (Sorghum bicolor) and wheat
(Triticum aestivum) share 24%, 19%, 14% and 14% of the total grain crop production in Ethiopia,
respectively (Figure 1.1). Teff is the most dominant cereal crop accounting for nearly 24% of the
total food grain production while covering about 30% of the total food grain cultivated land in
Ethiopia (Ferede et al., 2020). Amhara region is the largest supplier of teff in the country that share
40% of the total teff production of Ethiopia (CSA, 2019). Teff is the staple food crop and its straw
is a major source of livestock feed in Ethiopia (Gelaw and Qureshi, 2020). Teff is used to make
the traditional flat bread injera, as well as bread, pancakes, porridge, and alcoholic beverages
(Mihretie et al., 2021a).Teff is mainly grown as a forage crop outside Ethiopia. Demand for teff
grain products is increasing worldwide due to its increasing popularity as a gluten-free grain (Tietel

et al., 2020). Teff grain is also rich in lysine, iron, and calcium compared to other cereals.

However, teff production in Ethiopia is a subsistence, and rainfall dependent enterprise
with poor crop management systems exacerbated by uncertainties due to unpredictable weather

conditions and land degradation (Di Falco et al., 2010). The rainfed teff production system in



Ethiopia is locked up by the traditional agronomic practices such as high frequency of tillage,
mono-cropping and complete residue removal, use of low yielding crop varieties and occurrence
lodging, prevalence of pests and diseases (Adimassu et al., 2019). These traditional agricultural
practices are also the major drivers of natural resource degradation such as soil erosion and loss in
biodiversity in Ethiopia (Taddese, 2001). Agronomic practices of the conventional teff cultivation
system are the major reasons for low productivity (<1.5 t ha) and soil resource degradation
(Berhanu et al., 2021). These problems have caused a low teff productivity that have led the once

food secured communities to food insecurity and poverty.

Soil erosion from cultivated land in Ethiopia can reach as high as 72 t ha™* yr* (Ebabu et
al., 2019). Soil loss from cultivated lands in Ethiopia is mostly driven by inappropriate land
management practices, including excessive tillage, continuous cropping, and low organic matter
addition (Tadesse et al., 2017). Proper management of croplands will thus play a huge role in
reversing the problem caused by soil erosion and maximizing crop production in low-input, rain-
fed agriculture. Because teff covers the majority of cultivated lands in Amhara region of Ethiopia,
implementation of good agricultural practices that can improve teff productivity without harming
soil resources would be crucial for the sustainable use and management of cultivated lands in

erosion-sensitive areas in Amhara region and elsewhere.
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Figure 1-1. Annual Area coverage (Mha, million hectare), production volume (Mton, million ton)

and yield (ton/ha) of cereal crops in Ethiopia (Data source: CSA, 2019).

1.1.2. Crop management practices of teff
The low vyield in teff and land degradation caused by traditional crop management in
Amhara region in particular and Ethiopia at large can be reversed by implementing good

agricultural practices such as improved cultivars, reducing the number of tillage, crop residue

Productivity ( ton ha—1)



retention, intercropping and row sowing practices. Cultivation practices, primarily traditional

methods, are also a major productivity constraint (Abera, 2017).

In traditional teff production, the land undergoes several ploughing (3-10 times) depending
on the area using oxen or horse mounted ard ‘maresha’. The aim of frequent ploughing is to create
a fine seed bed for the small seed size of teff, reduce weed infestation, and allow rainwater
infiltration and soil aeration (Lipiec et al., 2006). However, several ploughings expose farmers to
high cost, aggravates organic matter loss, soil erosion in teff cultivation system (Mesene, 2017).
Poor farmers are constrained by a shortage of oxen and limited family labor during peak times
(Hailu et al., 2017). The effect of tillage is variable, depending on time farm, plot scale, tillage
implement, crop type, soil type and climatic factors (Alskaf et al., 2020). To reverse the negative
impacts of conventional tillage approaches, the concept of reduced tillage, which encompasses
minimizing the amount of tillage, using mixed cropping or crop rotation, incorporating crop
residues, and using pre-emergent herbicides to control weeds, was developed (Mader and Berner,
2012). Reduced tillage conserves the natural resources by minimizing soil disturbance and avoids
costs associated with frequent ploughing. Reduced tillage approaches have been shown to improve
crop productivity, improve soil quality, and reduce soil erosion in major cereals such as maize
(Ndoli et al., 2018), sorghum (Schlegel et al., 2018), and wheat (Khorami et al., 2018). However,
because reduced tillage results in large weed populations, which can compete with the crop for
nutrients and reduce the crop biomass that will be later used as feed for livestock or as an energy
source for cooking, this approach requires application of pesticides that are potentially harmful to
the environment (Khorami et al., 2018). Another drawback of reduced tillage is that it needs to be
practiced for a long period of time before the desired changes in soil quality and crop yield are

seen; this is problematic because farmers generally prefer to use technologies that offer an



immediate economic benefit (Bai et al., 2018). Despite these drawbacks, the implementation of
reduced tillage activities in Ethiopia has been reported to reduce soil erosion and improve yield in

maize (Ndoli et al., 2018) and sorghum (Burayu et al., 2006).

Farmers hand-scatter teff seed (broadcasting) at high seeding rate mainly to suppress weeds,
save labor and also because of the ease of sowing and good quality straw for livestock
(Vandercasteelen et al., 2013). However, broadcasting method of sowing causes uneven
distribution of seeds leads to less resource utilization (light, water and nutrient) and it’s not
convenient for farm operation and mechanization such as for weeding and herbicide application
(Mihretie et al., 2020) and also wastes seed. When planted using broadcasting, as the fertilizer
applied will not place near the root zone, it’s highly subjected to weed competition (Blackshaw et
al., 2002). High plant population results in low tillering capacity and thus reduced crop root
formation that helps to a better anchorage and thus reduce lodging from the root base (root lodging).
The production of weaker stems due to the high competition also aggravates lodging (Matsuyama
and Ookawa, 2020). Row sowing is an alternative to broadcast sowing, and although the effects
of row sowing are highly dependent on soil type, the tillering capacity of the cultivar used, timing
and amounts of nutrients applied, and seeding density and spacing between rows, this approach
has been shown in teff to improve growth and yield, and to use less seed than broadcast sowing
(Mihretie et al., 2021a). In addition, unlike in broadcast sowing, in row sowing nutrients can be
placed near the root zone (Vandercasteelen et al., 2014). It has been suggested that the
improvements in teff productivity brought about by row sowing are the result of efficient resource
utilization, increased tillering, reduced lodging, and the facilitation of farm activities
(Vandercasteelen et al., 2018a) . In teff, row sowing has also been shown to be more economical

than broadcast sowing and seedling transplantation (Mihretie et al., 2021a).



A unique practice in teff production is the process of compacting the soil by human or animal
(cattle, donkey, or horses) trampling immediately before sowing (Gebretsadik et al., 2009). The
purpose is to increase the contact area between the seed and the soil, reduce the risk of the seed
being displaced by rain water, and seal the soil surface to reduce the loss of moisture through
evaporation (Tefera et al., 2001a). However, compaction is a costly practice because it requires a
large number of people or animals to thoroughly compact large planting areas. Compacting the
soil is also known to aggravate soil loss via runoff by reducing rainwater infiltration (Amare et al.,

2004).

1.2.Rationale of the study

The traditional practices are the main drivers of soil loss that leads to a low teff productivity in
Ethiopia. Improved practices that could enhance teff productivity are thus highly required.
Conservation-based agricultural practices that minimizes soil loss by the runoff by minimizing soil
disturbance such as reducing the number tillage operations and avoiding soil compaction together
with crop residue retention, crop rotation and intercropping practices improves crop productivity
and farmer’s income with no or less soil loss (Scopel et al., 2013). Among well-known options,
the use of reduced tillage with improved sowing methods such as row sowing without soil
compaction could improve the crop growth and yield while reducing in erosion-prone teff growing
areas. Previous findings do also suggest that combining these practices may be a cost-effective

means of improving teff productivity.

However, their agronomic performance and economic advantages have not been compared
with those of the traditional practices in Ethiopia. This calls for the need for evaluating the

comparative performance of different tillage and sowing methods for teff production. In the other

9



hand, little has been understood about the overall characteristics of the teff based cropping system,
therefore, it is inevitable to explore major factors contributing for the low productivity and
variability among teff farms before any research intervention. In this doctoral research, we
hypothesized that integrated use of reduced tillage, row sowing without soil compaction improves
teff productivity by creating a favorable soil conditions for crop growth and yield formation.
Therefore, after an assessment was made to understand teff cultivation system and identify major
crop management practices responsible for teff yield variation, a field experiment was conducted
to examine whether the application of reduced tillage, row sowing and soil compaction practices,
individually and in combination, could improve the agronomic and economic performance of teff

in erosion-prone environment in northwestern Ethiopia.

1.3.Research questions
e What are the major crop management practices and soil properties responsible for teff

yield variation?

e Do reducing tillage, row sowing and avoiding soil compaction minimize soil loss

compared to conventional tillage, broadcast sowing with soil compaction?

e Do reducing tillage, row sowing and avoiding soil compaction improve growth and

yield of teff compared to conventional tillage, broadcast sowing with soil compaction?

e Do reducing tillage, row sowing and avoiding soil compaction reduce cost of teff

production compared to conventional tillage, broadcast sowing with soil compaction?
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1.4.The objectives of the study
General objective: To evaluate improved agronomic practices on teff productivity in a water

erosion-prone environment.

Specific objectives:

1. To assess yield variability and its influencing factors in traditional teff cultivation system.

2. To evaluate the impact of different tillage, sowing and soil compaction practices on soil

loss and

3. To investigate the effects of different tillage, sowing and soil compaction practices on teff

productivity.

1.5.Conceptual framework

As illustrated in the conceptual framework below (Figure 1.2), studies in this doctoral research
project were initiated based on the hypothesis that reduced tillage and avoiding soil compaction
practices could improve the crop growth and yield by minimizing of a surface disturbance that
helps to increase biomass cover, conserve soil moisture and soil fertility, and prevents removal
(washing) of applied seed and fertilizer by the runoff in water erosion-sensitive areas. Reduction
in surface disturbance and sealing due to reduced tillage and avoiding soil compaction practices
were assumed to finally influence the amount of runoff generated and the soil that could be lost
with runoff. The less soil loss (nutrient loss) and runoff will result in better soil nutrient and
moisture status that could be available for crop growth. Row sowing was assumed to improve crop
yield by maximizing resource utilization (water, light and nutrients) through placement of the
applied fertilizer near the root zone, optimization of the plant population and space utilization in
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the crop-weed interface. Better resource utilization associated with improved sowing methods will

untimely result in an increased light interception, soil moisture and nutrients around the root zone

for teff growth, development and yield formation.
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Figure 1-2. Diagram that shows the conceptual framework how tillage, sowing methods and soil

compaction influence teff yield and soil loss.
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1.6.0rganization of doctoral thesis
The structure of the doctoral thesis that comprises five chapters is illustrated in Figure 1.3 and

shortly summarized as below.

Chapter one: This chapter introduces the overall picture of the crop production in Ethiopia
in general and teff cultivation system. The chapter also indicates the constraints and opportunities
for yield improvement in teff. Supported with a literature, it also addresses the theoretical
background how reduced tillage and improved crop management practices can improve crop yield

through better access to light, soil moisture and nutrient.

Chapter two: This chapter examines the teff cultivation system in three contrasting agro-
ecologies of northwestern Ethiopia. In this chapter, the association of teff yield variability at
farmer’s field with crop management practice and soil properties were also discussed. Frequent
tillage and the traditional sowing methods were found to be the major reasons for the low
productivity and high cost of teff production that highlighted the need for testing and promoting
improved agronomic options such as reduced tillage, row sowing without soil compaction, residue

incorporation and crop rotation as means to enhancing teff productivity.

Chapter three: this chapter presents the findings of the evaluation of different tillage,
sowing and soil compaction practices on soil loss and their association with topsoil conditions at
one of the well-established regional learning watersheds (Aba-Gerima) in northwestern Ethiopia.
Reduced tillage, row sowing without soil compaction practices improved soil fertility, biomass
cover and soil moisture through reduction in runoff and soil loss compared to conventional tillage,

broadcast sowing and soil compaction practices.
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Chapter four: this chapter presents the result of evaluation of different tillage, sowing
and soil compaction practices on teff productivity and profitability at Aba-Gerima watershed.
Reduced tillage, row sowing without soil compaction practices were found improved teff

productivity compared to conventional tillage, broadcast sowing and soil compaction practices.

Chapter five: this chapter synthesizes the findings from chapter two, three and four. The
traditional teff cultivation system was found to be a low productive, not cost-effective and
aggravates soil erosion. This chapter concluded that reduced tillage, row sowing without soil
compaction practices can be promoted as an alternative agronomic options to improve teff
productivity in a soil erosion-prone environment through enhancing favorable topsoil conditions

for teff growth.
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Figure 1-3. Diagram indicates the structure of the PhD thesis.
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1.7. Description of the study area

The studies in this doctoral research were carried out in northwestern Ethiopia. First, the field
survey activity (presented in chapter two) was done in contrasting agro-ecologies represented by
three watersheds (Guder, highland; Aba-Gerima, midland; Dibate, lowland). After identification
of possible research interventions for improving teff productivity from the field survey (chapter
two), a field experiment (presented in chapter three and four) was done at Aba-Gerima watershed.
Aba-Gerima watershed was selected for field experimentation because it was one of the well-
established regional learning watershed for researchers, development practitioners and farmers in
Ethiopia since 2012 where different sustainable land management (SLM) research and
development programs have been implemented (Nigussie et al., 2018). Recent interventions by
Water and Land Resource Center (WLRC) and SATREPS-JICA-Next-generation SLM can be

mentioned as an example.

Moreover, Aba-Gerima watershed was selected as a field experimental site because it
represents the midland teff growing agro-ecology with a well-established watershed management
system that helps to monitor soil and crop characteristics, long-term weather data, established
linkage with farmer research groups and the availability of baseline data (demography, biophysical
and socio-economic), and easy access to skilled labor that offers a huge opportunity for effectively
implementing agronomic field research studies with a better scientific accuracy and minimum

investments.

Guder watershed, Aba-Gerima and Dibate watersheds are located in the Upper Blue Nile
Basin, northwestern Ethiopia (Figure 1.4). Guder and Aba-Gerima are found in Amhara; and
Dibate is found in Beneshangul-Gumz regional states in Ethiopia. The elevation ranges are 2489—

2882 m at Guder, 1487-1718 m at Dibate, and 1912-2126 m at Aba-Gerima. According to
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Mekonnen (2016), the dominant soils are Acrisols and Luvisols at Guder, Vertisols and Luvisols
at Dibate, and Luvisols and Leptosols at Aba-Gerima, based on the Food and Agriculture
Organization classification system. Based on long-term (2000-2019) climate observations, the
mean annual rainfalls are 2222 mm at Guder, 2182 mm at Dibate, and 1445 mm at Aba-Gerima
(Figure 1.5). The three sites receive more than 80% of their annual rainfall from June to September.
The mean daily temperatures are 20.0 °C at Guder, 23.8 °C at Dibate, and 22.2 °C at Aba-Gerima.

Rainfed agriculture is the mainstay of the livelihood of smallholder farmers (the average
land holding is ~0.25 ha per household) at the three sites, and mixed crop—livestock farming is the
dominant farming practice. The major cash crops grown are teff (Eragrostis tef), barley (Hordeum
vulgare), triticale (xTriticosecale), potato (Solanum tuberosum), and acacia (Acacia decurrens) at
Guder; teff, finger millet (Eleusine coracana), maize (Zea mays), groundnut (Arachis hypogaea),
and hot pepper (Capsicum frutescens) at Dibate; and teff, finger millet, maize, and khat (Catha

edulis) at Aba-Gerima.
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CHAPTER TWO

Exploring crop management and soil properties responsible

for teff yield variability in northwestern Ethiopia
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Chapter two - Exploring crop management and soil properties responsible for teff yield

variability in northwestern Ethiopia

2.1.Introduction

In Ethiopia, teff (Eragrostis tef [Zucc.] Trotter) is an important food-security crop and a source
of income for millions of smallholder farmers (Paff and Asseng, 2018). Its grain is widely used for
human consumption, and teff straw is used as fodder for livestock (Assefa and Chanyalew, 2018).
The majority of small-scale famers in Ethiopia prefer to grow teff because it is most adaptable to
a wide range of environmental conditions. Compared with other cereals, teff can grow well in
marginal areas and is highly tolerant of drought (Gelaw and Qureshi, 2020). Teff can also grow
well under waterlogged conditions in the black soils (Vertisols) that account for more than 20% of
the cultivated lands in Ethiopia (Haileselassie et al., 2011). Teff is less susceptible to diseases and
postharvest pests than other cereals (Assefa et al., 2015), it is a gluten-free cereal suitable for celiac
(gluten-allergic) patients, and it is rich in nutrients (e.g., lysine, Fe, and Ca) compared with other
cereals (Barretto et al., 2020). The global demand for teff grain products is likely to increase
because of its health benefits and growing adaptation in agroecological farming (Baye, 2014).

Teff yields (20%—-40%) are lower than those of other small-grain cereals such as wheat and
finger millet (Baye, 2014), but the market demand for and price of both teff grain and straw are
higher than those for other cereals (Seyfu, 1997), in part because of the low volume of teff
production. The Ethiopian government has consequently been forced to restrict exports of teff
grain and flour to avoid domestic market shortages (Sankaranarayanan et al., 2020). An
improvement in teff productivity is therefore needed to satisfy the requirements for food security
in Ethiopia and to meet the growing demand on the international market (Abraham, 2015). The

low productivity has been attributed mainly to lack of improved crop management practices and a
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decline in soil fertility exacerbated by the high susceptibility of teff to lodging (Mihretie et al.,
2021).

The poor soil fertility and low teff productivity in the rainfed growing areas of Ethiopia are
attributed mainly to continuous cropping, repeated tillage, inadequate addition of organic matter,
complete removal of crop residues, and little or no compensation for removal by application of
external inputs (Karltun et al., 2013). There are also wide variations in grain yields among teff
farms as a result of differences in the practices used to manage crops and in soil fertility (Fikadu
et al., 2019). The variations in crop yields among neighboring farms suggest that improvements in
the practices used to manage crops and soil fertility could narrow the gaps in yields between
smallholder farmers (Van Ittersum et al., 2013). Raising the yields of low-yielding farms could
contribute to substantial improvement of overall yields. However, the existing heterogeneity in
crop yields among farms across different teff-growing agroecological zones, its relationship to
crop management, and biophysical and socioeconomic conditions are not well understood and
remain unexploited (Tesfaw et al., 2021). The factors that control crop grain yield are complex,
and controlling yield requires a thorough investigation of the interactions among genetic and
environmental factors (Anderson et al., 2016). According to Van Ittersum et al. (2013), a better
understanding of the cropping system and of the relative importance of different management
practices and soil attributes is necessary to increase productivity and yield at different spatial scales
(farm, region, nation, world). In Ethiopia, it has been reported that the gap between the actual
yields of local cultivars that farmers grow (~1500 kg ha™) and the potential yields of improved
cultivars such as ‘Quncho’ and ‘Kora’ (2500-2800 kg ha™) is very high (Haileselassie et al., 2016).
Even when farmers that practice traditional plant husbandry have grown improved teff cultivars,

their yields have been much lower than the potential because of poor crop and soil management
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practices (Asrat et al., 2010). In most cases, the farmers who achieve the best yields are those who
grow improved cultivars and use improved management practices such as row sowing versus
broadcasting and adequate application of N and P fertilizers (Vandercasteelen et al., 2014).
Differences in sowing density, N and P application rates, and weed-management practices are also
major factors responsible for the variability of teff yields among farms and locations in Ethiopia
(Mihretie et al., 2020).

