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1.1 Background  

Livestock are a resource of significant benefit to society in the form of food, income, nutrients, 

employment, insurance, traction, and clothing (Herrero et al., 2013). By 2050, the total demand for 

meat, milk and eggs is projected to almost double mostly in the developing world due to population 

growth, urbanization, income increase and change in dietary preferences – the ‘livestock revolution’ 

(Alexandratos and Bruinsma, 2012; Delgado et al., 1999; FAO, 2009). Dairy development provides 

economic opportunities for millions of poor smallholder farmers (Udo et al., 2011). Livestock is also 

associated with negative environmental impacts, including greenhouse gas (GHG) emissions, air 

pollution, high water consumption, loss of biodiversity and land degradation (de Vries and de Boer, 

2010; Herrero et al., 2015; Steinfeld et al., 2006). Improved livestock feeding and forages have 

previously been highlighted as a triple-win strategy towards achieving climate-smart agriculture, 

increasing food security and resilience, and decreasing GHG intensities (Bryan et al., 2013; Peters et al., 

2013; Thornton and Herrero, 2010). Tropical forages include a wide variety of sown or planted grasses, 

herbaceous or dual-purpose legumes and shrubs that are integrated into different agricultural systems 

to increase livestock productivity which is often constrained by quantity and quality feed (Rao et al., 

2015). Livestock feeding and forages are thus at multiple crossroads: at a point where crucial decisions 

regarding future pathways are made, where productivity and environmental impacts meet, and where 

scientific disciplines including agronomy, soil and animal science intersect. However, knowledge on 

quantity and quality of feed gaps, and the potential impacts and trade-offs of improved livestock feeding 

practices on productivity, environment and livelihood dimensions across various crop-livestock systems 

in East Africa is limited and fragmented. 

1.1.1 Mixed crop-livestock systems and dairy development in East Africa   

Global livestock systems can be distinguished as follows: a) pastoral and agro-pastoral with larger 

livestock herds, mainly composed of local breeds, which are grazed on public, private or communal land; 

b) intensive crop-livestock systems based on stall-feeding of 1-5 cross-bred or exotic cattle, forage 

cultivation and concentrate supplementation; c) semi-intensive mixed crop-livestock systems where 

animals split their time between enclosures and grazing and/or being tethered; d) others including 

forest-based, urban and landless systems. In pastoral and agro-pastoral systems, the main objective is 

meat production with milk as a by-product, whereas in intensive and semi-intensive mixed crop-

livestock systems dairy is often the focus (McDermott et al., 2010; Robinson et al., 2011; Seré and 

Steinfeld, 1996). Mixed crop-livestock systems, where crops and livestock are produced on the same 

farm, are widespread in developing countries. Two-thirds of the global population are engaged in these 
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systems, and they produce around 50% of the world’s cereals, 60% of its meat and 75% of the milk. In 

Sub-Saharan Africa (SSA), they even provide 80% of the meat and 90% of the milk (Herrero et al., 2010, 

2013). Mixed systems enable farmers to reap synergetic effects from integrating arable cropping and 

livestock rearing. Exchange between the crop and livestock production components can happen in 

various forms, including feeding of crop residues and cultivated forage for livestock, use of animal 

manure for field fertilization, provision of animal draft power for tillage and land preparation. Animals 

also act as insurance and asset that can be liquidated in times of need and supply regular income from 

the sale of milk and eggs that supplement the seasonal income from crop yields (Herrero et al., 2010). 

This provides several advantages to smallholders, including diversified livelihoods, adaptive capacity to 

changing socio-ecological contexts and closer nutrient cycling (Rufino, 2007). The ‘sustainability 

imperative’, or the notion that crop-livestock integration is key to sustainable intensification in SSA, has 

put crop-livestock systems back into the policy and research focus (Ayantunde et al., 2018; Herrero et 

al., 2010; Sumberg, 2003). Smallholder mixed crop-livestock systems have been shown to use more 

environmentally sustainable practices than specialized systems. Such practices include mulching with 

crop residues, cover crops and green manure, intercropping and crop rotations, and use of manures 

(Rudel et al., 2016). Crop-livestock integration is most likely to benefit rural farmers in areas with 

favorable agro-ecological conditions, high population density and good market linkages. Remote semi-

arid and arid areas are more suitable to agro-pastoralist and pastoralist livelihoods with a low degree of 

crop-livestock integration. In peri-urban areas with high demand for animal source food and vegetables, 

specialization into livestock or crop production is financially attractive (McIntire et al., 1992; Sumberg, 

2003).  