Heterogeneity in soil fertility is an important cause of the variability of crop yields among
farmers in Ethiopia (Haileselassie et al., 2011). The overall agroecological setup of a cropping
system affects determinants of crop yields such as radiation, soil moisture, and nutrient utilization
(Mann and Warner, 2017). Similarly, crop yields are highly variable from season to season because
of differences in temperature and amounts of rainfall (Basso and Liu, 2019). Most rainfed teff is
grown as part of a crop rotation system wherein a series of different types of crops is grown in the
same area across a sequence of growing seasons. It was therefore more important in this study to
examine the spatial variability than the seasonal variability of teff production.

Most previous studies have been based on farm experiments designed to understand the impact
on crop Yyields of a single or a few crop-management and soil-management practices. In those
studies, variables that were not of interest have been assumed to be constant (Tittonell et al., 2008).
The relationship between crop yields and explanatory variables (crop management and soil
properties) in such studies have been explained primarily with the use of standard correlation,
regression, and principal component analyses (Delmotte et al., 2011; Tittonell et al., 2008).
Furthermore, results of farm survey studies aimed at identifying the causes of the variability of
crop yield performance at the farm level can be greatly influenced by the interactive effects of

several uncontrolled environmental and socioeconomic factors (Sileshi et al., 2010). Unlike farm
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experiments, data collected through farm surveys are usually skewed, and a mixture of categorical
and continuous variables, missing observations, and multicollinearity can add complexity to the
statistical analyses (Tittonell et al., 2008). Regression trees are now considered to be a more
reliable method of analyzing data that are highly variable and represent actual agricultural systems
(Tittonell et al., 2008). Regression and classification trees are non-parametric tools that can be
applied to the analysis of skewed observations with a mixture of ordinal and non-ordinal variables
and help deal with nonlinear relationships (Tittonell et al., 2008). Regression tree analysis is an
important tool used in agricultural research for analyzing yield heterogeneity of different crops at
different spatial scales in order to stratify variability into homogeneous groups and to reveal
interactions of various crop-management practices and metrics of soil fertility (Lark and Stafford,
1997). Regression trees have been used to understand the spatial variability of grain yields and
their relationships with the practices used to manage crop and soil fertility in the cases of rice
(Delmotte et al., 2011), maize (Tittonell et al., 2008), and soybean (Zheng et al., 2009).
Understanding the nature of a cropping system and the relative importance of crop-
management and soil-related factors to variations of yields between farms is a key to improving
the productivity of a target crop, because it enables farmers, experts, researchers, and policy
makers to make informed decisions (Delmotte et al., 2011). Little effort has been made to explain
the major causes of variations in crop yields, differences among crop yields at the farm level, and
the relative importance of different management practices and soil properties to crop yields in
Ethiopia. This study was based on the hypothesis that there is a gap in teff grain yields among
smallholder farmers that can be narrowed through improved management interventions. The
spatial variations in crop yields were assessed at the farm level to identify important crop-

management practices and metrics of soil fertility that could explain the differences in crop yields
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among farmers in the same area and between locations in the Upper Blue Nile Basin of Ethiopia.
This study had the following three objectives: (1) to understand the existing cropping systems used
in teff-based, rainfed production systems in different environments; (2) to quantify the differences
in grain yields among teff farms; and (3) to identify the major differences between environmental

factors and management practices that explain the variability of grain yields among farms.

2.2.Materials and methods
The assessment was done at Guder, Dibate and Aba-Gerima watersheds located in
Northwestern Ethiopia (Figure 1.4). Guder, Dibate and Aba-Gerima watersheds represent the

highland, lowland and midland teff growing agro-ecologies, respectively (Figure 1.4 and 1.5).

2.2.1. Sampling and data collection

Before selection of the farms at each site, we undertook a series of field observations and
consultations with local agricultural experts and key farmers to become informed about teff
cropping systems and practices, identify teff-growing niches within the study sites, and draft a list
of questions to ask during our interviews. A participatory transect walk involving one local
agricultural expert and two farmers was then undertaken at each site to select the farms to be
surveyed. Involvement of local farmers in this process helped us to identify the owners of farms.
As a result, a total of 82 teff-growing farms (Guder, n = 24; Dibate, n = 35; Aba-Gerima, n = 23)
were selected randomly along elevation transects.

Because farmers rotate different crops, we had no chance to evaluate the seasonal variability
of teff yields from the selected farms. We therefore focused on exploring spatial variability based
on the yield data for the 2017 cropping season, which had been forecast to be a representative

(typical) growing season with favorable climatic conditions (adequate amounts of rainfall at all
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sites) for teff cultivation (National Meteorology Agency, 2019). Farms were randomly selected by
walking diagonally along a transect from one boundary to the other of each site. The number of
farms thus varied across sites as a function of the number of teff-sown farms (Dibate > Guder >
Aba-Gerima) and farmers’ willingness to be involved in the study.

Afterwards, the head of each selected farm was interviewed with a survey questionnaire. The
main content of the questionnaire focused on three major issues: (a) teff production and
management practices (land preparation, cultivars used, sowing methods, sowing date, fertilizer
application, weed control, and crop-rotation practices), (b) major constraints on teff production,
and (c) the costs associated with all applied inputs (i.e., seed, fertilizer, and labor associated with
crop management) during the 2019 cropping season. Prices of inputs and outputs were cross-
checked with experts in nearby agricultural and cooperative offices.

When the crops were physiologically mature, crop cuts from each farm were taken for yield
determination. Crop cuts were taken randomly (diagonally) at four sampling points in a 0.5-m?
quadrat at teff farm, by hand. The harvest date for each farm was recorded during harvest time.
Teff samples were transported to the laboratory and sun-dried for 4 days and manually threshed,
and the grains were separated from the husks. The weights of the grains and straw were quantified
on a Labman analytical balance and were used to extrapolate yields per hectare. After
measurements had been completed, the samples were returned to the farmers. The economic value
of both grain and straw were included in the profit calculation; prices were obtained from
respective local market surveys during the harvest season.

Soil samples were taken immediately after harvest from farms at each site at the same spot
where teff yield samples were collected. Eight topsoil samples were collected from each farm (4

spots x 2 samples) at a depth of 0-20 cm with a hand auger. A composite sample (500 g) was then
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prepared from the 8 subsamples for laboratory analysis.

2.2.2. Soil analysis

The composite soil samples were analyzed for texture, total N (TN), organic C (OC), available
P, pH, electrical conductivity (EC), cation exchange capacity (CEC), and micronutrients, namely
Fe, Zn, Mn, and Cu. Soil texture was determined by the hydrometer method after each sample was
shaken in a sodium hexametaphosphate (Calgon) solution (Bouyoucos, 1962). TN and OC were
analyzed with a CN coder (Macro Corder JM1000CN, J-Science Lab, Kyoto Japan). Available P
was determined by the Bray extraction method (Sims, 2000) and quantified on a spectrophotometer
(UV-1800, Shimadzu, Japan). EC and pH were determined by the potentiometer principle
(Hendershot et al., 1993): EC was measured with a conductivity meter (CM-30R, DKK-TOA,
Japan), and pH was determined in a 1:2.5 soil-water solution with a pH meter (MM-60R, DKK-
TOA, Japan). CEC was determined by mixing the soil with an excess of 1 N ammonium acetate
solution. This procedure led to an exchange of the ammonium cations for exchangeable cations
present in the soil solution (Chapman, 1965). Soil micronutrients were determined following
extraction with pentetic acid (Liang and Karamanos, 1993) and quantified with an inductively

coupled plasma atomic emission spectrophotometer (Shimadzu, Japan).

2.2.3. Data analysis

Data were analyzed in R v. 3.3.2 software (Core Development Team, 2013). All datasets were
summarized to visualize the distribution and identify outliers. One observation from Aba-Gerima
was identified as an outlier and was not considered in the statistical analysis. For crop management
parameters with more than two levels (such as cultivars used and tillage frequency), mean grain
yield was compared by the least significance difference procedure (Williams and Abdi, 2010) to

detect differences. One-way analysis of variance (ANOVA) was used to test the significance of
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differences in yield among farms at the 5% and 1% probability levels. A one-tailed t-test was used
to test for differences of means of metrics between crop management practices, and a two-tailed t-
test was used to test for differences of means of metrics between manure application, weeding
frequency, and herbicide use.

Regression tree analysis, a predictive modeling approach that classifies observations into
relatively homogeneous groups (Tittonell et al., 2008), was used to identify the major factors
responsible for yield variability among sampled farms. The purpose of the regression tree was to
predict the target variable (grain yield) on the basis of a set of predictor/explanatory variables (crop
management practices and soil properties) using binary and recursive partitioning rules based on
thresholds of predictor variables. To implement the regression tree, we adopted a minimum
splitting criterion (n = 10) and fitted an optimum tree with minimum cross-validated errors.
Explanatory variables that appeared at the top of the tree had stronger explanatory power than
variables that appeared lower on the tree. Among the explanatory variables, those that did not
appear in the regression tree were considered to be relatively (statistically) unimportant in
explaining the observed yield variations. Explaining the observed yield differences using regular
linear or multiple regression models would have been difficult because yields at the farm level
were influenced by numerous, complex interactions that took place under uncontrolled
environmental conditions (unlike designed farm experiments) (Delmotte et al., 2011). Use of
regression trees was therefore the best way to reveal how yield variability could be predicted from
the various explanatory variables (Delmotte et al., 2011).

After identification of the maximum possible yields (Shatar and McBratney, 2004), a
boundary line approach was used to further clarify the most important yield-limiting factors. The

maximum vyield (Y-max) was predicted for each dependent variable at each value of the
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independent variables (crop management and soil parameters). From a bi-dimensional scatter plot
of each independent variable against yields, Y-max was predicted by using a boundary line fitted
through boundary points of the corresponding highest observed yields. The Y-max predicted by
the boundary line represented the maximum teff yield that could be achieved at each farm when
limitations associated with crop-management practices or soil fertility parameters are limited. In
accord with Liebig’s law of the minimum (van der Ploeg et al., 1999), the lowest Y-max value
predicted for all types of crop management and soil parameters was identified as the minimum of
the maximum yield (Y-min). Crop management or soil fertility factors for which Y-min was
frequently identified were considered to be yield-limiting factors. The comparative importance of
a factor identified as yield limiting was further refined on the basis of its percentage occurrence at
all teff farms (n = 82). Because consideration of a large number of observations leads to better
statistical accuracy and because the trends of major results were similar across sites (no
crossovers), the results from the three sites were combined (rather than analyzing each site
individually) during the regression tree and boundary line analyses.
2.2.4. Economic analysis

Economic analysis was conducted by comparing the gross return and total cost of growing
teff. Total cost was calculated from the cost of the inputs (seed and fertilizer) and labor (tillage,
trampling, sowing, fertilizer application, weeding, harvesting, and threshing), and the gross return
from the sales of grain and straw at market prices at harvest. Net return was then calculated as the
difference between the gross return and the total cost of growing. The cost—benefit ratio was the
ratio of gross return to total cultivation cost; a cost-benefit ratio of >1 is considered profitable. All
input and output costs were converted to US dollars (1 USD = 32 Ethiopian birr). Our economic

analysis did not consider the value of land, because most farmers own their land (renting farmland
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IS uncommon). The estimation of total cultivation costs was based on cost information collected
directly from farmers, with the exception of the costs of renting animals (oxen or horses), which
were set as the average rental costs obtained from the district agricultural and cooperative offices
near each site.

The average teff grain prices (farm-gate) were 0.71 USD kg ! at Guder, 0.67 USD kg at
Dibate, and 0.74 USD kg ! at Aba-Gerima. The average straw price was 0.02 USD kg at all three
sites. The average seed cost was 0.85 USD kg for improved cultivars and 0.76 USD kgt for
local cultivars at the three sites. The regional average cost for NPS (9% N, 38% P, 7% S) and urea
(46% N) fertilizers was 0.36 and 0.46 USD kg at the three sites. The labor cost per man-day was
2.6 USD at Guder, 2.1 USD at Dibate, and 3.1 USD at Aba-Gerima. The average rental cost was
4 USD day* for a pair of horses at Guder and 6.6 USD day* for a pair of oxen at Dibate and Aba-
Gerima. A pair of oxen was assumed to plough 0.2 ha day* (Jens et. al., 2001). A pair of horses
was assumed to plough 0.4 ha day* (Gebregziabher et al., 2016). Net return was calculated as

total revenues minus total expenses.

2.3.Results
2.3.1. Variations of teff cropping practices

Observations on farms and interviews with farmers showed that teff cultivation practices were
highly diverse across study sites and among farms (Table 2.1). The frequency of tillage ranged
from 2 to 9 times a year and was higher at Guder than at Dibate and Aba-Gerima (Table 2.1). Most
tillage was done between April and August at Guder and Aba-Gerima but was limited to June and
July at Dibate (Table 2.2). At all sites, tillage was performed using a traditional ox-drawn ard,

locally called a maresha, and the last tillage was performed on the day when teff was sown. The
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range of the average depth of plowing with the maresha was 20-30 cm. With the exception of a
few farmers at Dibate, farmers used cattle to compact (trample) the soil immediately before sowing
(Table 2.1). Most farmers that we interviewed (95%) reasoned that trampling would facilitate
contact of teff seeds with the soil and reduce lodging of teff plants. On average, sowing density
was 8-50 kg ha !. It was greater at Guder than at Dibate and Aba-Gerima (Table 2.1). The window
for teff planting was 15 July to 10 August at Guder, 20 August to 30 September at Dibate, and 15
July to 15 August at Aba-Gerima (Table 2.2).

With the exception of a few farmers at Aba-Gerima (n = 10) and Dibate (n = 2), farmers did
not apply urea fertilizer (Table 2.1). However, all farmers at all sites applied NPS fertilizer.
Farmers at Dibate applied more urea and NPS than farmers at Aba-Gerima and Guder. Manure
application was not a common practice (Table 2.1). Most weeding was done only once, but a few
farmers at Guder (n = 7) and Dibate (n = 4) weeded twice. The first weeding was usually done
from 25 September to 25 October at Guder, from 1 September to 15 October at Dibate, and from
1 September to 30 October at Aba-Gerima. The second weeding was usually performed from 25
October to 15 November at Guder and from 25 September to 10 October at Dibate. Most farmers
weeded by hand, but a few farmers at Dibate (n = 8) and Aba-Gerima (n = 7) applied herbicide
(2,4-dichlorophenoxyacetic acid = 2,4-D) during the first weeding.

Cultivation of teff was rotated with cultivation of finger millet (Eleusine coracana), lupin
(Lupinus albus), and maize (Zea mays) at Aba-Gerima; Acacia decurrens, potato (Solanum
tuberosum), barley (Hordeum vulgare), and fallowing at Guder; and finger millet, groundnut

(Arachis hypogaea), nug (Guizotia abyssinica), potato, and fallowing at Dibate (Fig. 2.3).

31



Table 2-1. Summary of crop-management practices applied on teff farms at the three study sites.

Agronomic inputs (unit) Site
Guder Dibate Aba-Gerima
(n=24) (n=35) (n=23)
Land preparation and sowing
Number of tillage operations 8x1 3z0 4+1
Days to sowing date (from 1 Jul) 28+ 7 63+ 11 31+£10
Sowing density (kg ha™) 31+9 29 +11 22+6
Days to harvest 160+ 9 108 £ 19 137 £ 15
Number of trampled fields 24 34 23
Fertilizer application
Number of urea-applied fields — 2 10
Urea fertilizer rate (kg ha™!) - 90+ 14 63 + 35
Number of NPS-applied fields 23 35 23
NPS fertilizer rate (kg ha™') 47 + 20 150 + 46 121+ 33
Number of manure-applied fields 5 - -
Manure application rate (kg ha™') 886 + 893 - -
Weed control
Once-weeded fields 24 35 23
Twice-weeded fields 7 5 -
Number of herbicide-applied fields - 8 7
Type of herbicide — 2,4-D 2,4-D
Herbicide application rate (L ha™!) — 0905 05%0.1

The values indicated are means and standard deviations
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Table 2-2. Agronomic calendar for teff cultivation at the three study sites (1, 2, 3). The

information provided is based on field observations and interviews with farmers.

Agr i
glomfmlc Sites Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
operations
Site 1 I 1
Tillage Site 2 1
Site 3 I "
Site 1 F—A
Sowing Site 2 ——
Site 3 I
Site 1 P
First Weeding Site 2 I
Site 3
Site 1 [ 1
Second Weeding Site 2 1
Site 3
Site 1
UREA application Site 2
Site 3 1
Site 1 —
NPS application Site 2 e |
Site 3 —
siter F—
Harvesting Site 2
Site 3 !
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Grain yield (kg ha)
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Figure 2-1. Mean teff grain yields of farms that rotated teff with different precursor crops (2018)

at the three study sites. Means with the same letter are not significantly different at P = 0.05. n,

number of observations. FM, finger millet; LP, lupin; MZ, maize; TF, teff; FL, fallow; GN, ground

nut; PP, hot pepper; AC, acacia; BR, barley; PT, potato.

2.3.2. Ranges of soil fertility parameters

There was a substantial variation in soil properties among farms at the study sites. In general,

the soil fertility decreased in the order of Dibate > Aba-Gerima > Guder (Table 2.3). Across the

study sites, mean TN and OC contents of the topsoil ranged from 0.01 to 0.37 g TN kg* and from

0.19 to 3.00 g OC kg (Table 2.3). Mean soil available P ranged from 2 to 54 ppm. Mean CEC

ranged from 5.4 t0 59.8 cmol kg™'. Mean EC ranged from 0.02 to 0.13 dS m~* and pH (H2O) ranged
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from 4.9 to 6.5. Mean micronutrient values were 10.8-84.3 ppm Fe, 0.2-2.6 ppm Zn, 1.2-31.5
ppm Mn, and 0.6-2.9 ppm Cu (Table 2.3). Soils contained 10%—76% clay, 2%—-68% silt, and

10%—74% sand.

Table 2-3. Levels of selected soil-fertility parameters for topsoil samples from farms at study sites

during teff planting.

Parameter Guder Dibate Aba- Parameter Guder Dibate  Aba-
(n=24) (n=35) Gerima (n=24) (n=35) Gerima
(n=23) (n=23)
Sand (%) 428+10.037.9+21.733.0+14.0 EC (dsm™) 0.04+0.01 0.06+0.03 0.08 £0.02
Silt (%) 38.0+12.8 204 +5.7 304+145 pH (H20) 55+02 56+03 56x04
Clay (%) 19.2+135 41.8+20.336.6+16.4 Fe (ppm) 59.2+15.7246+47 21.1+78
TN (g kg™) 0.03+00 02+0.0 0.1x0.0 Zn (ppm) 08+04 11+05 09%05
OC (g kg™') 0401 20%09 14+05  Mn (ppm) 141483 9.4+37 103+35
Av. P (ppm) 14.6+18.0 30.0+49.921.9+18.0 Cu (ppm) 16+05 18+05 15+04

CEC (cmolc kg™ 272+6.9 33.7+17.739.0+83

OC, soil organic carbon; TN, soil total N; Av. P, available P; EC, electrical conductivity. Values
are means + SD of observations on farms at each site.