In East Africa, the majority of the mixed crop-livestock systems are rain-fed and located in the tropical 

highlands and sub-humid and humid zones (Figure 1). Upgrading and intensification of smallholder dairy 

development is seen as a viable poverty alleviation strategy. It can provide opportunities for daily 

income throughout the year, in contrary to crop income that is bound to harvest seasons. Milk has even 

been coined ‘white gold’ for its potential of income generation (Makoni et al., 2013; van der Lee et al., 

2018). Dairy intensification, away from agro-pastoral systems towards (semi)-intensive crop-livestock 

systems, is one of the trends observed across highland areas in East Africa, especially in areas with good 

infrastructure and developed milk markets (Duncan et al., 2013; Thorpe et al., 2000). Intensification in 

this context refers to increasing the output per animal and labor unit through increased use of inputs or 

change of management techniques. Countries in East Africa are at various stages of dairy development 

(Bebe et al., 2002). Kenya has a well-developed dairy value chain with many actors and support services, 
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increased investment and a progression towards system formalization. It also has the highest per capita 

annual milk consumption levels, and established artificial insemination (AI) services that started 40 years 

ago. Ethiopia, Tanzania, Rwanda and Uganda dairy development trajectories are much less developed, 

with simpler value chains and nascent AI programs. Factors for Kenya’s success in dairy development are 

supportive agricultural policies, colonial history, and the traditional importance of milk in urban and 

rural diets (Bebe et al., 2002; Makoni et al., 2013).  

 

Figure 1: Livestock production systems across East Africa (Robinson et al., 2014). 
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1.1.2 Feed limitations constrain livestock productivity   

The shortage of sufficient quantity and quality feed on a consistent basis has often been cited as one key 

constraint facing smallholder livestock farmers in East Africa (Bebe et al., 2008; Hall et al., 2007; Kabirizi 

et al., 2006; Mtengeti et al., 2008; Sumberg, 2002b). In market-oriented dairy farming systems in Kenya 

and Ethiopia, feed has been shown to determine the majority of the production costs of milk (Muriuki 

and Thorpe, 2001). Intensifying dairy production, therefore, requires improvements in the feed base to 

increase milk production (Bebe et al., 2002). Livestock systems in SSA have some of the lowest feed 

conversion efficiencies for milk and meat globally, thus the highest amounts of feed needed to produce 

a unit of livestock product. This is mainly due to low productivity and quality of livestock diets as most 

smallholders in mixed systems rely mainly on crop residues, grazing, cut-and-carry forage from common 

and private lands, and comparatively little on cultivated forages (Herrero et al., 2013). Across Kenya, 

natural pastures and to a lesser extent Napier grass (Pennisetum purpureum) form the bulk of feed 

resources during both rainy and dry season. During the dry season, a wider range of resources are fed, 

including crop residues, purchased off-farm feeds, and grazing of public land. Farmers only have small 

acreages of planted forages on farm, including dual-purpose and herbaceous legumes such as Lablab 

purpureus or Desmodium intortum. Diminishing grazing lands and intensification is leading to the 

replacement of natural pasture grazing with planted forage, and increasing purchase of concentrates 

and other feeds (Romney et al., 2004; Lukuyu et al., 2009). In the dairy intensification hotspot of the 

Kenyan highlands, over three-quarters of the smallholder dairy farms already fall under semi-intensive 

or intensive systems. Smallholder dairy systems in Kenya are characterized by small herds of Frisian and 

Ayshire cross-breeds, stall-feeding, forage cultivation, and dependence on external inputs and services 

(Bebe et al., 2002). In many rain-fed smallholder farming systems, it is not only scarcity in quantity and 

quality of forage produced, but also seasonality. Dry season feed availability can become more 

important than overall herbage production (Ates et al., 2018).  

Sufficient animal nutrition is required to sustain animal productive functions, including growth, 

reproduction, and production of milk and wool, and provision of draught power and transport. Animal 

nutritive requirements include essential energy, proteins, minerals, vitamins and water (ILCA, 1990). 