The values indicated are means and standard deviations

2.3.3. Variation of grain yields

Teff grain yields varied significantly across study sites. The highest mean yield was recorded
at Aba-Gerima, followed by Dibate (Fig. 2.4). Similarly, there were substantial variations in grain
yields among farmers at all sites (Fig. 2.4). In general, yields were lower (150-2542 kg ha™?) than
the potential yield of the popular cultivar ‘Quncho’ (2800 kg ha™t). Though 4 farmers at Aba-

Gerima planted ‘Quncho’, the mean grain yield (987 kg ha™t) was far below the potential (Table
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2.4). The results of a one-way ANOVA in which farmers were treated as replicates showed that
there was no significant difference (P > 0.05) among users of teff cultivars at Aba-Gerima. Only
‘Nech’ (white seed) was used at Dibate, and only ‘Dabo’ (red seed) was used at Guder (Table 2.4).
The frequency of tillage, weeding, and herbicide application did not influence teff grain yields
significantly (P > 0.05; Table 2.4). At Guder, teff grain yields were significantly higher (P < 0.05)
at farms where manure was applied than at other farms Table 2.4.

By regression tree analysis, the crop management practices that were the most important in

explaining grain yield variability among farms and farmers were the N application rate followed
by sowing density (Fig. 2.5). Farms (n = 82) were split into two groups on the basis of N
application rates: mean yields were 851 kg ha™ on farms where rates were >13 kg ha™ (n = 53)
and 594 kg ha™* where rates were <13 kg ha! (n = 28). The latter farms were further split into two
groups: mean yields were 742 kg ha™ on farms where rates were >2 kg ha™ (n = 13) and 466 kg
hat where rates were <2 kg ha™ (n = 15). The former farms were also split into two groups: mean
yields were 819 kg ha™! on farms where rates were <55 kg ha! (n = 44) and 1007 kg ha* where
rates were >55 kg ha™ (n = 9). Finally, the farms where rates were <55 kg ha™ (n = 44) were split
into two clusters on the basis of sowing density (SD): mean yields were 790 kg ha™ on farms
where SDs were <44 kg ha! (n = 33) and 904 kg ha* where SDs were >44 kg ha® (n = 11).
Soil CEC and contents of Mn and sand were the most important soil parameters responsible for
variations in teff grain yields among farms (Fig. 2.6). Predicted yields were 1288 kg ha* on farms
with soil Mn > 9 ppm and sand content > 27%; 890 kg ha* on farms with soil Mn > 9 ppm and
sand content < 27%; 871 kg ha™* on farms with soil Mn < 9 ppm and sand content > 37%; and 586
kg ha! on farms with Mn < 9 ppm and sand content < 37%.

The boundary line approach (Figs. 2.7, 2.8) provided further support for the conclusions
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reached on the basis of regression tree analysis (Fig. 2.8). The bell-shaped pattern of the boundary
line curves generated for P and N application rates (Fig. 2.7a, b), number of days to planting when
counted from 1 July (Fig. 2.7e), and days to harvest (Fig. 2.7f) indicated that the maximum teff
yield was achieved at the median values of these variables. SD and number of tillage operations
(NT) were negatively correlated with grain yield; maximum grain yield was achieved at the lowest
SD and NT (Fig. 2.7c, d).

Examination of grain yield as a function of soil pH, EC, and contents of OC), Zn, and Mn
revealed bell-shaped patterns. Those patterns indicated that maximum grain yield was achieved at
the median values of the parameters (Fig. 2.8a, b, c, e, f). However, the curve for available P (Fig.
2.8d) was convex, and maximum grain yields were therefore achieved at the lowest and highest
values of available P. More importantly, the percentage of cases when each variable (crop
management practice or soil property) was identified as a yield-limiting factor when evaluated
across the 81 farms (Fig. 2.9) indicated that soil Zn (25%), Mn (19%), number of days to harvest
(19%), and P application rate (19%) were the most important factors that limited teff yields (>5%)

at the study sites (Fig. 2.9).
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Figure 2-2. Teff grain yield variability among farms and study sites. Means with different letters

are significantly different at P = 0.05.

The top and bottom of each box represent the upper and lower quartiles, respectively; the
horizontal line and x within each box represent the median and mean, respectively; whiskers

represent variability outside the upper and lower quartiles.
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N=11
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Figure 2-3. Regression tree showing relationships and variability of teff grain yield (GY) with

different rates of N application and sowing density.
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N, number of farms (observations).
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Figure 2-4. Regression tree showing the variability of teff grain yield with different levels of soil

fertility parameters (Mn content, cation exchange capacity [CEC], and sand content).
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N, number of farms (observations).
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Figure 2-5. Maximum grain yield prediction lines generated using the boundary points within
scatter graphs of grain yield on the y-axis and fertilizer (P and N) application rates, sowing density,
and days to planting/harvest on the x-axis. In each plot, solid line indicates the boundary line
equation (least squares—fitted) used to estimate maximum grain yield of teff for different fertilizer

and sowing rates as well as timing of planting and harvesting.
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Figure 2-6. Maximum grain-yield prediction lines generated from the boundary points within
scatter graphs of grain yield and selected soil fertility parameters of farms at the three sites. Solid
lines indicate boundary line equation (least squares—fitted) used to estimate maximum grain yield
for each soil parameter. Each plot is based on yield data. Soil samples were collected from fields
of 81 farms. pH, soil acidity; EC, electrical conductivity; CEC, cation exchange capacity; OC,

organic C; Av. P, available P.
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DTH (19%)

Figure 2-7. Crop management practices and soil fertility parameters identified as yield-limiting
factors based on the percentage share of the frequency of observation over farms (n = 81) at the
three study sites. NT, number of tillage operations; DTP, days to planting; CUL, cultivar; P rate,
P application rate; DTH, days to harvest; pH, soil acidity; EC, electrical conductivity; OC, organic

C.
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Table 2-4. Mean grain yields (GY) and straw yields (SY) (kg ha™?) of different teff cultivars and

crop management practices at the study sites.

Crop management Guder Dibate Aba-Gerima
n Grain Straw n Grain Straw n Grain Straw

Cultivars (local names)

Ancharo - - - - - — 4 928 6188
CR-37 - - - - - - 3 893 11000
Key tef - - - - - - 4 1188 15175
Mura - - - - - — 6 1030 9833
Quncho - - - - - — 4 987 14983
Nech - - - 35 794 3231 - - -
Dabo 24 484 816 - - - - - -
F-values - - - - - - 02™ 1.0™
Tillage frequency

3 - - - - - 10 1007 11250
4 - - - 35 794 3231 7 999 11286
5 - - - - - 4 787 6983
7 5 598 997 — - - - —

8 6 431 718 — - - - —

9 4 430 716 — — - - —

10 9 499 767 — — - - —
F-values 0.6™ 0.2™ — — - 0.7 01"
Manure application

yes 5 626a 1043a — — - - —

no 19 454b  757b 35 794 3231 21 1004 11252
F-values 50* 6.1 — — — —
Weeding frequency

1x 6 429 714 35 794 3231 21 1004 11252
2% 14 520 836 - - - -
F-values 1.0 0.8™ — — — —
Herbicide

yes - - - 8 730 3050 7 941 10400
no 24 484 816 27 806 3346 14 1035 11679
F-values - - — 0.7  0.8™ 0.4™ 1.4™

n, number of observations for each crop management practice.
ns, not significant.

* significant at 5% probability level
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2.3.4. Economics of teff production

The total cost of production (direct costs) associated with crop management ranged from 368
to 662 USD ha! across study sites. The total cost of production was higher at Aba-Gerima than at
sites 2 and 1 (Table 2.5). At Guder, the majority of the costs were due to weeding (29%), tillage
(18%), and trampling (17%). At Dibate and Aba-Gerima, the majority of the costs were due to
trampling (26% and 24%, respectively), tillage (26% and 21%, respectively), and weeding (19%
and 13%, respectively). The range of the total gross benefit obtained from selling grain and straw
was 208-2432 USD haL. The total gross benefit was highest at Aba-Gerima and lowest at Guder.
Similarly, net return ranged from —583 to +1875 USD ha . Mean net return was highest at Aba-
Gerima, followed by Dibate and Guder. Cost—benefit ratios ranged from 0.4 to 4.0. The ratio was
greater at Aba-Gerima than at sites 2 and 1 (Table 2.5).

Interviews with farmers (Table 2.6) revealed that lodging and shattering were the major
constraints on teff production. The farmers also mentioned smut infestation at Aba-Gerima, cold
stress and hail damage at Guder, and crop damage by animals at Dibate as important constraints

on teff production.
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Table 2-5. Cost of production, net return, and labor productivity associated with implementation

of major agronomic practices for teff cultivation at the three sites.

Farm activity Guder (n = 24) Dibate (n = 35) Aba-Gerima (n =
23)
Mean % Mean % Mean %
share share share

Inputs costs (USD ha™)

Seed 256 5 25+8 5 37+10 7

Fertilizer 18+6 4 57+21 11 54 + 20 10
Animal traction costs (USD ha?)

Tillage 85+11 18 99 20 119 + 26 21

Trampling 800 17 132 26 132 24
Labor cost (USD ha)

Sowing 10+£0 2 8 2 12 2

Fertilizer application 50 1 4 1 6 1

Weeding 135+ 36 29 94 + 58 19 73917 13

Harvesting 52 11 42 8 62 11

Threshing 52 11 42 8 62 11
Total cost (USD ha?) 463 £ 70 - 504 + 68 - 558 + 37 -
Gross return (USD ha?) 388 + 137 - 544 + 216 - 1102 + -

422

Net return (USD ha™) 75172 - 40 £ 234 - 543 + 433 -
Cost-benefit ratio 08+0.3 - 13+04 - 1.9+0.7 —

1 United States dollar (USD) is equivalent to 32 Ethiopian birr. The values indicated are means

and standard deviations
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Table 2-6. Major constraints on teff-producing smallholder farmers and percentages of

respondents at the three study sites.

Teff production constraints Guder Dibate ~ Aba-

(n=24) (n=35) Gerima

(n=23)
Lodging and shattering due to rainfall at maturity 100 91 100
Crop damage by hail 95 - 100
Moisture shortage during germination and grain filling 8 - -
Cold stress during tillering and grain filling 100 - -
Smut infestation - 14 39
Weed infestation 21 9 2
Limited access to inorganic fertilizers 20 6 -
Lack of improved cultivars and agronomic practices (labor- 42 6 4
reduction technologies and planting methods)
Loss of soil and nutrients to runoff - 11 -
Crop damage by animals and humans - 45 -
Lack of oxen for plowing - 9 4

2.4.Discussions

2.4.1. Variations in cropping practices
The diversity in teff cultivation practices was due mainly to the inherent heterogeneity of

biophysical and socio-economic conditions that guided farmers’ decisions about crop management
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(Eshetu et al., 2020). At Guder, for instance, the poor fertility of the soil (Table 2.3) and the high
rate of weed infestation due to the large amount and wide distribution of seasonal rainfall (Fig.
2.2) were among the reasons that more frequent plowing was required (Temesgen et al., 2008)
than at Dibate and Aba-Gerima. The time of plowing was likewise very dependent on the rainfall
pattern and availability of resources (oxen and human labor). Although tillage uproots weeds and
enhances soil aeration, moisture availability, and organic matter decomposition, excess tillage has
been reported to be the major cause of land degradation in Ethiopia (Temesgen et al., 2008) and
elsewhere (Blanco-Canqui and Wortmann, 2020). Trampling is a unique practice performed by all
teff growers to facilitate incorporation of teff seeds into the soil, enhance root anchorage, and
maintain soil moisture during the early stages of growth (Mihretie et al., 2021). In contrast, it has
been argued that trampling has little or no impact on teff yield but aggravates soil erosion (Amare
et al., 2006) and exposes farmers to unnecessary costs (Mihretie et al., 2021). In Ethiopia, reduced
tillage practices have been recommended to enhance productivity of teff with minimal impacts on
soil resources (Mihretie et al., 2021).

Farmers sowed seeds at a higher density at Guder, mainly to compensate for the lower plant
population that resulted from the use of the local cultivar ‘Dabo’ (Table 2.4), which has a low
tillering capacity, and for the higher rate of weed infestation that at the other sites (Mihertie et al.,
2021). Decisions about teff sowing densities were governed by a variety of factors, such as weed
infestation rates (Alba et al., 2020), teff cultivars, planting methods, and soil fertility (Mihretie et
al., 2020). Moreover, the sowing and harvest dates varied because of differences in rainfall patterns
and temperatures (Endale et al., 2020). The higher temperatures and lower rainfall during the main
growing season (June—October) (Fig. 2) were the main reasons for the late planting and early

harvesting at Dibate relative to Guder and Aba-Gerima (Table 2.1). The later harvesting at Guder
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was due to the lower temperature during the period of teff growth than at Dibate and Aba-Gerima
(Fig. 2.2).

The generally lower fertilizer application rates at Guder may have been due to the lower N
and P requirements of the dominantly used local cultivar ‘Dabo’ than those of the improved
cultivars used at Dibate and 3 (Table 2.4). In most cereal crops, better growth, greater tillering
capacity, and higher yields of improved cultivars are achieved with greater amounts of N and P
than are required for local cultivars that have lower potential yields (Sinclair and Vadez, 2002). If
insufficient N and P are applied, the yields of improved cultivars may otherwise be lower than the
yields of local cultivars that are adapted to low-nutrient conditions (Folberth et al., 2013). The low
fertilizer application rates at Guder might partly be explained by the fact that the dominant crop
rotated with teff at that site was Acacia decurrens (Nigussie et al., 2020b), which has symbiotic
N-fixing bacteria in its root nodules and was grown primarily to make charcoal (Nigussie et al.,
2020a). We noticed that teff growth was vigorous (i.e., the plants were a deep green) at the sites
on a farm where A. decurrens was grown. However, the amounts of organic matter added to the
soil and N fixed by the bacteria in acacia root nodules that are available for the next teff crop are
unknown.

Most farmers used NPS fertilizer, because it contains N, P, and S, whereas urea contains only
N (Rurinda et al., 2020). Application of urea without P may aggravate lodging, as application of
excess N (>60 kg ha™) increased lodging, which reduces grain yield (Bayable et al., 2020).
Application of manure to most farmed crops in Ethiopia is small relative to the large amounts of
manure produced by livestock (Bayu et al., 2006). Manure is commonly used as cooking fuel, but
it is required in large amounts to improve soil fertility and crop yields. The fact that few famers at

Guder used manure compared with farmers at Dibate and Aba-Gerima might have been due to the
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greater number of livestock (cattle and horses) at Dibate and Aba-Gerima (Nigussie et al., 2020b).
The low fertility of the soil in the study area calls for an integrated use of both organic and
inorganic fertilizers. An alternative to manure as an energy source should be provided to release
manure to enhance soil fertility and improve crop yields.

To minimize yield reductions due to weed infestation, weeding of teff is recommended at 30
and 55 days after emergence (Gebrehiwot et al., 2020). However, the frequency of weeding varies
among farmers and locations and depends on the availability of labor, the species of weeds, and
rainfall patterns (Gebrehiwot et al., 2020). The majority (98%) of farmers weeded only once.
Farmers weeded more than once if the rate of weed infestation was high, family labor was readily
available, and their financial status was good (Mihretie et al., 2020). The government of Ethiopia
does not promote the use of herbicides because enough human labor is available for weeding, and
herbicides can have adverse effects on the environment (Fikadu, 2020). Unlike other crops (e.g.,
wheat and maize), there are few types of herbicides (for example, selective herbicides) identified
for control of weeds on teff farms, and there is a lack of market access to agrochemicals. There is
hence little use of herbicides on teff farms in Ethiopia (Negatu et al., 2016).

2.4.2. Variations of soil fertility

Abebe et al. (2020); Ebabu et al. (2020) have reported soil TN concentrations of croplands in
northwestern Ethiopia within the range of concentrations that we found. Soil TN concentrations in
our study areas were very low (<1.5 g kg™!) compared with the standards recommended by Hailu
et al. (2015); Landon and Manual (1991). We attributed the low TN concentrations to the low
organic matter content that resulted from frequent plowing, loss of topsoil in runoff, complete crop
residue removal, and monocropping in teff-based cropping systems (Ebabu et al., 2020). In

contrast, available P ranged from medium (10-17 ppm) to high (>17 ppm) (Cottenie (1980); Hailu
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et al. (2015), probably on account of the many years of application of P-containing fertilizer .
However, only a small percentage (<10%) of applied inorganic P is used by crops; most of it
remains in an immobile and relatively insoluble form (Balemi and Negisho, 2012). The low pH of
the soil at most of the farms would have limited P availability and prompted the application of
large amounts of inorganic P to support plant growth (Balemi and Negisho, 2012). Application of
lime might be an appropriate strategy to create a suitable pH range (6.0-6.5) for teff growth (Assefa
et al., 2015) and to improve the productivity of teff in the study areas. On the basis of the critical
levels of Fe (5 ppm), Zn (1.5 ppm), Mn (1 ppm), and Cu (0.5 ppm) for tropical soils (Hailu et al.
(2015), the soils at most of our sites had adequate contents of micronutrients, with the exception
of available Zn (Table 2). Because Zn is very likely adsorbed onto soils with a high clay content
in most of the areas where teff is grown, Zn deficiency is common (Desta et al., 2021). Our soil
test results suggest the need for application of Zn fertilizers, but this conclusion will need to be

further investigated to determine the effect of Zn fertilizer application on teff yields.

2.4.3. Grain yield variation

Poor crop management and use of local teff cultivars caused the grain yields at our sites to be
far below those of the high-yielding and popular ‘Quncho’ in Ethiopia (Fig. 2.4). Even the average
yield of farms planted with ‘Quncho’ (n = 4) at Aba-Gerima was low (987 kg ha™, Table 3),
because Quncho is more productive when planted in rows (Mihretie et al., 2020) and when
adequate amounts of N and P are supplied (Haileselassie et al., 2016). The insignificant differences
in mean grain yields among the cultivars used at Aba-Gerima reflect the fact that improved
cultivars were grown under local crop management practices (Kebebew et al., 2011). We attributed
the higher grain yields at Aba-Gerima mainly to the use of improved cultivars and greater applied

inputs of such as fertilizers there (Table 2.1). At Guder, the use of the low-yielding (but locally
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adaptable) landrace ‘Dabo’, which is highly susceptible to lodging, the less favorable
environmental conditions (e.g., lower temperature and less solar radiation due to greater cloud
cover; Fig. 2.2), and low soil fertility (Table 2.3) were the key reasons for the low yields at Guder.
Haileselassie et al. (2016) reported that teff is a widely adaptable C4 cereal crop that can perform
relatively well under conditions of high temperatures and improved soil fertility.

Differences in crop management practices in our study could not adequately explain the
observed variations in teff grain yields (Table 2.4; Fig. 2.7), because crop yield variations at the
farm level are governed by complex interactions between various biophysical and socioeconomic
factors (Delmotte et al., 2011). The relationships between crop yield performance and crop
management practices at the farm level are unlikely to be captured by using the classical statistical
methods such as correlation, regression, and principal component analysis because analyses need
to deal with data that could be highly skewed, and relationships between variables may be very
nonlinear (Tanaka et al., 2015). Regression tree analysis allows splitting the yield data into
relatively uniform clusters and identifying the most important factors that affect crop yields
(Delmotte et al., 2011).

Regression tree analysis demonstrated that N fertilizer application and sowing density were
more important determinants of the variations in grain yields than the other crop management
practices assessed in this study. Several studies have reported that teff is sensitive to N nutrition,
which affects biomass production and the occurrence of lodging. Lodging is a major challenge for
teff production because it can reduce yields by 11%-22% (Assefa et al., 2017). The higher grain
yields at greater N inputs (>55 kg ha™) in our study were consistent with previous studies that
have reported an increase in teff yields with an increase in N inputs (Teklu and Tefera, 2005).

However, application of N above 60 kg ha™* might reduce yields by inducing lodging (Tefera et
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al., 2001a). The mean N application rate (23 + 24 kg ha™) at the study sites was less than the
blanket N application rate of 40-80 kg ha* recommended for the study area by Assefa et al. (2006).
Despite the low TN content of the soil (Table 2.3), farmers in our study area applied N at low rates
because they used local teff cultivars that require comparatively low N inputs. Recommended
fertilizer application rates are usually based on the requirements of improved cultivars
(Haileselassie et al., 2016). The N requirement of a crop varies with soil organic matter content,
the type of cultivar, and the stage of the crop (Olson and Kurtz, 1982). The results of our study
suggest the need to revise recommended N application rates for teff production to take account of
soil fertility, the type of cultivar, and economic feasibility. Similarly, the sowing density of plants
determines crop yield performance by influencing utilization of resources (e.g., light, water, and
nutrients), tillering capacity, competition with weeds, and lodging of most cereals (Ali, 2020). In
our study, the greater teff grain yields achieved at higher plant densities when N was applied at
lower rates (<55 kg hat) might have been due to the ability of the teff to better compete with
weeds. An increased plant density can compensate for the low tillering capacity of the local teff
cultivars (Mihretie et al., 2020) that were grown by most farmers at our study sites. The farmers
applied seeds at a density (24 + 12 kg ha™) that was high compared with the sowing density
recommended for teff sown in rows (10 kg ha™) but within the range that has been reported for
broadcast planting (15-25 kg ha™?) in these areas (Mihretie et al., 2020). Farmers in our study area
used broadcast planting at relatively high seed densities to compensate for the low tillering
capacity of local teff cultivars, to suppress weeds, and to increase the amount and quality (e.g.,
palatability and softness) of the straw produced for livestock (Mihretie et al., 2020). The amount
of seed to be applied was determined by several factors, including the objective of production

(forage vs grain), cultivar type, planting methods, and soil fertility (Ouedraogo et al., 2020).
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Overall, maximum teff yield was attained when the optimum level of N inputs was coupled with
an appropriate sowing density.

Manganese (Mn) is an important micronutrient involved in photosynthesis, germination, and
maturation. Differences in soil Mn levels might therefore contribute to variations in crop yields
(Mousavi et al., 2011). High CEC is an indicator of high water-holding capacity and higher
availability of nutrients for crop growth (Soinne et al., 2020). For plants like teff with small seeds
that are highly susceptible to lodging, a relatively high soil sand content might provide better root
penetration and thus anchorage during the early growth period (Sharma and Chaudhary, 1983). In
addition to N inputs and sowing density, the regression tree analysis identified the Mn levels and
sand content of the soil as the most important factors that explained variations in teff grain yields
among farms.

Further examination of yield-limiting factors provided additional information about what
prevented each farm from achieving the maximum possible grain yield (Beza et al., 2017). Crop
management practices or soil properties identified as yield-limiting factors might not have been
directly linked to variations in grain yields identified by the regression analysis, but they could
prevent farms from achieving the maximum possible yields that were estimated with a boundary
line drawn through boundary points (Figs. 2.7, 2.8). The bell-shaped pattern of maximum yields
predicted for N and P application was caused by the lower growth rates and yields (Araya et al.,
2010) and increased lodging at higher N fertilization rates (Bayable et al., 2020). Optimizing
sowing and harvesting dates is a key to maximizing teff grain yields because it allows plants to
grow under suitable environmental conditions (e.g., radiation, temperature, and moisture), reduces
pest infestation, and loweres susceptibility to rain-induced lodging in rainfed teff production

systems (Mihretie et al., 2021). Similarly, optimizing soil nutrient availability, supply, and content

53



(neither too low nor too high) is a key to maximizing crop yields (Schiitz et al., 2018). In accord
with our findings, the P application rate is a major yield-limiting factor that could prevent cereal
crops from achieving maximum yields in acid-prone areas (Foy, 1992; Horst et al., 1993). EC is
also an indicator of nutrient availability, available water capacity, and conditions in the root
rhizosphere. Differences in EC might influence the potential yields of crops (Kitchen et al., 1999).
Application of essential micronutrients in addition to N and P in fertilizers has been shown to
maximize teff grain yields (Eyob et al., 2015).

Production of teff is a relatively low-yielding, less-profitable, and resource-intensive
enterprise, and the observed variations in yields among farms and the huge difference in yields
from the high-yielding cultivar indicates that there is a big opportunity to improve teff productivity
by implementing improved crop-management practices such as use of improved cultivars,
reduction of tillage, and planting in rows without trampling, together with integrated management
of soil fertility.

2.4.4. Economics of teff production

The majority of expenses in teff production were associated with labor used for tillage,
trampling, and weeding (Table 2.4). Fikadu et al. (2019) have also reported that teff cultivation is
relatively unproductive and labor-intensive compared with cultivation of other cereals (such as
wheat and maize) in Ethiopia. Tillage and trampling were the most labor-intensive activities used
to establish crops and minimize weed infestation because of the small seeds, small plant stature,
and shallow root system of teff (compared with other cereals), which requires careful preparation
of soil before sowing (Tesfahunegn, 2015). The degree of land preparation required for teff
cultivation is determined by soil type, weed seed density, rainfall patterns, and availability of labor

and draft power (Hailu et al., 2017). The low cost of production at Dibate and Aba-Gerima was
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due primarily to the high cost of labor and traction provided by oxen. However, horses are
primarily used for tillage and trampling at Guder. Despite the greater amount of plowing at Guder,
horses were cheaper and faster than oxen at plowing. However, the higher total income at Aba-
Gerima, followed by Dibate, was due to the higher yields of grain and straw there owing to the use
of improved cultivars and better use of inputs than at Guder (Table 2.4). The low profitability (net
return) at Guder was therefore due mainly to the low yields there and partly to the high costs of
animal traction and of labor for weeding (Table 2.5). We suggest that more use of labor-efficient
improved tillage, integrated weed control, and soil-fertility management practices could

substantially enhance teff production with only a small increase in the cost of production.

2.5.Conclusions

Overall, the spatial heterogeneity of teff yields across and within locations was due mainly to
differences in N application rates, sowing density, and soil fertility. The major factors that reduced
yields below the maximum expected were the P application rate followed by the time of harvest
and soil Zn content. The high frequency of tillage, monocropping, and complete removal of crop
residues were major causes of the low soil fertility. Although further studies are required, our study
indicates that the soils of most farms have sufficient concentrations of micronutrients to support
crop growth, with the exception of Zn. Because our study identified the major causes of only the
spatial variability of crop yield in a single season during which teff was the major crop, further
study is required to explore the variability of yields of other crops and to identify the biophysical
factors that constrain rainfed production by consideration of both spatial variability and seasonal

dynamics.
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From this study, frequent tillage and poor agronomic practices were identified as the major
challenges behind the low teff productivity, profitability and soil resource degradation.
Implementation of improved crop management practices such as reduced tillage, incorporation of
crop residues, crop rotation, and intercropping combined with appropriate practices to manage soil
fertility could improve rainfed crop productivity with minimal increases of costs. Therefore,
following this survey work, a field experiment was established to evaluate alternative crop
management options at Aba-Gerima watershed. Aba-Gerima watershed was selected because it is
of the active learning site for researchers, development practitioners and farmers in Ethiopia where
different sustainable land management (SLM) programs have been implemented for the past years
under Amhara regional state and non-governmental organizations; recent interventions by Water
and Land Resource Center (WLRC) and SATREPS-JICA-Next-generation SLM can be mentioned
as an example. Moreover, Aba-Gberima watershed was selected as a study site as it represents the
midland teff growing agro-ecology with a well-established watershed management system that
helps to monitor soil characteristics, long-term weather data, closely work with farmers and the
availability of baseline biophysical and socio-economic information and east access to skilled
labor which is a huge opportunity for implementing our field research studies with a lesser time,

resource and better access to quality data acquisition.
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Chapter three - Tillage and crop management impacts on soil loss and crop yields in

northwestern Ethiopia

3.1.Introduction

Soil erosion is a major environmental problem worldwide, and it is of a particular relevance to
the agricultural sector in Ethiopia (Haregeweyn et al., 2015; Hurni, 1983). The annual soil loss due
to erosion by water from Ethiopian highlands ranges from 20 to 80 t ha* yr! (Adimassu et al.,
2014; Berihun et al., 2020; Haregeweyn et al., 2017; Hurni, 1983), and the average soil loss rate
from cultivated lands was estimated as 42 t ha™t yr~t (Hurni (1993). Soil loss from cultivated lands
in the Upper Blue Nile basin is mostly driven by inappropriate land management practices (Ebabu
et al., 2019), including excessive tillage, continuous cropping, and low organic matter addition
(Oicha et al., 2010c). Proper management of croplands will thus play a huge role in reversing the

problem caused by soil erosion and maximizing crop production in low-input, rain-fed agriculture.

The area under cultivation accounts for 15% of the total land in Ethiopia (Taffesse et al.,
2012). The major cereal crops grown are teff (Eragrostis tef [Zucc.]), wheat (Triticum aestivum
L.), barley (Hordeum vulgare L.), sorghum (Sorghum bicolor [L.] Moench), and maize (Zea mays
L.). Among these, teff takes the major share of total crop production, with 3 million ha of land
cultivated in teff (CSA, 2018). Teff supports millions of people as a staple food crop in Ethiopia.
Teff is grown mainly as a forage crop outside Ethiopia, but demand for the grain is expanding
worldwide owing to its nutritional benefits, mainly as it is gluten free and is rich in lysine, iron,
and calcium (Assefa et al., 2011). However, its production system is highly challenged by decline
in soil fertility exacerbated by poor agronomic practices (Habte Werede et al., 2018). In the
conventional teff cultivation system, the land undergoes more than four tillage operations, using
oxen as the main source of draft power, followed by soil compaction (trampling) using a large
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number of cattle and donkeys immediately before broadcast sowing, with teff seeds randomly
scattered over the compacted ground. The intended purposes of frequent plowing in the
conventional teff cultivation are to create a fine seed bed for better crop establishment, reduce
weed infestation, and enhance rainwater infiltration and soil aeration (Lipiec et al., 2006). However,
repeated tillage may aggravate soil erosion by depleting soil organic matter and reducing plant
cover (Ghimire et al., 2017; Zhang et al., 2019). Reduced tillage systems could reverse problems
posed by traditional tillage practices (Temesgen et al., 2009; Unger and McCalla, 1980). Impacts
of tillage methods on soil erosion are highly dependent on crop type; plot scale; tillage implement;

time, frequency, and duration of tillage; soil type; and climatic variables (Temesgen et al., 2008).

Shelton et al. (1986) reported that, compared to broadcasting, planting in rows/strips is a
good strategy for both increasing crop yield and minimizing on-site soil erosion. Row planting
improves tillering capacity, seed distribution, and root development and reduce lodging in cereal
crops (Shelton et al.,1986). Compared to broadcasting, better biomass production and root
anchorage in row planting might contribute in reducing soil loss (Zuazo and Pleguezuelo, 2009).
Similarly, due to the small size of teff seed, trampling is mainly practiced to enhance root
anchorage, provide a smooth surface for better seed contact with the soil, and prevent seeds from
being washed away by rainwater immediately after planting (before germination), and prevent the
soil surface from quick drying during drought spells in the early growth stages (Fufa et al., 2000).
However, this soil compaction alters soil structure and has the potential to limit water infiltration
and increase runoff and erosion (Bakken et al., 1987; Muche et al., 2014). Because trampling is a
unique practice specific to teff cultivation, few studies have investigated its impacts on soil loss

and crop yield.
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Overall, agronomic practices of the conventional teff cultivation system are the major reasons
for low productivity and soil resource degradation (Vandercasteelen et al., 2013). Because teff
covers the majority of cultivated lands in Ethiopia, implementation of good agricultural practices
that can improve teff productivity without harming soil resources would be crucial for the
sustainable use and management of cultivated lands in erosion-sensitive areas and elsewnhere.
Therefore, the government of Ethiopia has been promoting reduced tillage and row-planting
practices without soil trampling as the most promising agronomic options to reduce soil erosion
from teff fields and improve crop yield. However, no or little information is available about the
effectiveness of these practices under the crop husbandry and production contexts of teff. Given
all these facts, this study was initiated following the hypothesis that reduced tillage practices and
row planting without trampling would be sustainable management options that can improve crop
productivity by conserving soil resources. Therefore, this study investigated the impacts of
different tillage, planting, and trampling practices on (1) sediment concentration and soil loss

during the teff growing period (August—October), and (2) teff grain and straw yields.

3.2.Materials and methods

3.2.1. Site description

The study was conducted at the Aba Gerima watershed in the Upper Blue Nile basin of
northwestern Ethiopia (Fig. 1.4). According to long-term climate data from the meteorological
station near the experimental site (Fig. 1.5), the study area is characterized by a unimodal rainfall
pattern with annual rainfall ranging from 895 to 2037 mm, most of which occurs from June to
September; the minimum and maximum temperatures are 13 and 27 °C, respectively. Nitosols and

Leptosols are the dominant soil types in the watershed based on the FAO soil classification system

60



(Mekonen, 2016). The study soil of (0—20cm) site has an average organic carbon content of 11 g
kg, total nitrogen of 1.1 g kg, available phosphorus (Olson) of 16.5 mg kg, pH of 5.6, and
exchangeable K of 1.1 cmol kgt and the texture is classified as clay (35% sand, 26% clay, and
39% silt).
3.2.2. Treatments and experimental setup

Two tillage practices, two planting methods, and two trampling practices (2 x 2 x 2 =8
treatment combinations) were evaluated. The tillage practices were reduced tillage (RT), with one
plowing at the time of teff planting, and conventional tillage (CT), with four plowings (once in
April, twice in June, and once in July). The two planting methods were row planting (RP), with
25-cm row spacing and 10 kg of seed ha™, and broadcast planting (BP), with 25 kg of seed ha2.
The two trampling practices were trampling immediately before planting (+T) and sowing without
trampling (-T). Treatments were assigned to each experimental unit following a split-split-plot
arrangement. Tillage practices were assigned as the main plot factor, planting methods were
assigned as a subplot factor, and trampling practices were assigned as a sub-subplot factor.
Therefore, there were eight sub-subplots, and the size of each was 30 m x 3 m (90 m?). Plots were
runoff plots separated by iron sheets of 40-cm depth of which 20 cm was inserted below the ground.
The plots were laid out on uniform land with a 12% slope gradient. Runoff and soil coming from
each plot were collected by a trench measuring 3 m in length, 1 m in depth, 2.5 m in width at the
top and 1.25 m at the bottom. The trenches were placed at the bottom of the runoff plot and lined
with plastic geo-membrane. The volume of each trench was nearly 4.1 m3, determined by
considering the highest rainfall and runoff coefficient of the area (Hudson, 1993). Graded soil
bunds were constructed uniformly across the experimental site as a common soil and water

conservation practice in the study area (Adimassu et al., 2018; Adimassu et al., 2014). The bund
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has a bottom width of 1.2 m, height of 0.5 m; and 1:2 side slope as prescribed by the MoA (2001).
As a result, each runoff plot was divided into four compartments (blocks/replications) separated

by soil bunds.

In each cropping season, teff planting was performed in late July and harvesting was done
in late November (for details, see Table 4.1). The popular locally adapted teff variety ‘Quncho’
was used. Nitrogen and phosphorous were applied to all plots at rates of 64 kg N ha™ and 46 kg
P20s ha'l, in the form of urea [(NH2).CO] and diammonium-phosphate fertilizers, respectively.
All P,Os and half of the N was first applied and mixed with the soil before sowing teff seeds; the
remaining N was applied at 30 days after sowing. Tillage and trampling activities were done
manually by using human labor (It was not practical to use oxen for our tillage treatments and
cattle for trampling due to the difficulties in managing them in such experimental plots). Tillage
was done at the depth of ~25 cm using a hand-hoe. Trampling was conducted by walking over the
plots. Farmers in the study area use human labor or oxen for tillage and trampling operations

depending on the availability of resources (Temesgen et al., 2009).
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Table 3-1. Summary of treatments and agronomic practices applied during the three monitoring seasons (2017-2019).

Treatments Seeding Row Time of agronomic practices
Tillage Planting Trampling . spacing 1st tillage 2nd 3rd 4th Planting 1st 2nd Harvesting
tillage tillage  tillage weedin weedin
(kg (cm) g g g g g
RT RP +T 10 25 Jul 19, - - - Jul 19, Aug 28, Sep 26, Nov 1,
T 10 25 2017; Jul 2017, 2017, Oct 2017;  2017; Nov
BP +T 25 -
25, 2018; Jul 25, 10, 2018; Sep 14, 5, 2018;
=T 25 -
Jul 29, 2018; Sep 5, 2017, Nov 27,
2019 Jul 29, 2019 Oct 2, 2019
CT RP +T 10 25 April 21, Jul 16, Jul 19, Jul 25,
-7 10 25 2017; 2017,  2017;  2018;
BP +T 25 -
April 24, Jun 14, Jun 29, Jul 29,
-T 25 -
2018; 2018; 2018; 2019
April 3, Jun 6, Jun 29,
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RT, reduced tillage; CT, conventional tillage; RP, row planting; BP, broadcast planting; +T, with trampling; —T, no trampling.



3.2.3. Data collection and analysis

The runoff and sediment concentration from each plot were monitored during the main
rainy season within the teff growing period (August—October). Runoff and sediment concentration
samples were measured daily at each plot every morning at 8:00 a.m. local time. Daily rainfall was
also recorded using an automatic rain gauge installed near the experimental plots. The volume of
runoff collected in each trench was measured using a plastic bucket of known volume. The actual
daily runoff volume for each plot was calculated by subtracting the estimate of rainfall directly
received on the surface area of the trench (Ebabu et al., 2019). Total actual daily runoff volume
was then converted to depth (mm) by dividing it by the plot area. After sufficient stirring, runoff
samples of 1 L were taken using a plastic bottle (Ebabu et al., 2019; Hudson, 1993). Sediment
concentration (g L) was determined by filtering each sample using Whatman 42 no. 1 paper filter
with a pore size of 1.2 um, and oven drying it at 105 °C for 24 h. Total amount of eroded soil (soil
loss) from each plot was then calculated by multiplying the sediment concentration and the actual
runoff volume. Soil moisture was monitored daily by using a moisture sensor (Decagon EC-5,

METER Group, Inc. USA) and data logger (EM 50) installed in each plot at a depth of 20 cm.

Five samples were collected and a composite soil sample was prepared from each plot at a
depth of 0—20 cm before (in 2017) and after the 3-yr experiment (in 2019). The soil samples were
analyzed for total nitrogen (TN), total organic carbon (TOC), available P, pH, and electrical
conductivity (EC). TN was analyzed using the Kjeldahl method (Bremmer and Mulvaney, 1996),
and TOC was determined as described by Nelson and Sommers (1996). Available P was
determined using the Olsen extraction method (Olsen et al., 1954). pH and EC were determined
based on the potentiometer principle (Peech, 1965); pH was determined in 1:25 soil:water solution

using a pH meter and EC was measured with a conductivity meter. For each plot, soil core
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sampling was done pre-sowing and post-planting using a core sampler of volume 100 cm? (5-cm
depth x 2.5 radius). The soil core samples were oven-dried at 105 °C for 24 h. Bulk density was

then calculated as a ratio of oven-dried soil to volume of the core sampler.