Feed intake is the amount of feed voluntarily consumed, and is determined by the saturation value of 

feeds, which depends on palatability and digestibility. Fermentation kinetics and passage of feed 

constituents (carbohydrate and protein), through the gastrointestinal tract, influence feed intake and 

nutrient supply to the animal (Herrero, 1997). The amount of energy in feed that can be potentially 

utilized by animals is commonly expressed in metabolizable energy (ME). ME is the gross energy of a 
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feed minus losses through feces, urine and gases. Protein is the basic structural material from which all 

body tissue is constructed, and crude protein (CP) therefore, is an essential ingredient of feed (ILCA, 

1990). Requirement calculations can take into account maintenance (stable body weight and condition), 

growth, gestation, milk production, and mobility (ILCA, 1990). There are many standards and methods 

for feed evaluation and requirement calculations, including the US National Research Council (NRC) 

standards of nutrient requirements of dairy cattle (NRC, 2001), the Australian feeding standards 

developed by CSIRO (CSIRO, 2007), and the Dutch feed evaluation system (Tamminga et al., 1994; Van 

Es, 1975). Most of these methods have been developed from feeding and energy balance trials and 

rumen studies with high-yielding ruminants in Europe, USA and Australia. However, African animals 

have been shown to be able to adapt to sub-maintenance energy levels by lowering requirements. 

Maintenance requirements do not always need to be met for other production to continue, e.g. cattle 

can lose weight and still produce milk and provide draught power. Compensatory growth refers to the 

ability of animals to recuperate after periods of underfeeding (ILCA, 1990). 

Characterization of feeding systems is the basis to diagnose bottlenecks and design intervention 

strategies optimizing feed utilization and animal production. This can be achieved for example through 

surveys and on-farm forage sampling (e.g. Mtengeti et al., 2008; Mutimura and Everson, 2011) as well as 

participatory assessments, or a combination of both (Bacigale et al., 2014). For example, the Feed 

Assessment Tool (FEAST) has been designed to systematically and rapidly assess local feed resource 

availability and use in smallholder systems. It consists of a Participatory Rural Appraisal (PRA) and a 

short quantitative survey that aims to give quick guidance towards site-specific strategies to improve 

feed utilization and livestock productivity (Duncan et al., 2016). Databases such as Feedipedia can assist 

in quantifying nutritional values of feeds identified in surveys. Feedipedia provides information on 

nature, occurrence, chemical composition, nutritional value and recommended use of almost 1400 

livestock feeds. Feed composition and nutritional values are important to formulate diets and rations 

that meet animal requirements (Feedipedia, 2012-2017). However, feed gaps towards higher dairy 

productivity across mixed crop-livestock systems in East Africa have not been quantified to date, and 

existing feed basket data is often qualitative and scattered. A better understanding of feed gaps is 

crucial to target improved feeding interventions.  

1.1.3 Environmental impacts of livestock in East Africa  

Despite its various benefits, the livestock sector is one of the most significant contributors to a range of 

environmental problems from local to global scales, including land degradation, air pollution, climate 
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change, and loss of biodiversity (Herrero et al., 2015). First, livestock production is the largest 

anthropogenic land user, occupying one-third of the global ice-free surface for feed production and 

grazing (Steinfeld et al., 2006). Further intensification of livestock production will increase land use for 

feed production, competition for natural resources and trade-offs between food, feed and energy 

production (Thornton, 2010). Second, nutrient depletion is a major form of land degradation in mixed 

crop-livestock systems, and nutrient balances are often negative, indicating nutrient mining (Stoorvogel 

et al., 1993). Areas of high population density and therefore diminishing farm sizes represent the most 

severe cases of ongoing deterioration of soil fertility, which is causing progressive impoverishment 

(Shepherd and Soule, 1998). In addition, around 20% of the global rangelands and pastures are 

degraded through overgrazing, compaction and erosion (Steinfeld et al., 2006). Third, livestock 

production is a significant source of GHG emissions. Estimations range from 8 – 18% of global 

anthropogenic emissions, depending on the methodological approach. Main contributors are land use 

change due to conversion of forests and other natural vegetation to pasture and arable feed production 

(CO2), enteric fermentation from ruminants (CH4), and manure management (N2O, CH4) (Steinfeld et al., 

2006; Herrero et al., 2011, 2015). The majority of future increases in agricultural emissions are expected 

to take place in low- to middle-income countries (Smith et al., 2007).  