Every 15 days, teff biomass yield was sampled randomly at two sampling points in each
compartment (replicate) within each runoff plot (8 samples per plot) using a 0.25-m? quadrat. The
teff biomass sampling was started after 20 days after sowing. The collected teff biomass samples
were oven-dried at 80 °C for 24 h to determine the aboveground teff biomass over the growing
period. At physiological maturity, grain yield and straw yield were quantified using 1-m? quadrats
(8 samples per plot); teff samples were sun-dried for 4 days, manually threshed, and grains were
separated from husks; weight of grains and straw was quantified using a LABMAN analytical

balance.

Data were analyzed using R statistical software version 3.3.2 (Team, 2013). Before analysis,
data were checked for a normal distribution by using the Shapiro-Wilk procedure (Shapiro and
Wilk, 1965). Analysis of variance was performed, and means were separated using the least
significant difference procedure (Williams and Abdi, 2010) to detect treatment differences.
Correlation among parameters was determined following Pearson’s method as illustrated by
Gomez and Gomez (1984). Regression analysis was performed to define mathematical

relationships among parameters.
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3.3.Results
3.3.1. Sediment concentration and soil loss

Averaged over treatments and years, sediment concentration ranged from 0.01 t0 5.37 g L~
! The daily mean soil loss ranged from 0.0002 to 0.08 t ha™, with a mean of 0.02 t ha™*. The total
soil loss (August—October) ranged from 0.2 to 0.5 t ha™*, with a mean of 0.3 t ha™X. When assessing
the individual effects, sediment concentration and soil loss were significantly influenced (P < 0.05)
by tillage and trampling practices in 2019, but the effect was not significant in 2017 and 2018
(Table 3.2). Planting method had no significant impact on sediment concentration in any year, but
it significantly (P < 0.05) affected soil loss in 2017 and 2019 (Table 3.2, Fig. 3.1b). Except for
the three-way interaction (tillage x planting method x trampling) effect on sediment concentration
in 2019, no other interactions (tillage % planting method, tillage x trampling, planting method x
trampling) significantly affected sediment concentration and soil loss in our study (Table 3.2). In
general, the impact of the three practices on sediment concentration and soil loss became more
significant in the third year (2019) than in the first and second years of the experiment. Sediment

concentration and soil loss were lower in RT plots than in CT plots (Fig. 3.1a, Table 3.3).

Planting method affected the rate of soil loss. RP reduced soil loss by 19% in 2017 and by
7% in 2019 as compared to BP (Fig. 3.1b, Table 3.3). Our results indicated that avoiding
trampling (—T) reduced soil loss by 15% compared to trampling (+T; Fig. 3.1c, Table 3.3), mainly
due to the low bulk density (Table 3.4) owing to the absence of surface compaction and sealing.
Despite it was not significant, the higher compaction of +T probably decreased infiltration and
aggravated runoff and soil loss, particularly in the beginning of the growing season (August), when

the soil was disturbed by tillage and planting and rainfall was higher.
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The box-and-whisker plots (Fig. 3.2) indicated that there was substantial variability in
sediment concentration among different combinations of tillage, planting method, and trampling
practices. The combination CT/BP/+T (farmer’s practice) resulted in the highest sediment
concentration followed by CT/RP/-T and CT/RP/+T, whereas RT/BP/+T gave the lowest
sediment concentration followed by RT/RP/-T and RT/BP/-T. Overall, based on the soil loss
results, our findings reveal that the teff cultivation system that involves several tillage operations,
broadcast planting, and trampling is not efficient compared to improved practices (reducing tillage,

row planting, and avoiding trampling).

Table 3-2. Summary of results of analysis of variance (F-values) for the main and interaction
effects of tillage (TL), planting method (PM), and trampling practice (T) on sediment

concentration, soil loss, and runoff in 2017, 2018, and 2019 cropping seasons.

Treatments Sediment concentration Soil loss Runoff

2017 2018 2019 2017 2018 2019 2017 2018 2019
Main effects
TL 0.02 035 4.89* 021 — 4.66* 004 — 0.92
PM 0.01 007 147 0.02* — 0.00* 018 — 0.63
T 150 0.67 6.82** 141 — 4.37* 019 — 0.45
Interactions
TL x PM 0.84 0.67 3.64 001 — 1.40 001 — 0.77
TLxT 021 049 0.67 008 — 0.21 028 — 0.31
PMxT 042 132 325 052 — 0.65 036 — 0.59
TLxPMxT 21 0.83 6.69* 1.2 — 3.01 004 — 0.54

—, The runoff and soil loss data for 2018 were not available and not included in the analysis.

*P <0.05; **P <0.01
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Table 3-3. The effects of tillage, planting method, and trampling practices on monthly and total

soil loss (t ha™) in 2017 and 2019 teff growing seasons.

Treatments 2017 (n = 24) 2019 (n =22)

Aug Sep Oct Total Aug Sep Oct Total
Tillage
CT 0.27 0.06 0.07 0.40a 018 0.04 005 0.26a
RT 029 0.04 0.07 0.3% 011 0.06 0.04 0.21b
Planting method
BP 0.25 0.04 0.07 0.36a 014 0.07 0.06 0.27a
RP 0.20 0.03 0.06 0.29 0.16 0.04 0.04 0.25b
Trampling
+T 0.27 0.04 0.07 038a 016 0.06 0.05 0.26a
-T 0.28 0.05 0.07 0.3% 014 0.05 0.04 0.22b

Means with the same letter are not significantly different at P < 0.05. CT, conventional tillage; RT,
reduced tillage; BP, broadcast planting; RP, row planting; +T, with trampling; —T, no trampling.

Table 3-4. Effects of tillage, planting method, and trampling treatments on total nitrogen (TN),

total organic carbon (TOC), and bulk density of soil samples collected in 2017 (baseline, before

experiment) and after the 3-yr experiment (2019).

Treatments TN TOC  Bulk pH  Available P Exchangeable
Baseline 12.0 1.03 1.12 56 16.0 1.1
Tillage

CT 120b  0.9b 1.2 57 177 1.0
RT 13.8a 1.3a 1.2 55 154 1.2
P-values 0.04 0.02 0.10 0.23 0.29 0.90
Planting

BP 12.0 1.1 1.2 56  16.3 11
RP 11.9 1.1 1.2 56  16.7 1.2
P-values 0.11 0.52 0.50 112  0.99 0.99
Trampling

+T 8.7b 0.8b 1.2a 57 170 0.9
=T 13.0a 1.2a 1.1b 56  16.3 1.2
P-values 0.02 0.02 0.03 1.00 0.33 0.05

CT, conventional tillage; RT, reduced tillage; BP, broadcast planting; RP, row planting; +T, with
trampling; —T, no trampling. Values are means of 32 observations (4 sub-plots* 2 samples/sub-
plot* 4 replications).
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Figure 3-1. The individual effects of tillage (a), planting method (b), and trampling (c) on sediment
concentration (SC) during the three monitoring seasons. Numbers of observations (n) were 24, 19,
and 22 for 2017, 2018, and 2019, respectively. In each season, means with the same letter are not
significantly different. CT, conventional tillage; RT, reduced tillage; BP, broadcast planting; RP,

row planting; +T, with trampling; —T, no trampling. The error bars indicated are standard

deviations.
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Figure 3-2. The combined effects of tillage, planting methods, and trampling on sediment
concentration in 2019 (n = 22). The top and bottom of each box represent the upper and lower
quartiles, respectively; the horizontal line and x within each box represent the median and mean,
respectively; whiskers represent variability outside the upper and lower quartiles. CT, conventional
tillage; RT, reduced tillage; BP, broadcast planting; RP, row planting; +T, with trampling; —T, no

trampling.
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3.3.2. Temporal trends in sediment concentration and soil loss

The average sediment concentrations in 2017, 2018, and 2019 were 0.29 £+ 0.37, 0.16 +
0.31, and 0.27 + 0.45 g L™ (mean + SD), respectively (Fig. 3.3). Similarly, total soil loss in 2017
(0.37 t ha™t) was greater than that in 2019 (0.25 t ha™!; Table 3.2). Seasons with more rainfall
generated higher runoff that caused greater soil loss, as clearly demonstrated by the positive
correlation between runoff and soil loss (Fig. 3.3). The monthly trend showed that sediment
concentration and soil loss were relatively higher in August and September, and lowest in October
in all the study years (Fig. 3.4). In August and September, the rainfall was higher (relative to
October) and teff biomass cover was lower (Fig.3.5). However, some extreme rainfall events
coupled with soil disturbance associated with weeding also generated high sediment concentration

and soil loss in September.
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Figure 3-3. Relationships between daily runoff and soil loss in 2017 and 2019. The total numbers
of observations (n) were 192 (24 daily records x 8 treatments) for 2017 and 176 (22 daily records

x 8 treatments) for 2019. Runoff and thus soil loss data were not available for 2018.
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Figure 3-4. The trends of daily sediment concentration (SC) across months in 2017, 2018, and
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3.3.3. Cropyield

Combined over years, tillage had a significant impact on teff grain yield (P < 0.05),
whereas planting method and trampling did not (P > 0.05; Table 3.6). Teff straw yield, however,
was significantly influenced by tillage, planting method, and trampling (P < 0.05). None of the
interaction effects was found to be significant on grain yield and straw yield (P > 0.05). As
compared to CT, RT resulted in greater grain yield and straw yield. Moreover, RP gave relatively
greater grain yield and straw yield compared to those of BP. The improved teff growth conditions
in RP were mainly due to the better soil moisture (Fig. 3.6b) and high tillering capacity. Although
the difference in grain yield was not significant, +T resulted in higher straw yield compared to that

of —T (Table 3.6).
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3.4.Discussion

3.4.1. Sediment concentration and soil loss

In line with our study, Ebabu et al. (2019) reported that sediment concentration in crop land
ranged from 0.04 to 5.13 g L™t in the Aba Gerima watershed. Generally, the soil loss observed in
our study was lower than that reported in Ethopian croplands in previous studies. Accoring to
Hurni (1993), soil loss from cultivated lands in Ethiopia might be as much as 42 t ha ! depending
on the agro-ecological conditions. Other studies also noted that soil loss from agricultural lands is
highly variable and dependent on rainfall, slope, soil type, land use, and plot size (Adimassu et al.,
2014; Stroosnijder, 2005). The soil loss rates in the current study are far lower than those reported
by Ebabu et al. (2019) for croplands in the Upper Blue Nile basin (0.01 to 5.00 t ha™?). This
discrepancy mainly reflects the fact that the monitoring period in this study was limited to the teff
growing period (August—October), whereas much of the soil loss in the region may occur in June
and July, when rainfall is higher and the land is bare and/or with limited crop cover (Brenner et al.,
2013). Furthermore, the lower soil loss rates could be attribited to the sediment trapping efficieny
of the graded soil bunds uniformly constructed in our experimantal plots; soil bunds have been
reported to reduce soil loss by 40% to 50% in Ethiopia (Herweg and Ludi, 1999) and by 60% to
86% in the Upper Blue Nile basin (Ebabu et al., 2019). The significant interaction (tillage x
planting method x trampling) effect on sediment concentration marks the importance of the
synergy than the individual effect of tillage, planting method and trampling in relatively high

rainfall seasons (Minella et al., 2018).

The lower sediment concentration and soil loss in RT was mainly due to the favorable
conditions for rainwater infiltration owing to minimal soil disturbance (minimal tillage); the less

the disturbance, the lower the soil detachment and transportation by the rain and surface runoff
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(Wang et al., 2019). The higher sediment concentration and soil loss in CT might be attributed to
tillage-induced soil disturbances (Kurothe et al., 2014). Several studies reported that RT effectively
reduced soil loss. For instance, Adimassu et al. (2019); (Kurothe et al., 2014) showed that
minimum tillage with a sufficient amount of crop residue reduced soil erosion compared to CT
systems. Minimum tillage also aids the gradual build-up of soil organic matter and protects the
topsoil (nutrients) from being washed away by surface runoff. At 3 yr after the implementation of
RT, our results also demonstrated improvements in soil TOC and TN (Table 3.4). Under minimum
tillage systems, accumulation of soil organic matter facilitates the formation of soil aggregates,
increases soil porosity, and improves soil infiltration capacity, which can help improve crop yield
and reduce runoff and sediment loss (Zuazo and Pleguezuelo, 2009). The mechanism by which the
RT system reduces soil erosion also improves soil properties (Myers and Wagger, 1996), modifies
microtopography, and improves soil coverage (Lal, 1995). As a result, traditional tillage practices
with greater plow frequency and complete crop residue removal are among the major drivers of
land degradation in Ethiopia (Tebebu et al., 2017). The soil moisture content in RT was higher
than in CT plots (Fig. 3.6), indicating that RT enhanced rainwater infiltration. Minimum tillage
increases crop biomass and yields by providing more available moisture, which can support better
crop growth performance (Rockstrom et al., 2009). As a result, the teff biomass was consistently
higher in RT than in CT plots (Fig. 3.5). Better teff biomass (vegetation cover) in RT plots
enhanced soil protection against erosion by rainwater and explained the lower soil loss compared
to that of CT. Sufficient vegetation cover is an integral part of successful soil erosion management
(Rockstrom et al., 2009). RT practices will effectively reduce erosion only if coupled with

sufficient crop residue and vegetation cover (Cooper et al., 2017; Minella et al., 2018).
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The RP method provides greater biomass through the efficient utilization of soil resources
(moisture, nutrients, and light). In BP, however, the seeds are randomly scattered at high plant
density and weed competition is also higher. Our results indicate that planting practices that
support good biomass production are important in minimizing soil erosion, and the effect is highly
dependent on crop type, growing stage, and management factors (Shelton et al., 1986). In addition,
the effectiveness of RP over BP in reducing soil loss might be due to the improved root
development such as a better root length and formation of crown roots in cereal crops (Zuazo and
Pleguezuelo, 2009) that create good anchorage and protect the soil from detachment and

transportation.

Concurrent to our study, Amare et al. (2006) also reported that cattle trampling in teff
increased runoff and soil loss. Soil compaction (trampling) due to farm activities can alter the soil
structure, in turn hindering soil infiltration and aggravating soil erosion (Bakken et al., 1987;
Muche et al., 2014). Other studies also illustrated that cattle trampling damages soil structure,
hinders water infiltration, and aggravates soil loss from grazing lands with high livestock pressure
for a longer period of time (Chai et al., 2019; Wu et al., 2020). However, the impact of trampling
is governed by the purpose, level of compaction, trampling technique, and soil type (Savabi and
Giffor, 1987). Few studies have addressed the impacts of trampling on soil loss in crop fields, but
this is particularly important for teff, as it is the only crop that involves trampling during planting.
Our findings indicated that trampling aggravates soil loss from teff fields despite its potential
benefits in favoring better teff seed establishment, good root anchorage, and preventing soil from

drying quickly (Fufa et al., 2000).

The traditional crop cultivation system aggravates soil loss from agricultural lands in

Ethiopia (Berihun et al., 2019; Mariye et al., 2020). Kidane and Alemu (2015) suggested that
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minimum tillage and improved agronomic technologies might reduce the risk of soil loss from
teff-cultivated fields. Given that trampling is a unique practice in teff cultivation, reduced tillage
practices were also proven effective in reducing soil erosion and improving soil quality (Ebabu et
al., 2019). Furthermore, studies on teff (Oicha et al. (2010a), wheat (de Carcer et al. (2019), and
maize (Busari et al. (2015) reported that minimum tillage operations improved crop yield without

affecting soil quality.

3.4.2. Temporal trends in sediment concentration and soil loss

The differences in sediment concentration and soil loss among years were attributed to
variations in rainfall amount and intensity (Table 3.5), which were higher in 2017 than in 2018
and 2019, particularly in August when vegetation cover was low. However, soil loss was much
greater in 2017 than in 2019, mainly due to the major soil disturbance that occurred during
experimental plot establishment. Likewise, in our study the significant responses to treatments
were more pronounced in 2019 than in 2018 and 2017 due to the carry-over effects and the relative
stability of experimental plots later in the study period. Studies in similar areas of Ethiopia reported
that sediment concentration is higher during the start of the rainy season (July and August), when
soil is washed away by torrential rains and exacerbated by less ground cover (Ebabu et al., 2019;
Gashaw et al., 2018). The higher the rainfall amount and intensity, the greater the detachment and
transportation of soil particles (Chen et al., 2018; Renard, 1997). Greater biomass cover plays an
important role in reducing the rainfall energy and gives more time for rainwater to infiltrate without

detaching and transporting soil particles (Kort et al., 1998).
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Table 3-5. Monthly rainfall amount and minimum, maximum, and mean rainfall intensity

observed during the three cropping seasons (2017—2019) using data collected from automatic rain

gauges on site.

Month Rainfall intensity (mm/h)

Cumulative rainfall

amount (mm)

2017 2018 2019 2017 2018 2019
Min Max Mean Min Max Mean Min Max Mean
Aug 0.01 6.23 1.49 0.06 586 1.20 0.00 24.00 1.38 388.2 314.8 360.8
Sep 0.01 1.08 0.47 0.01 460 0.86 0.00 0.70 0.11 220.2 175.4 297.8
Oct 0.00 257 030 0.00 8.77 054 0.01 032 0.11 387 85.5 90.5
Total — — — — — — — — — 647.1 575.7 749.1

Table 3-6. Effects of tillage, planting methods, and trampling on teff grain and straw yield at

harvest, combined over years.

Treatments Grain yield (kg ha!)  Straw yield (kg ha?)
Tillage (TL)

CT 730 b 8700 b
RT 930a 10350 a
P-values 0.04 0.02
Planting method (PM)

BP 790 9170 b
RP 870 9880 a
P-values 041 0.05
Trampling (T)

+T 820 9815a
-T 730 8700 b
P-values 0.06 0.04
Interactions

TL x PM 0.8 0.09
TLxT 0.11 0.16
PMxT 0.70 0.91
TLXxPMxT 0.15 0.60
TLxPMxTx YR 0.09 0.50

CT, conventional tillage; RT, reduced tillage; BP, broadcast planting; RP, row planting; +T, with

trampling; —T, without trampling; YR, year.
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3.4.3. Crop yield

The difference was attributed to better growing conditions observed in RT plots, where both
the soil moisture (Fig. 3.6) and soil N were higher (Table 3.4), which brought about enhanced teff
growth (biomass gain) compared to CT (Fig. 3.5). Better soil fertility conditions in RT plots were
indicators of improvements in soil organic matter due to the minimal disturbance and nutrient
removal. In addition, the less soil loss in RT might have prevented the applied fertilizer (urea and
diammonium phosphate) from being washed away by runoff (Smith et al., 2007). Therefore, our
findings corroborated reports that RT can serve as one of the best agronomic practices for
conserving soil nutrients and improving both grain yield and straw yield of teff. Bahrani et al.
(2007); (Berner et al., 2008) also reported that RT increased crop yield. In contrast, other studies
indicated that RT has no impact (Hofmeijer et al., 2019; Tulema et al., 2008) or caused a reduction
in crop yield (Rusinamhodzi et al., 2011). In fact, the impact of RT systems on crop yield is highly
variable and depends on factors such as crop species (Joshi et al., 2007), soil type (Carter, 1992),
climate (Van Kessel et al., 2013), tillage implements (Larney and Bullock, 1994), amount of crop
residue (Bescansa et al., 2006), plot scale (Raclot et al., 2009), and number of years of

implementation.

Our results thus indicated that RP was an efficient agronomic practice to increase grain and
straw yields with reasonable reduction in soil loss. Berhe et al. (2011) also suggested that RP can
improve crop establishment during drought, tillering capacity, seed distribution, root development,
and lodging resistance. The better straw yield from +T was probably due to better soil moisture
(Fig. 4b), good crop establishment (root anchorage), reduced weed pressure, and lodging, which
implied enhanced teff growth (Table 3.6 and Fig. 3.5). Given there was no significant impact on

grain yield, the high soil loss in the +T treatment highlights the importance of avoiding trampling
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in the teff production system. Moreover, trampling is a labor-intensive activity that incurs extra
costs to teff growers. Even though there was little evidence explaining the impact of trampling on
crop yield, in a previous study, the positive impact of trampling on teff yield was associated with
its role in good crop establishment and moisture conservation (Hailu and Seyfu, 2000). Our study
also showed that +T plots slightly maintained better soil moisture compared to —T though not
statistically significant (P > 0.05). Trampling in teff prevents the soil surface from drying quickly
in the early growth stages (Fufa et al., 2000). Despite the immediate benefits observed in improving
teff biomass, the high soil loss in +T might lead to soil degradation, decline in soil fertility and

reduction in crop productivity in the long-term.

3.5.Conclusions

Based on our findings, we conclude that reduced tillage practices integrated with improved
planting systems (row planting without trampling) effectively reduced soil losses and improved
teff productivity. Reduction in soil loss was strongly associated with the better topsoil conditions
and teff biomass cover. Temporal soil loss patterns in our study were attributed to trends in rainfall
amount, rainfall intensity, and teff biomass cover. Better soil organic matter and moisture retention
in reduced tillage and row planting led to greater growth and yields of teff. However, the benefits
from reduced tillage practices can be maximized if properly integrated with crop residue
management and mixed-cropping systems (intercropping and crop rotation). Thus, future research
is crucial to investigate the long-term impact of agronomic practices including the effects of crop
residue management and different cropping systems on soil erosion, changes in soil properties,

and crop productivity.
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CHAPTER FOUR

Agro-economic evaluation of alternative crop management
options for teff production in midland agro-ecology,

Ethiopia
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Chapter four - Agro-economic evaluation of alternative crop management options for

teff production in midland agro-ecology, Ethiopia

4.1.Introduction

Teff (Eragrostis tef) is an important crop for smallholder farmers in Ethiopia because it
contributes to both their food security and income (Hassen et al., 2018). In Ethiopia, more than
three million hectares of land are cultivated with teff annually (Fikadu et al., 2019). However, teff
production there is constrained by lodging, drought, reduced soil fertility, and the need for
continuous cropping (Woldeyohannes et al., 2020). These problems are worsened by traditional
crop cultivation practices such as plant residue removal; frequent tillage and soil compaction; and
a lack of knowledge and access to inputs such as improved seed, fertilizers, and irrigation
technologies (Mihretie et al., 2021b). Usually, teff is cultivated using local cultivars and a high
seeding rate (>25 kg ha™); plowing is usually performed with oxen, and broadcast sowing,
harvesting, and threshing are usually performed by hand (Chanyalew et al., 2019). Although
smallholder farmers have their own reasons for using this approach, these practices are considered
to be the inherent cause of low crop productivity and degradation of natural resources (Mihretie et
al., 2021b). Thus, cost-effective crop management practices for increasing teff productivity are
needed.

Traditionally, farmers will plow their teff fields four to eight times, depending on the area, to
create a fine seedbed for better seed establishment and to minimize weed and pest infestations
(Oicha et al., 2010b). However, excess tilling wastes money, and disturbing the soil increases
erosion and organic matter loss (Haile and Fetene, 2012). To address these concerns, and

potentially reverse the negative impacts of conventional tillage approaches, the concept of reduced
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tillage, which encompasses minimizing the amount of tillage, using mixed cropping or crop
rotation, incorporating crop residues, and using pre-emergent herbicides to control weeds, was
developed (Cannell, 1985). Reduced tillage approaches have been shown to improve crop
productivity, improve soil quality, and reduce soil erosion in major cereals such as maize (Xu et
al., 2019), sorghum (Schlegel et al., 2018), and wheat (Khorami et al., 2018). However, because
reduced tillage results in large weed populations, which can compete with the crop for nutrients
and reduce the crop biomass that will be later used as feed for livestock or as an energy source for
cooking, this approach requires application of pesticides that are potentially harmful to the
environment (Khorami et al., 2018). Another drawback of reduced tillage is that it needs to be
practiced for a long period of time before the desired changes in soil quality and crop yield are
seen (Bai et al., 2018); this is problematic because farmers generally prefer to use technologies
that offer an immediate economic benefit. Despite these drawbacks, the implementation of reduced
tillage activities in Ethiopia has been reported to reduce soil erosion and improve yield in maize
(Ndoli et al., 2018), sorghum (Burayu et al., 2006), and teff (Gebretsadik et al., 2009).

Another characteristic of traditional teff farming in Ethiopia is the use of broadcast sowing
(hand-scattering at a high seeding rate) as a means of controlling weeds, producing high-quality
straw for livestock, and reducing labor costs (Mihretie et al., 2020). However, broadcast sowing
results in uneven seed distribution and low tillering capacity and allows weeds to compete with
the crop for applied nutrients. Row sowing is an alternative to broadcast sowing, and although the
effects of row sowing are highly dependent on soil type, tillering capacity of the cultivar used,
timing and amounts of nutrients applied, and seeding density and spacing between rows, this
approach has been shown in teff to improve growth and yield, and to use less seed than broadcast

sowing (Fischer et al., 2019; Mihretie et al., 2020). In addition, unlike in broadcast sowing, in row
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sowing nutrients can be placed near the root zone (Vandercasteelen et al., 2014). It has been
suggested that the improvements in teff productivity brought about by row sowing are the result
of efficient resource utilization, increased tillering, reduced lodging, and facilitation of farm
activities (Vandercasteelen et al., 2018a). In teff, row sowing has also been shown to be more
economical than broadcast sowing and seedling transplantation (Mihretie et al., 2020). Despite
these many advantages, current adoption of row sowing in teff cultivation is very low due to the
high labor costs associated with row-making, sowing, and weeding, and because this approach
results in poor-quality (tough) straw for livestock.

A unique practice in teff production is the process of compacting the soil by human or
animal (cattle, donkey, or horses) trampling immediately before sowing (Gebretsadik et al., 2009).
The purpose is to increase the contact area between the seed and the soil, reduce the risk of the
seed being displaced by rain water, and seal the soil surface to reduce the loss of moisture through
evaporation (Tefera et al., 2001b). However, compaction is a costly practice because it requires a
large number of people or animals to thoroughly compact large planting areas. Compacting the
soil is also known to aggravate soil loss via runoff by reducing rainwater infiltration (Amare et
al.). Recently, Mihretie et al. (2021b) have reported that trampling has little or no impact on
economic yield in teff.

Although reduced tillage, row sowing, and avoiding soil compaction have been demonstrated
to have agronomic, economic, and environmental advantages over traditional teff production
practices, little is known about their impacts when applied in combination. However, previous
findings do suggest that combining these practices may be a cost-effective means of improving
teff productivity. Here, we examined whether application of these three farming practices,

individually and in combination, could improve the agronomic (plant population, plant height,
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panicle length, loading, and yield) and economic performance of teff cultivation in the

northwestern highlands of Ethiopia.

4.2 Materials and Methods

4.2.1. Site description

The study was performed in the Aba-Gerima watershed (11°38'40.65"N, 37°29'30.02"E),
which was selected as an area representative of the midland agro-ecological zone in the
northwestern highlands of Ethiopia (Mihretie et al. (2021b). Based on long-term observations (Fig.
4.1), the study area receives an average annual rainfall ranging from 900 to 2000 mm and an
average monthly maximum temperature of 27°C and minimum temperature of 13°C. The main
rainy season (growing season) falls from June to September. The soils in the study area are
predominantly luvisols and leptosols; soil parameters measured for soil samples collected at the

study site are shown in Table 4.1.

Table 4-1. Soil parameters for a composite topsoil (0-20 cm) sample collected from the

experimental plots before the start of the experiment in 2018.

Parameter Value
Total nitrogen (%) 1.2
Total organic carbon (%) 0.1
Bulk density (kg m—) 1200
pH 5.6
Available P (ppm) 16.6
Exchangeable K (cmol¢ kg™) 1.1
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Figure 4-1. Long-term (2000-2020) average monthly rainfall (RF-long-term), maximum
temperature (Max-tem-long), minimum temperature (Min-tem-long), and solar radiation (Solar
rad-long-term) in the study area. The total monthly rainfall for the present study period (2018—

2020) is also shown.

4.2.2. Experimental setup
Experimental plots were established to evaluate two tillage practices (conventional tillage,
CT; reduced tillage, RT), two seeding practices (broadcast planting, BP; row planting, RP), and

two soil compaction practices (with or without trampling) as follows:
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Tillage: In accordance with current practice in the study area, CT plots were plowed four times:
once in April, two times in June, and once in July. RT plots were plowed once at planting in July.
In all plots, plowing was performed manually using a hand-hoe.

Planting: In accordance with current practice in the study area, BP was performed by
manually scattering seed at a rate of 25 kg ha™t. In RP plots, teff was planted in rows at a spacing
of 25 cm and a seeding rate of 10 kg ha™.

Soil compaction: In accordance with current practice in the study area, soil compaction
was performed immediately before planting by using human labor. No trampling was conducted
in the plots without soil compaction.

Treatments were arranged following a split—split plot design with four replications. Tillage
was assigned to the main plots, planting to the sub plots, and soil compaction to the sub- sub plots.
The gross plot size was 5 m x 3 m; the net plot size was 4 m x 2 m; spacing between blocks was
0.6 m. Planting was done on July 25 in 2018, July 29 in 2019, and August 07 in 2020. The teff
variety ‘Quncho’ was used. To help determine the amount of fertilizer to be applied, composite
topsoil samples of the studied plots were analyzed for selected parameters (Table 4.1, see also
Section 4.2.3). Nitrogen (N) and phosphorous (P) were applied at rates of 64 kg N ha* and 46 kg
P ha™%, respectively. All P and half of the N was applied at planting; the remaining N was applied
at 30 days after planting. Weeding was performed two times, at 30 and 45 days after sowing.
Harvesting was performed on November 5 in 2018, November 27 in 2019, and December 2 in
2020.

4.2.3. Data collection and analysis
To evaluate the soil properties of the experimental plots, a composite topsoil (0-20 cm)

sample from the experimental plots was collected before the start of the experiment (in 2018) and
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analyzed for total nitrogen, total organic carbon, bulk density, pH, available P, exchangeable K,
and electrical conductivity (Table 4.1). Total nitrogen was determined by using the Kjeldahl
method (Bremmer and Mulvaney, 1996). Total organic carbon was determined as described by
Nelson and Sommers (1996). Available P was determined by using the Olsen extraction method
(Olsen et al., 1954). pH and electrical conductivity were determined based on the potentiometer
principle (Peech, 1965); using a soil:water (1:25) solution, pH was determined using a pH meter
and electrical conductivity was measured with a conductivity meter.

During the experiment in 2019 and 2020, soil moisture was monitored every 30 min by
using a moisture sensor (Decagon EC-5, METER Group, Inc. USA) and data logger (EM 50)
installed in each plot at a depth of 40 cm.

During the experiment in 2018, 2019, and 2020, plant height was measured every 15 days
by randomly sampling 5 teff plants in each plot. Panicle length was measured immediately before
harvesting by randomly sampling 5 teff plants from each plot. The plant population was counted
within a 0.25-m? quadrat placed at randomly selected two points in each plot; counting was
conducted twice during the growing period—at the early growth stage (20 days after sowing) and
at harvest. The weed population was also counted within a 0.25-m? quadrat placed at randomly
selected two points in each plot immediately before the first and second weeding. Lodging was
visually estimated as a percentage of teff stands in each plot inclined below 45° during
physiological maturity. Leaf area index was quantified with an LAI-2200C Plant Canopy Analyzer
following standard procedures. Grain and straw yields were quantified using samples collected
within a 1-m? quadrat at two spots from each plot during physiological maturity. The samples were
sun-dried for at least 4 days and manually threshed; husks were manually separated from the grain

by using sieves. Grain and straw yields were quantified by using a LABMAN analytical balance.
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Labor costs of tillage, sowing, trampling, and the cost of seed were recorded to estimate the
variable costs associated with the experimental practices. Non-variable costs such as the costs of
fertilizers, harvesting, and threshing were assumed to be constant across treatments. A cost—benefit
analysis was performed by using input costs (labor and seed), selling prices of teff grain, and straw
yields documented by nearby cooperatives. All costs and benefits (in USD) were calculated as
average values across the three monitoring seasons (2018, 2019, and 2020) and are expressed on
a per hectare basis. Total variable cost was determined as the sum of the costs of seed and labor
for the different tillage, planting, and soil compaction methods. Gross benefit was calculated as
the sum of income obtained from grain and straw yield sales. Net benefit was calculated by
subtracting the total variable cost from the gross benefit.

R statistical software version 3.3.2 (Team, 2013) was used to analyze the data. The Shapiro—
Wilk test (Shapiro and Wilk, 1965) was used to check the normality of the data. The least
significant difference test (Williams and Abdi, 2010) was used to detect differences between
treatments. The statistical significance of each difference in the agronomic and economic

parameters among treatments was tested at the 1% and 5% probability levels.

4.3.Results

4.3.1. Teff growth

Plant height: Figure 4.2 shows the effects of tillage, sowing, and soil compaction on plant
height. In all three study years (2018, 2019, and 2020), plant height increased rapidly from August
to October and then increased slowly from October to November. Between treatments, the monthly
plant height increase was greater with RT than with CT, with RP than with BP, and with

compaction than without compaction. In 2018 and 2020, but not in 2019, plant height at maturity
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(in November) was significantly higher with RT than with CT (P < 0.05). In all three years, plant
height at maturity was significantly higher with RP than with BP (P < 0.05). In all three years,
plant height at maturity was comparable with or without compaction. No interaction effects for
plant height were observed for tillage, sowing, and soil compaction in all three years.

Panicle length: Table 4.2 shows the effects of tillage, sowing, and soil compaction on panicle
length. In all three years, panicle length was significantly higher with RT than with CT (P < 0.05).
In 2019 and 2020, but not in 2018, panicle length was significantly higher with RP than with BP
(P < 0.05). In all three years, panicle length was comparable with or without compaction. No
interaction effects for panicle length were observed (TxS, TxC, SxC, and TxSxC). The combined
effect of treatments was significant in all three years (P < 0.05). The longest panicle length was
obtained with RT-BP—without in 2018, RT-RP—without in 2019, and RT-RP—with in 2020; the

shortest panicle length was obtained with CT-BP—without in all three years.
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Figure 4-2. Mean teff plant height throughout the growing months (August to November)
obtained with different tillage, sowing, and soil compaction practices. RT, reduced tillage; CT,

conventional tillage; RP, row planting; BP, broadcast planting; with, soil compacted; without, soil
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not compacted. Means for plant height at maturity (November) were considered significantly

different when P < 0.05.

Table 4-2. Effects of tillage, sowing, and soil compaction methods on panicle length of teff in

2018, 2019, and 2020.

Panicle length (cm)
2018 2019 2020

Tillage (T)

CT 30.8b 36.2b 30.5b
RT 37.0a 40.3a 39.6a
F-value 11.5** 16.0** 40.9**
Sowing (S)

BP 33.7 35.1b 32.5b
RP 34.1 41.4a 37.6a
F-value 0.05ns  38.1** 12.4**
Compaction (C)

With 30.5 38.6 35.8
Without 314 37.9 34.3
F-value 0.08ns 0.5ns 1.1ns

Treatment combination (TRT)

CT-BP-with 30.2c  35.1bc 28.1d
CT-BP-without 30.1c  32.2c 27.6d
CT-RP-with 30.5c 38.1b 32.8cd
CT-RP-without 32.7bc  39.3b  33.5cd
RT-BP-with 34.2abc 37.6b  38.6abc
RT-BP-without 37.3a  35.6bc 35.8b
RT-RP-with 36.8a 43.7a 43.7a
RT-RP-without 36.7a  44.6a 40.3ab

F-value 3.0* 8.5**  7.8**
Interaction (F-value)

TxS 0.6ns 1l.4ns  0.03ns
TxC 1.0ns 0.02ns 1.3ns
SxC 0.8ns 29ns  0.01ns
TxSxC 0.2ns 0.1ns  0.08ns
Year (YR) 0.03ns

TRTxYR 1.3ns

RT, reduced tillage; CT, conventional tillage; RP, row planting; BP, broadcast planting; with, soil
compacted; without, soil not compacted; T, tillage; S, sowing methods; C, compaction methods.

Means with different letters are significantly different at the 0.01 and 0.05 probability levels.
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Leaf area index: Table 4.3 shows the effects of tillage, sowing, and soil compaction on leaf
area index (LAI) in 2019 and 2020. A significantly lower LAl was obtained with RT than with CT
at the tillering stage (September) in 2019 (P < 0.01) and at the post-flowering stage (November)
in 2020 (P < 0.05). Similarly, a significantly lower LAI was obtained with RP than with BP at the
tillering stage (September) in 2019 (P < 0.01) and at the post-flowering stage in 2020 (P < 0.05).
LAl was comparable with and without soil compaction. No interaction effects for LAI were
observed (TLxSM, TLxSC, SMxSC, and TLxSMxSC). The combined effects of tillage, sowing,
and compaction on LAI was significant only at the tillering stage in 2019 (P < 0.05). The highest
LAI at tillering was obtained with CT-BP-with in 2019 and with CT-BP—without in 2020; the
lowest LAI at tillering was obtained with the combination RT-RP—without in 2019 and with the
combination CT-BP-with in 2020. At the post-flowering stage in 2020, the highest LAI was not
differed significantly among treatment combinations.

Plant population: Table 4.4 shows the effects of tillage, sowing, and soil compaction on
plant population at emergence and maturity. The plant population was comparable between CT
and RT at both emergence and maturity in all three years, except for at emergence in 2018 where
the plant population was significantly smaller with RT than with CT. In all three years, the plant
population was significantly larger with BP than with RP at emergence (P < 0.05). However, at
maturity, the plant population was significantly larger with RP than with BP in 2018, was
comparable between the two treatments in 2019, and was significantly smaller with RP than with
BP in 2020. The plant population was comparable with and without soil compaction in all three
years, except at emergence in 2018 when the plant population was significantly larger without

compaction than with compaction. Both at emergence and maturity, no interaction effects on the
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plant population were observed (TLxSM, TLxSC, SMxSC, and TLxSMxSC) except for TLXSM
in 2018 (P < 0.05). The combined effects of TL, SM, and SC on the plant population was
significant for all years at emergence but only for 2020 at maturity. The largest plant population
at emergence was obtained with CT-BP—without in 2018, with CT-BP—with in 2019, and with
CT-BP-without in 2020; the smallest plant population was obtained with RT-RP—without in 2018,
with CT-RP—without in 2019, and with CT-RP-with in 2020. At maturity in 2020, the largest

plant population was obtained with CT-BP—without and the lowest with CT-RP-with.
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Table 4-3. Effects of tillage, sowing, and soil compaction methods on leaf area index at the

tillering (September) and post-flowering (November) stages in teff in 2019 and 2020.