While industrialized countries have to dramatically reduce current levels of GHG emissions, developing 

countries face the challenge of finding low carbon development pathways as an alternative to the 

carbon-intensive industrialized agriculture. Current emission intensities, the amount of GHG produced 

per kg of milk or meat, are high throughout SSA, mainly due to low livestock productivity and low feed 

quality (Herrero et al., 2013). Climate-smart agriculture (CSA) is a framework aiming at transforming 

agricultural systems towards the ‘triple win’ of increased food security, climate change adaptation or 

reduced climate-related risks and mitigation. In developing countries, mitigation should be considered 

as ha co-benefit while priority lies with food security and adaptation. Increased resource use efficiency is 

key to CSA (Lipper et al., 2014; Campbell et al., 2014). While triple-wins are possible, implementing CSA 

will often involve trade-offs that need to be weighed following stakeholders’ objectives (Thornton et al., 

2018). Whole-farm modeling of greenhouse gas emissions from smallholder farming in East Africa exist 

(e.g. Hillier et al., 2011; Ortiz-Gonzalo et al., 2018; Seebauer, 2014), using International Panel on Climate 

Change (IPCC) Tier 1 and 2 methods. However, GHG estimations need to be combined with trade-off 

analysis on livelihood dimensions to be meaningful in the East African smallholder context. Knowledge 

on mitigation contributions of improved livestock feeding practices and their trade-offs or co-benefits 

with food security and income is needed to inform low emission livestock development. 
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1.1.4 Improved livestock feeding and forages  

One of the main approaches for addressing the feed scarcity has been to develop improved feed and 

forage options and innovations and evaluate them for their yield and quality, and impact on livestock 

production parameters (Ayele et al., 2012; Hall et al., 2007). Feed improvements can include various 

interventions, such as crop residue feeding (e.g. Duncan et al., 2016), increasing the quality of crop 

residues, dual-purpose cereals such as maize, millet and sorghum, dual-purpose legumes including 

cowpea and groundnut (Lenné et al., 2003), supplementation with concentrates, ratio formulation and 

planted forages. Tropical forages are a wide variety of sown or planted grasses, herbaceous or dual-

purpose legumes and shrubs (also mostly legumes) that are integrated into agro-pastoral, silvo-pastoral 

and intensive or extensive mixed agricultural systems for grazing or cut-and-carry (Rao et al., 2015). They 

can serve various objectives and roles in farming systems, and they can occupy different spatial and 

temporal niches (Lenné and Wood, 2004; Peters et al., 2001). Intensification with forage technologies can 

be a simple improvement such as new varieties, improved management or change in feeding regime, or 

more complex sets of new practices that integrate forages in production systems. Forages need to be 

integrated into cropping systems, especially with food crops, to not compromise smallholders’ food 

security. Forages adapted to harsh environmental conditions could also be planted on area unsuitable for 

cropping (Ates et al., 2018; Maass et al., 2015; Rudel et al., 2015). There are a few well-documented forage 

technologies: fodder shrubs including Calliandra calothyrus, Sesbania sesban, Leucaena trichanda in East 

Africa (Franzel et al., 2003; Place et al., 2009), and herbaceous legumes (Stylosanthes guianensis, S. 

hamata, Mucuna pruriens) and dual-purpose legumes such as cowpea (Vigna unguiculata) in West Africa 

(Elbesha et al., 1999; Tarawali et al., 1999; Kristjanson et al., 2005). 

Improved livestock feeding has been highlighted as a triple-win strategy towards achieving climate-smart 

agriculture (Bryan et al., 2013; Thornton and Herrero, 2010). The climate change mitigation potential of 

common feeding improvements in tropical systems alone has been estimated to be around 7% of the 

global mitigation potential of agriculture (Thornton and Herrero, 2010). Climate change mitigation can be 

achieved through: i) increased carbon accumulation particularly in deeper soil layers through conversion 

from cropland to perennial, sown forages; ii) reduced methane emissions from enteric fermentation 

through higher nutritional value and digestibility of feed that reduces emissions per unit milk or meat 

produced; iii) lower nitrous oxide emissions through high biological nitrification inhibition (BNI) capacities 

of e.g. some Brachiaria spp. (following Cook and Schultze-Kraft, 2015 now Urochloa spp.); and iv) increase 

of aboveground biomass through integration of fodder trees in silvopastoral systems (Peters et al., 2013). 
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In addition to climate regulation, tropical forages can contribute to soil rehabilitation and improvement. 

Forage grasses can increase C accumulation through their deep-rootedness and perennial nature. Forage 

legumes have positive environmental impacts through nitrogen fixation, and increased water efficiency 

through deep reaching taproots. Pioneering species such as Stylosanthes spp. can assist in rehabilitation 

of severely degraded land. Grasses, legumes and shrubs, when planted as hedgerows, cover crops or live 

barriers, can reduce soil erosion and runoff (Rao et al., 2015; Schultze-Kraft et al., 2018). However, 

information on tropical forage technologies and their impacts in SSA is scattered. A comprehensive 

stocktaking is required to gain an overview of which magnitude of productivity, environmental and 

livelihood impacts can be achieved with which forage technology.  