Leaf area index in 2019 Leaf area index in 2020

Sep Nov Sep Nov
Tillage (T)
CT 2.7a - 1.7 4.6b
RT 2.3b - 1.8 5.0a
F-value 1.8** 0.4ns 2.1*
Sowing (S)
BP 2.8a - 1.6 5.4a
RP 2.2b - 1.9 4.2b
F-value 2.9%* 0.6ns 2.2%
Compaction (C)
With 2.6 - 1.8 4.8
Without 2.4 - 1.7 4.8
F-value 0.4ns 0.02ns 0.1ns
Treatment combination (TRT)
CT-BP-with 3.1a - 1.1 5.31
CT-BP-without 3.0a - 1.6 5.60
CT-RP-with 2.5ab - 2.3 3.75
CT-RP—without 2.4b - 1.6 3.87
RT-BP-with 2.6ab - 1.6 5.49
RT-BP-without 2.5ab - 2.2 5.11
RT-RP-with 2.3b - 2.1 4.55
RT-RP-without 1.7c - 1.5 4.68
F-value 6.7** 0.9ns 1.0ns
Interaction (F-value)
TxS 0.01ns - 1.4ns 0.9ns
TxC 0.15ns - 0.001ns 0.5ns
SxC 0.11ns - 3.9ns 0.1ns
TxSxC 0.08ns - 0.00ns 0.1ns

RT, reduced tillage; CT, conventional tillage; RP, row planting; BP, broadcast planting; with, soil
compacted; without, soil not compacted; T, tillage; S, sowing methods; C, compaction methods.
Means with different letters are significantly different at the 0.01 and 0.05 probability levels. ‘-

data not recorded due to malfunctioning of the measuring instrument.
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Table 4-4. Effects of tillage, sowing, and soil compaction methods on teff plant population at

emergence and maturity stages in 2018, 2019, and 2020.

Plant population at Plant population at maturity
emergence (x108 plants* ha™)

(x108 plants* ha™)

2018 2019 2020 2018 2019 2020
Tillage (T)
CT 4.8a 4.5 3.0 8.5 13.3 9.0
RT 3.0b 4.7 2.9 8.5 10.9 8.9
F-value 30.6** 0.6ns 0.2ns 0.001 0.6ns 0.2ns
Sowing (S)
BP 5.7a 5.3a 3.7a 7.6b 12.7 9.7a
RP 2.0b 3.9b 2.1b 9.5a 11.6 8.1b
F-value 126.1**  25.7* 38.9* 6.4* 25.7** 38.9**
Compaction (SC)
With 1.9b 4.7 2.7 9.4 12.6 8.7
Without 4.1a 4.5 3.1 8.4 11.7 9.1
F-value 7.3* 0.5ns 2.3ns 0.001 0.6ns 2.3ns
Treatment combination (TRT)
CT-BP-with 7.1a 5.9a 3.9ab 9.5 13.7 9.9ab
CT-BP-without 7.4a 4.8abcd 4.l1a 7.0 12.3 10.1a
CT-RP-with 1.9c 3.8de 1.9c 9.4 14.3 7.9c
CT-RP—without 2.3c 3.4e 2.0c 10.5 13.0 8.0c
RT-BP—with 3.8b 5.1abc  2.9bc 7.8 12.9 8.9ab
RT-BP-without 4.0b 5.4ab 4.0a 9.0 11.7 10.0a
RT-RP—with 2.0c 40cde 2.2c 8.4 9.3 8.2¢c
RT-RP-without 1.9c 4.3bcde 2.4c 8.9 9.8 8.4c
F-value 45.0** 4.6** 6.7** 2.2ns 1.5ns 6.7**
Interaction (F-value)
TxS 16.2** 1.3ns 3.2ns 2.6ns 1.3ns 3.2ns
TxC 4.1ns 3.2ns 0.9ns 2.6ns 3.2ns 0.9ns
SxC 1.0ns 0.4ns 1.2ns 1.0ns 0.4ns 1.2ns
TxSxC 2.5ns 0.4ns 0.6ns 0.4ns 0.4ns 0.6ns
Year (YR) 11.3** 0.008
TRTxYR 6.2** 3.068**

RT, reduced tillage; CT, conventional tillage; RP, row planting; BP, broadcast planting; with, soil
compacted; without, soil not compacted; T, tillage; S, sowing methods; C, compaction methods.
Means with different letters are significantly different at the 0.01 and 0.05 probability levels.
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4.3.2. Weed infestation

Table 4.5 shows the effects of tillage, sowing, and soil compaction on the weed population.
In all three years, the weed population was significantly larger with RT than with CT at both the
first and second weeding (P < 0.05), except at the second weeding in 2019 when the weed
populations in the RT and CT plots were comparable. At the first weeding, the weed population
was significantly larger with RP than with BP in 2018 and 2019 (P < 0.05); in 2020, the weed
populations were comparable between the two treatments. At the second weeding, no differences
in weed population were observed. Similarly, a significant difference in the weed populations
between with compaction and without compaction was observed only at the first weeding in 2018.
The combined effects of TL, SM, and SC on the weed population at the first and second weeding
were significant in 2018 and 2020. The largest weed population across both the first and second
weeding was obtained with RT-RP—without in 2018. The largest weed population at the first
weeding was obtained with RT-RP—without and at the second weeding with RT-RP—without, both
in 2018. The smallest weed population across both the first and second weeding was obtained with

CT-BP-with in 2018.

4.3.3. Lodging

Figure 4.3 shows the effects of tillage, sowing, and soil compaction on lodging. Comparing
RT and CT, there were no significant differences in lodging in 2018 and 2020; however, lodging
was significantly higher with RT than with CT in 2019 (P < 0.05). Comparing planting practices,
lodging was significantly lower with RP than with BP in 2018 and 2020 (P < 0.05), and was
comparable in 2019. Comparing compaction treatments, there were no significant differences in

lodging in 2019 and 2020; however, lodging was significantly higher without compaction than
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with compaction in 2018 (P < 0.05). The lodging percentage varied substantially across the years

in the order of 2018 > 2019 > 2020 (P < 0.05). No interaction effects were observed for lodging

(TLxSM, TLXSC, SMxSC, and TLxSMxSC) (Fig. 4.3).

Table 4-5. Effects of tillage, sowing, and soil compaction methods on weed population at first

and second weeding in 2018, 2019, and 2020.

Weed population at

Weed population at

2018 2019 2020 2018 2019 2020
Tillage (T)
CT 1.7b 1.2b 1.1b 0.9b 0.8 0.9a
RT 1.9a 1.4a 1.8a 1.2a 0.8 0.6b
F-value 22.9** 1.3ns 21.9** 9.2** 0.04ns  30.8**
Sowing (S)
BP 1.7b 1.2b 1.0 0.9 0.8 0.7
RP 1.9a 1.4a 1.0 1.1 0.8 0.8
F-value 14.1** 5.6* 0.001ns 3.3ns 0.00ns 3.1ns
Compaction (C)
With 1.6b 1.3 1.0 0.9 0.8 0.7
Without 1.8a 1.3 0.9 1.0 0.9 0.8
F-value 4.9* 0.07ns  3.2ns 0.07ns 1.6ns 2.3ns
Treatment combination (TRT)
CT-BP—with 1.4b 1.0 0.9bc 0.7b 0.8 0.7b
CT-BP-without 1.6b 1.2 0.8c 0.8b 0.9 0.9ab
CT-RP-with 1.6b 15 0.8c 0.9b 0.9 0.9ab
CT-RP—without 1.8ab 1.3 0.8c 0.9b 0.8 1.1a
RT-BP—with 1.5b 1.1 1.2a 0.7b 0.7 0.6¢
RT-BP-without 18ab 14 1.0ab 1.0ab 1.0 0.6¢
RT-RP—with 1.8ab 1.7 1.2a 0.7b 0.7 0.6¢
RT-RP-without 2.1a 14 1.1ab 1.3a 0.9 0.6¢
F-value 11.4** 1.6ns 4.2%* 3.4* 0.4ns 6.0**
Interaction (F-value)
TxS 3.5ns  0.004ns 2.8ns 0.8ns 0.01ns 3.1ns
TxC 2.1ns 0.007ns 1.1ns 2.2ns 1.06ns 2.7ns
SxC 09ns 4.1ns 0.6ns 19ns 0.37ns 0.3ns
TxSxC 1.1ns 0.15ns 0.02ns 0.6ns 0.008ns 0.001ns
Year (YR) 188** 11.1**
TRTxYR 6.8** 3.5**

RT, reduced tillage; CT, conventional tillage; RP, row planting; BP, broadcast planting; with, soil
compacted; without, soil not compacted; T, tillage; S, sowing methods; C, compaction methods.
Means with different letters are significantly different at the 0.01 and 0.05 probability levels.
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Figure 4-3. Effects of tillage, sowing, and soil compaction practices on teff lodging in 2018, 2019,
and 2020. The top and bottom of each box represent the upper and lower quartiles, respectively;
the horizontal line and the multiplication symbol (%) within each box represent the median and
mean, respectively; whiskers represent variability outside the upper and lower quartiles. RT,
reduced tillage; CT, conventional tillage; RP, row planting; BP, broadcast planting; with, soil
compacted; without, soil not compacted. Within each year, means with different letters are

significantly different at P < 0.05.
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4.3.4. Grain and straw yields

Table 4.6 shows the effects of tillage, sowing, and soil compaction on grain and straw yields.
In all three years, grain and straw yields were significantly higher with RT than with CT (P <
0.05). The effects of SM on grain yield was significant only in 2019 when RP gave a higher grain
yield (2.2 t ha?) than did BP (1.6 t ha™t) (P < 0.05). Straw yield was not significantly impacted by
SM (P > 0.05). Both grain yield and straw yield were not significantly influenced by SC (P <
0.05). Grain yield was significantly impacted by the combined effects of TL, SM and SC methods
in all the years (P < 0.05). The highest grain yield was obtained with RT-RP—with in 2018, and
with RT-RP—without in 2019 and 2020. The lowest grain yield was obtained with CT-RP—with in
2018, with CT-BP—with in 2019, and with CT-RP-without in 2020. The highest straw yield was
obtained with RT-RP-without; the lowest was obtained with CT-RP—without. No interaction
effects were observed for grain yield and straw yield (TLxSC, SMxSC and TLxXSMxSC), except
for grain yield in 2020 (P < 0.05). In addition, significant interactions between treatment
combination and year were observed for both grain yield and straw yield. In general, grain yield

and straw yield were both significantly increased year on year in the order 2018 < 2019 < 2020.

4.3.5. Profitability

Table 4.7 shows the results of a partial cost-benefit analysis conducted for the different
combinations of farming practices. As expected, the labor costs for tillage were significantly higher
for combinations involving CT than for those involving RT, for those involving RP than for those
involving BP, and for with compaction than without compaction (all P < 0.05). Similarly, seed
cost was significantly higher for combinations involving BP than for combinations involving RP
(P < 0.05). Total variable cost was significantly different among the different combinations of TL,

SM, and SC (P < 0.05); CT-RP—with incurred the highest total variable cost, and RT-BP—-without
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incurred the lowest total variable cost. Total gross benefit also significantly varied among the
different combinations of TL, SM, and SC (P < 0.05); RT-RP-with afforded the highest total gross
benefit (2216 USD) and CT-RP-without afforded the lowest total gross benefit (1235 USD). Net
benefit significantly varied among the different treatment combinations (P < 0.05); RT-RP—with

afforded the highest net benefit (1631 USD).
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Table 4-6. Influences of tillage, sowing, and soil compaction methods on grain and straw yields

of teff in 2018, 2019, and 2020.

Grain yield (kg ha™?)

Straw yield (kg ha 1)

2018 2019 2020

2018 2019 2020

Tillage (T)

CT 639b 1640b 728b 6543 21724b 7933b
RT 782a 2161a 1013a 7158 27083a 10693a
F-value 6.9* 9.5** 9.8** 1.3ns 5.3* 16.4**
Sowing (S)

BP 767 1629b 846 7191 22310 9443

RP 655 2172a 894 6510 26498 9182
F-value 4.2ns 10.3**  0.3ns 1.6ns 3.2ns 0.1ns
Compaction (SC)

With 530 1827 874 5803 23968 9434
Without 736 1974 866 7000 24839 9191
F-value 0.7ns  0.76ns 0.008ns 0.4ns 0.14ns 0.1ns
Treatment combination (TRT)

CT-BP-with 664bc  1313d 850abc 6811 17090 8665abc
CT-BP-without 724abc 1609cd  800bc 7288 21620 8338bc
CT-RP-with 530c 2017bc  703c 5803 26540 8085hbc
CT-RP—without 579bc  1622bcd 558c 5796 21645 6643c
RT-BP-with 580bc  1672bcd 853abc 7516 23589 10135ab
RT-BP-without 809a 1922bcd 883abc 7094 26940 10635ab
RT-RP-with 1102a 2306ab  1093ab 7440 28655 10850ab
RT-RP-without 755ab  2744a 1225a 7221 29150 11150a
F-value 3.1* 3.6** 2.6* 1.3ns 1.6ns 2.8*
Interaction (F-value)

TxS 0.5ns 1.19ns 7.1* 1.8ns 0.05ns 1.6ns
TxC 1.1ns 1.35ns 0.9ns 0.1ns 0.20ns 0.9ns
SxC 09ns  0.55ns 0.001ns 0.2ns 1.75ns 0.2ns
TxSxC 0.8ns 1.69ns 0.3ns 0.4ns 0.50ns 0.1ns
Year (YR) 0.5ns 0.3ns

TRTxYR 2.5* 3.0*

RT, reduced tillage; CT, conventional tillage; RP, row planting; BP, broadcast planting; with, soil

compacted; without, soil not compacted; T, tillage; S, sowing methods; C, compaction methods.

Means with different letters are significantly different at the 0.01 and 0.05 probability levels.
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Table 4-7. Partial cost-benefit analysis for the different tillage, sowing, and soil compaction

practices.

Cost or benefit CT- CT- CT- CT- RT-— RT-— RT- RT-
(USD ha™) BP-  BP- RP—  RP- BP-  BP- RP-  RP-
with without  with without  with without with  without
1. Labor cost
Tillage 368a 368a 368a 368a 92b 92b 92b 92b
Compaction 78 - 78 - 78 - 78 -
Sowing 16b 16b 49a 49a 16b 16b 49a 49a
Weeding 375a 376a 460a 453a 378a 399a 358a  397a
2. Seed cost 20a 20a 8b 8b 20a 20a 8b 8b
3. Total variable 858ab  780b 963a 878ab  585c 527c 585c  546¢
cost
4. Total gross 1427ab 1253b  1460ab 1235b  1764ab 1447ab 2216a 1665ab
benefit
5. Net benefit 569bc  474bc  498bc  358c 1179ab 920abc 1631la 1120ab

RT, reduced tillage; CT, conventional tillage; RP, row planting; BP, broadcast planting; with, soil

compacted; without, soil not compacted. Means with different letters are significantly different at

P <0.05.
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4.4.Discussion

4.4.1. Teff growth

We observed a greater plant height and panicle length in RT plots compared with those in CT
plots, which we attributed to lower soil disturbance and better organic matter accumulation
(Mihretie et al., 2021b) leading to better soil moisture availability (Fig. 4.4). Our findings are
consistent with those of Erkossa et al. (2006) who reported that reduced tillage practices improved
crop growth in teff. However, Gebretsadik et al. (2009) have reported that tillage practices do not
have an effect on crop growth components in teff. We also observed a greater plant height in RP
plots compared with that in BP plots, which we attributed to better placement of resources
(moisture, light, and nutrients) close to the root zone (Murphy et al., 1996). These findings are
consistent with those reported by Mihretie et al. (2020); (VVandercasteelen et al., 2013), which have
indicated that RP results in better teff growth compared with that obtained with BP.

With respect to LAI, we did not observe a clear impact of tillage across growth stages and
years. LAl is a complex trait affected by a range of factors including leaf arrangement and
orientation and so it might not be directly influenced by tillage (Murphy et al., 1996). RP plots
produced a greater LAI than did BP plots, probably due to efficient utilization of space (even plant
distribution) whereas the random scattering of plants (in patches) produced by BP produces some
open spaces regardless of the number of stands within a given area. Indeed, one of the
disadvantages of BP in cereals is that uneven distribution of stands results in poor light interception
(low LATI) and higher intra-plant competition (Ball, 1986). The present findings are in agreement
with previous reports that LAI in RP crops is greater than that in BP crops in teff (Mihretie et al.,

2021b) and other cereals such as maize (Bavec and Bavec, 2002).
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With respect to the plant population, a larger plant population at emergence was observed in
BP plots, which we attributed to the higher seeding density (25 kg ha™*) than that used in the RP
plots (10 kg ha™t) (Mihretie et al., 2020). However, the plant population at maturity was higher in
the RP plots than in the BP plots, probably because of rapid compensation in the teff stands through
enhanced tillering (Hussain et al., 2012; Mihretie et al., 2020). We also attributed the high tillering
observed in the RP plots to the presence of open spaces (Mihretie et al., 2021b), better availability
of resources around the root zone compared to that in the BP plots (Hussain et al., 2013), and to
the high tillering capacity of the teff cultivar (Quncho) used in the study.

To summarize our findings related to growth performance, the present data indicate that RT
and RP resulted in better teff growth performance compared with that obtained with CT and BP,
respectively. In addition, the application of soil compaction was found to have little to no impact

on teff growth.

4.4.2. Weed infestation

Tillage in the dry season (April-June) creates not only a favorable ground for teff seeds to
germinate but it also damages and exposes the weed plant (seed, stem, and root) to desiccation by
sunlight (Temesgen et al., 2008). Not unexpectedly then, we found that the weed population in RT
plots (plowed one time) was higher than that in CT plots (plowed four times). Indeed, greater weed
density has been reported in RT plots than in CT plots in teff (Mihretie et al., 2021b), wheat
(Hofmeijer et al., 2019), and maize (Streit et al., 2002). It is well known that reduced tillage
practices are most effective when accompanied by appropriate weed management practices such
as mulching and the use of pre- and post-emergent herbicides. Despite RP allowing better access
to applied N and P, the weed population is usually higher than that in BP plots due to the open

spaces between rows (Marwat et al., 2011). In addition, during the first weeding (approx. 30 days
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after sowing), when tillering is not yet properly started, the plant population was lower (Table 4.4)
in the RP plots due to the low seeding rate (10 kg ha™t), which might have allowed weeds to
flourish more than in the BP plots where a higher seeding rate (25 kg ha') was used. These
findings highlight the fact that the agronomic benefits from planting teff in rows can only be

maximized when coupled with appropriate weed control practices.
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4.4.3. Lodging

The significant reduction of lodging observed in the RP plots compared with that in the BP
plots was attributed to the growth of strong stems as a result of better nutrition (Bayable et al.,
2020). Our findings are consistent with those of Mihretie et al. (2021b) and Vandercasteelen et al.
(2018b) who have also reported reduced lodging when teff is planted in rows. One of the reasons
teff is highly susceptible to lodging is due to its weak stems (Van Delden et al., 2010). The high
tillering potential afforded by RP may promote the formation of crown roots (Webb and Stephens,
1936), and because lodging in teff is partly caused by failing from the root (Van Delden et al.,
2010), crown roots may provide better root anchorage (Ben-Zeev et al., 2020). However, the
stronger stems may make the resultant teff straw less palatable to animals, preventing it from being
used as livestock feed (Barretto et al., 2020). Indeed, in addition to high labor costs, poor-quality
straw has been cited as one of the reasons for the slow adoption of row planting in teff
(Vandercasteelen et al., 2013). As long as an alternative feed is provided to the farmers, row

planting could be one strategy to reduce lodging in teff production.

4.4.4. Teff grain and straw yields

The better teff growth (Fig. 4.2) and soil moisture conditions (Fig. 4.4) afforded by RT
resulted in greater grain and straw yields compared with those obtained with CT. The lower soil
disturbance caused by RT may have reduced the removal of soil organic matter and applied
fertilizer in runoff, which would have provided an immediate advantage for RT over CT in terms
of soil nutrition (Klik and Rosner, 2020). It is surprising that our use of RT resulted in greater teff
yields in the short-term, which is in contrast to several studies (e.g., Buichi et al. (2017) showing
that RT requires a longer timeframe (>5 years) before marked effects on crop yield are observed

as a result of improved soil qualities. The short-term impact of RT on teff in our study might be
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linked to the immediate benefits afforded by improved soil moisture compared to that obtained
with CT (Fig. 4.4), because one of the major bottlenecks of rain-fed teff production is the shortage
of moisture immediately after planting and at flowering time (Araya et al., 2010). In agreement
with our present findings, Gezahegn et al. (2019) and Desta et al. (2021) have both reported that
RT increased crop yield in the short-term. However, others have reported a reduction of crop yield
in the first 2-3 years of using RT (Hobbs and Giri, 1997).

Without considering the tillage and weeding costs, our study suggests that RT improved teff
yield in the short-term. Traditionally, more than 90% of the teff biomass is removed as an
economic product; we suggest that future studies investigate the impacts of mulching or residue
incorporation as part of a reduced tillage approach, because this is something we did not consider
in the present study.

The greater grain yield obtained with RP than with BP in 2019 was attributed to better growth
(Fig. 4.2), better soil moisture (Fig. 4.4), and reduced lodging (Fig. 4.3). Mihretie et al. (2020)
have suggested that RP may offer a 30% yield advantage when practiced with optimum seeding
density and row spacing. In addition to the yield advantage, RP saves teff seed and makes farm
operations easier (Mihretie et al., 2020). However, the impact of RP on grain yield is highly
impacted by several factors such as the type of cultivar used, soil type, seeding density, and row
spacing (Donkor et al., 2016; Liu and Song, 2012). In addition, this practice has a high labor
requirement and produces a low-quality straw, resulting in poor adoption among smallholder farms
in Ethiopia (Vandercasteelen et al., 2013). Also, some studies have reported that RP has no impact
on teff grain yield and sometimes might even afford a lower yield than BP when a local cultivar
with a low tillering capacity is used (Mihretie et al., 2021b). In the present study, we found that

that RP improved grain yield but had no impact on straw yield compared with BP.
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With respect to the impacts of soil compaction on grain and straw yields, we found no
differences between whether soil compaction was used or not, indicating that the choice of whether
to use soil compaction has relatively little importance in teff production. Despite finding no
impacts on grain and straw yield, we did find that soil compaction improved soil moisture (Fig.
4.4), slightly reduced weed infestation and lodging, and slightly improved teff growth and yield,
although this latter finding was not statistically significant (Table 4.5) and the responses were not
consistent across the study years and were not strong enough to contribute to the final harvest
(grain and straw yields). These findings support the farmers’ perception that soil compaction locks
in soil moisture by preventing surface drying, resulting in better root anchorage (Hundera et al.,
2001). In contrast, Amare et al. (; Mihretie et al. (2021b) have suggested that sealing the soil
surface by compaction might reduce infiltration of rain water and aggravate soil loss by runoff. In
general, because the mechanisms of how soil compaction influences soil properties and teff root
development are not fully understood, further studies are required to explore its impact in different
soil types and at different compaction levels, as well as the effects of different approaches to soil
compaction (human, animal, or tractor).

To summarize our findings regarding the effects of the different combinations of farming
practices, combinations containing both RT and RP (RT-RP—without in 2019 and 2020; RT-RP—
within 2018) afforded greater grain and straw yields due to better growth, better soil moisture, and
reduced lodging. Moreover, the differences in teff yield performance across the study years (2019
> 2020 > 2018) are attributed to the greater rainfall and distribution of rainfall throughout the
growing season in 2019 than in 2020 and 2018. The occurrence of high rain fall during maturity
(Nov) in 2018 and 2020 might have induced lodging, resulting in a drastic loss in teff yield. Indeed,

one of the major driving factors that triggers lodging is unexpected rain fall during physiological
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maturity, which also induces teff plant failure and seed shattering, and causes panicles to develop

mold (Bayable et al., 2020).

4.4.5. Profitability

Despite the RT plots producing a higher yield than the CT plots, the RP plots producing a
higher yield than the BP plots, and soil compaction not influencing teff yields, the associated costs
of labor and seed will likely be the main determinants of the uptake of these practices by farmers.
The low total variable cost and higher net benefit of RT-RP—with and RT-RP—without are a result
of the lower cost of labor for plowing and the higher grain and straw yields (Table 4.7) compared
to the high total variable cost and the lower net benefit of the combinations containing CT (high
cost of labor for plowing and lower grain and straw yields). CT in teff production is labor intensive
and RT might offer an economic advantage by minimizing plowing costs (Mihretie et al., 2021b),
even when there is little to no yield advantage over CT. However, implementation of RT is more
economical and effective when integrated with other crop intensification options such as crop
residue management, crop rotation, and proper weed management (Adimassu et al., 2019).

In our study, RP had a high cost for sowing that could be compensated for through lower cost
of seed and high yields compared to BP. In agreement with our study, Mihretie et al. (2020) have
shown that RP improves teff yields and reduces seed costs, which balances the labor costs of
sowing. Our present findings suggest that soil compaction could be of benefit due to higher grain
and straw yields, even with the additional high costs of labor. It should be noted here that farmers
normally use cattle for tilling and soil compaction in teff cultivation; however, in the present study
we used human labor because it was difficult to operate animals in the small experimental plots.
Although our study clearly indicated comparative differences in costs and benefits among tillage,

sowing, and soil compaction practices, quantification of the real costs associated with cattle tillage
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and trampling in larger plot size is required. In traditional teff production systems, farmers are
highly constrained by the availability of oxen for plowing and trampling. Because men are usually
the ones who perform the plowing operation in Ethiopia (Aune et al., 2001), oxeless and widow
female farmers face difficulties and might be forced to share their teff produce in exchange for
oxen (Degefa et al., 2017). Even those farmers who can afforded to own oxen will incur additional
costs for providing feed, shelter, and healthcare for the animals, and these animals could be the
one of the factors driving overgrazing and land degradation (Teklewold and Mekonnen, 2017). In
addition, frequent plowing is a major cause of soil loss and land degradation in Ethiopia (Araya et
al., 2011; Mihretie et al., 2021b). Therefore, RT may be a promising approach for resource-poor
farmers who do not have access to oxen or whose land has degraded. Overall, we found that RT—
RP—with and RT-RP—without were the most economical combinations of treatments for teff
production in the study area. Since there was no significant difference among the two in net benefit,
we recommend the use of RT-RP—-without, especially for farmers who have limited access to labor

or animals for soil compaction.

4.5.Conclusions

Here, we found that alternative tillage and sowing practices could have a substantial impact
on the agronomic and economic performance of teff cultivation. Reduced tillage significantly
improved teff growth and yield, mainly through better soil moisture availability and reduced cost
of production compared with conventional repeated tillage. However, the greater weed population
that results from reduced tillage calls for effective weed control strategies. The grain yield with
row seeding was significantly higher compared with that with broadcast sowing due to good

tillering and efficient use of moisture and nutrients. However, row planting incurred a high cost of

115



labor for sowing and weeding and requires the use of small-scale labor-reduction technologies.
Despite slight improvements in soil moisture, teff growth, and yields, soil compaction should be
discouraged due to the high cost of labor. Overall, we conclude that reduced tillage, row seeding,
and sowing without soil compaction are promising alternative practices for improving teff

productivity by reducing the cost of production and pressure on soil resources.
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CHAPTER FIVE

General conclusions
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Chapter five- General conclusions

In this doctoral research, we understood that traditional teff agronomic practices (high
frequency of tillage, mono-cropping, and complete removal of crop residues) were major causes
for soil resources degradation that led to the low teff productivity. According to our survey result,
the teff yield variability was majorly attributed to differences in crop managements such as N
application rates, sowing density, and soil fertility status among farmers. Alternative crop
management options such as reduced tillage, incorporation of crop residues, crop rotation, and
intercropping could improve teff productivity in erosion-prone areas by reversing the soil resource

degradation that was caused by traditional agronomic practices.

The results of the field study (Fig.5.1) revealed that reduced tillage minimized soil loss
compared to conventional tillage due to the minimal soil disturbance and higher biomass cover
that reduced the soil detachment and transportation by the rain and surface runoff. The increased
biomass production and presence strips/hedges under row sowing was likely contributed for the
reduction in soil loss compared to broadcast sowing. Avoiding trampling (soil compaction)
reduced soil loss compared to trampling, mainly due to the high bulk density owing to the absence
of surface compaction and sealing that might have enhanced infiltration and decreased runoff. The
differences in sediment concentration and soil loss over the study years were attributed to
variations in rainfall amount and intensity. Soil loss was higher during the start of the rainy season
(July and August), and when soil is washed away by torrential rains and exacerbated by less ground

cover.

Reduced tillage resulted in better top soil conditions due to higher biomass production and
less burning of organic matter due to the less disturbance. As a result, reduced tillage improved

soil moisture status compared to the conventional one due to the less runoff (more infiltration) and
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less volume of soil exposed to evaporation (less disturbance). Again, row sowing improved soil
moisture compared to broadcast sowing as a result of less runoff. Trampling slight improved soil
moisture compared no trampling. Improvements in top soil conditions and moisture retention
capacity of improved agronomic practices (reduced tillage and row sowing) contributed to the

better teff yield performance observed in our study.

In our study, reduced tillage significantly improved teff growth and yield, mainly through
better soil moisture availability and reduced cost of production compared with conventional tillage.
However, the greater weed population in reduced tillage requires implementation of effective weed
control strategies. Row sowing improved teff yields compared with broadcast sowing due to a
better tillering capacity, and efficient resource utilization (water, light and nutrients). However,
the high cost of labor for line making, sowing, and weeding in row planting calls for provision of
small-scale labor-reduction technologies. The impact of soil compaction was found to be
insignificant in teff production rather it is costly, and we suggest avoiding this practice from teff

cultivation system.

Overall, we conclude that reduced tillage, row sowing, without soil compaction are
promising alternative practices for improving teff productivity by reducing the cost of production
in erosion-prone areas. However, the benefits from reduced tillage-based systems can be
maximized if properly integrated with crop residue management and mixed-cropping systems
(intercropping and crop rotation). As a limitation, the effects of reduced tillage practices in
minimizing soil loss, preventing washing of applied fertilizer (nutrients) and consequences on teff
yield were not directly quantified in this study despite we indirectly measured their impact on soil
parameters such as organic carbon and soil moisture. However, the amount of nutrients washed

away together with the soil lost by the runoff (including the one from fertilizer application) should
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be experimentally quantified from different tillage and sowing methods to better explain the
magnitude of their impacts on soil nutrient contents, teff yield and profitability. Thus, future
research is crucial to investigate the long-term impact of agronomic practices including the effects
of crop residue management and different cropping systems on soil loss, changes in soil properties,

and implications on teff productivity under contrasting teff growing conditions in Ethiopia.
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SUMMARY

Teff is an important food-security crop that serves as a source of income for millions of
smallholder farmers in Ethiopia. Teff flour is used to make a staple flat bread called ‘injera’, as
well as pancakes, porridge, and alcoholic beverages. Teff straw is a major source of livestock feed
both in Ethiopia and elsewhere. Teff takes the major share of the total crop production in Ethiopia.
More than three million hectares of land is cultivated annually with teff in Ethiopia. The demand
for teff grain is expanding worldwide owing to its nutritional benefits, mainly as it is gluten free
and is rich in lysine, iron, and calcium. Despite it’s a high value crop, the productivity of teff
remained very low (< 1.8 t ha™) highly constrained by occurrence of lodging, drought, decline in
soil fertility and low input application. Moreover, teff-based cultivated lands in Ethiopia are highly
degraded and vulnerable to water erosion exacerbated by traditional agronomic practices such as
repeated tillage, soil compaction, mono-cropping and complete removal of crop residues. The
traditional teff cultivation system is thus the major driver of the high rate of soil erosion that led
to the low productivity of teff. Therefore, implementation of improved agronomic practices in the
framework of sustainable land management is inevitable to reverse the adverse effects being
caused by the traditional agronomic practices would sustainably improve teff productivity in
erosion-prone environments in Ethiopia. Therefore, the overall objective of this doctoral research
that contains five chapters was to evaluate improved agronomic practices on teff productivity in a

water erosion-prone environment.

The first chapter gives a highlight of the traditional teff cultivation system in Ethiopia by
focusing on profiling the challenges and opportunities of the existing teff cultivation system.
Chapter one further narrates how the low teff productivity is linked with the existing traditional

crop management practices. Possible alterative crop management options that could potentially

122



improve teff productivity by minimizing natural resource degradation were also discussed in
chapter one supported with concentrate evidences from previous experiences and studies. Finally,

the rationale, objectives and the hypothesis of the doctoral research are formulated in this chapter.

The second chapter presents the result of a farm-survey study that was conducted at three
contrasting watersheds located in erosion-prone environments of northwestern Ethiopia (Guder,
Aba-Gerima and Dibate watersheds representing the highland, midland and lowland agro-
ecologies). This chapter examines the characteristics of the teff-based cropping system and
explored the key crop management practices and soil fertility factors responsible for teff yield
variability. Chapter two indicated that teff production is a low-yielding, less-profitable and
resource-intensive enterprise. Soils of the teff-based farming systems were found to be poor in soil
fertility and highly vulnerable to water erosion. Poor teff yields were mostly attributed to failure
to implement improved agronomic practices and poor soil fertility status. The conventional crop
management system was further marked by its’ high frequency of tillage, soil compaction, mono-
cropping, and complete removal of crop residues considered as an inherent cause for low teff
productivity that emanates from the high soil erosion (losses in soil qualities). Furthermore, this
chapter showed the presence of a huge teff yield variability both across and within study sites.
Based on this chapter, the observed teff yield variability were partly attributed to differences in
crop management practices mainly N and P fertilizer application rates, seeding densities; and soil
properties such as soil N and micronutrient content. Moreover, presence of teff yield variability
among farmers is an opportunity to raise the low productivity of teff at least by narrowing the yield
gap between the low and the high yielders through implementation of improved agronomic
practices. This chapter finally proposes the need for evaluation of improved tillage and sowing

options for teff production in water erosion-prone environments to counterbalance the problem
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posed by the traditional crop management system; as an entry point for the initiation and

implementation of the field-based studies presented in chapter three and four.

Chapter three presents the results of the field experiment carried out at one of the
representative regional learning watersheds (Aba-Gerima watershed) selected as an erosion-prone
teff growing environment. This chapter justified how different tillage and sowing practices
influenced soil loss, physio-chemical soil properties, and soil moisture. Reduced tillage practices
minimized soil loss by 19% relative to that of conventional tillage, whereas row sowing resulted
in a 13% reduction in soil loss over broadcasting. The non-compacted plots showed a 15%
reduction in soil loss as compared to compacted ones. As a result, a significant increase in soil
total carbon and nitrogen with reduced tillage practices were recorded compared to conventional
tillage. Reduced tillage and row sowing practices improved soil moisture content compared to the
conventional tillage and broadcast sowing practices. This chapter also highlighted the greater teff
growth and yield performance observed under improved agronomic practices (reduced tillage and
row sowing) compared with the conventional ones (conventional tillage and broadcasting) was
due to the better topsoil conditions and soil moisture favorable for crop growth. Overall, this
chapter concludes that the use of reduced tillage, row sowing without soil compaction practices
can effectively minimize soil loss leading to an enhanced topsoil conditions that potentially

enhances teff growth and yield.

The fourth chapter discusses the details of how different tillage, sowing, and soil
compaction practices, and their combinations, impacted teff grwoth and yield performance.
Chapter four clearly showed that reduced tillage improved growth, yield performance and
decreased production costs compared with conventional tillage; however, the weed population was

substantially larger with reduced tillage than with conventional tillage practices. In the other hand,
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row sowing had little or no impacts teff growth and yields, reduced lodging but increased weed
population. Again, row sowing reduced seed cost but with higher costs for sowing and weeding
compared with broadcast sowing. Despite labor costs being significantly greater with soil
compaction than without, little to no differences were observed in teff agronomic and yield
performance. Therefore, treatments containing reduced tillage were found to be both high yielding

and profitable.

Chapter five synthesized the conclusions from chapter two, three and four. This chapter
marked the fact that there is a huge teff yield gap that could be narrowed by implementing
improved agronomic practices. The traditional teff cultivation system was the major cause for the
low teff productivity in the study areas. The minimum soil disturbance and increased biomass
cover in reduced tillage practices resulted in a significant reduction in soil loss that could be lost
with the runoff that helps to conserve soil organic matter and soil moisture. This improvement in
topsoil conditions contributed to the higher teff productivity observed in reduced tillage than in
conventional tillage practices. The reduction in soil loss and better resource utilization (water,
nutrients and light) in row sowing leads to a reasonable teff productivity with a minimum soil loss
compared with broadcast sowing. This research work also proved that teff productivity was not
influenced by soil compaction practices. However, avoiding soil compaction was found to
minimize soil loss and reduced cost of production. Based on this study, improved agronomic
practices (reducing the number of tillage, row sowing without soil compaction) can be promoted
for improving teff productivity if properly integrated with an appropriate weed control and labor-

reduction strategies in water erosion-prone areas in Ethiopia.
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BIXT7 =<V R LA EDRR NG o7, L7z > T, BHFE BTl
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B HAGDLEL LD, BEINPCTVWERBTOT 704 EICE TR D BF

7B DA A DETH 5 2 L B L DT 7R o 7z,

HEFETIE, B2, BIFE, BA4EDEmE T LD, TOETIE, BN %

T IR AT L0, BEORI )T WHE T 7 oEEEMEWC L o ERFEKT

HBEVIERFRER LT, BHHETIE, BBOBEBEZER/NRICIAZ, A F < X DWE

LT T, MBI KXo TERDLON I[N D H 5 HEOEELEZ KIFICH S 32 & 28

TE., TEEEY L TEOKS ORI TID, 2D X IR LT DRERKEINSEZ &

T, MEROHHETTIE XL D QEHRED T AT 7 D EEMESE W T LRI N, E 72,

FECTIHER Ok, B2, ) OHHZIEEE 2, BURICH~TT 7 DA

F L7, RWETIZ. 77 DEEERITHIBEOFREFETEIGEEI NN L DIEHI N

Tzo L7eSo T, TF AT OKBOFERZITCT VHIIC B WT, WY MR PFR

P X O T MRS LEY)IC A T, B T Rk (BRI OB, LT

BMEEDRWEE) X, 7704 EEkRR EXE B3 R EI N,
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