1.1.5 Farming systems approaches and trade-off analysis 

Safeguarding global food security and reversing environmental change are posing previously unknown 

complex and interlinked challenges. The interactions between components, instead of single 

components alone, are determining the response of any given system. Systems approaches are needed 

which strive to overcome previous boundaries between disciplines (interdisciplinary) and between 

research and practice (transdisciplinary) (Hieronymi, 2013). Models are useful to study and predict the 

behavior and performance of agro-ecosystems. They can also reduce resource requirements from field 

and farm experimental research, and they can help to formulate management recommendations (Jones 

et al., 2017). Agricultural systems modeling has been applied to questions of system intensification and 

diversification beyond single crops, and minimizing trade-offs and exploiting synergies between system 

components (Groot et al., 2017). Trade-offs influence the adoptability, impact and sustainability of 

possible innovations and future pathways. To address those multiple dimensions in one approach, 

trade-off analysis often employs interdisciplinary, bio-economic models. Multi-objective optimization, in 

particular, is considered a useful approach as farmers are not ultimate profit maximizers but have to 

balance various functions of their production system (Klapwijk et al., 2014a; Kanter et al., 2016; Salmon 

et al., 2018). Quantitative systems modeling can help to systematically explore trade-off frontiers, which 

can be expected to be different for farm types with contrasting biophysical conditions and resource 

endowment (Van Wijk et al., 2009; Giller et al., 2011; Thornton and Herrero, 2010; Groot et al., 2012). 

Changes in available technologies, market conditions and policies can lead to adjustment of the 

efficiency frontiers and can thus reduce the trade-offs between performance criteria such as profitability 

and GHG mitigation (Descheemaeker et al., 2016). Participatory approaches are key to understand 

relationships between sustainability pillars, including trade-offs and synergies (Ripoll-Bosch et al., 2012). 
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Despite the need for trade-off analyses, few studies are available that explore the resource-constraint 

driven trade-offs (Ayantunde et al., 2018).  

Improved livestock feeding and forages are at multiple crossroads: they are one of the linking factors 

between crop, soil and livestock, and they can have multiple impacts on various productivity, 

environmental and livelihood dimensions. Farming systems approaches and modelling is needed to 

explore forage integration and relationships with various components of farming systems, and estimate 

their multi-dimensional impacts and trade-offs (Figure 2). To date, there are only a few studies which 

employ farming systems modeling tools to explore potential whole-farm multi-dimensional impacts of 

planted forages, mostly from Asia and Latin America. None of these studies includes GHG emissions as 

environmental impact indicator (Komarek et al., 2012, 2015; Lisson et al., 2010; Parsons et al., 2011).  

 

Figure 2: The role of improved forage technologies in mixed crop-livestock farming systems, and their potential 

impacts on productivity, environment and livelihood dimensions. The farming system is sub-divided in crops & soil 

(green circle), livestock & manure (brown circle), and household (orange circle) components. Bold arrows indicate 

an increase in the relationship brought by the introduction of tropical forages, a slim arrow a decrease. Livestock 

productivity dimensions are indicated in black boxes, environmental dimensions in green boxes, and livelihood 

dimensions in blue boxes.  

.   
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1.2 Study objectives and hypotheses 

The main objective of this thesis research is to explore potential impacts and trade-offs associated with 

the implementation of improved livestock feeding and forage technologies at farm scale, across a diversity 

of smallholder crop-livestock systems in East Africa. I hypothesize that improving feeding practices can 

lead to increasing productivity and incomes, while reducing GHG emission intensities. Impacts and trade-

offs are explored from different perspectives and scientific disciplines, considering productivity, 

environmental and livelihood dimensions. Results aim to inform policy makers, project designers, 

investors, donors and other decision-makers on prioritizing options towards low emission livestock 

development.  

Specific objectives are as follows: 

1. To take stock of evidence on tropical forage technologies and their multi-dimensional agronomic, 

livestock, environmental and economic impacts in sub-Sahara Africa (Chapter 2); 

2. To characterize current feeding systems and quantify feed gaps of East African smallholder farms 

(Chapter 3);  

3. To quantify multi-dimensional baseline performance and efficiencies of various crop-livestock 

systems in Tanzania and Rwanda in terms of food security, greenhouse gas emissions, carbon and 

nitrogen balances, income and labor (Chapters 4, 5, 6); 

4. To explore potential impacts, synergies and trade-offs of improved livestock feeding practices in 

Tanzania and Rwanda, thereby supporting prioritization of options towards low emission livestock 

development (Chapters 4, 5, 6).  

The following hypotheses were explored: 

- Livestock is an important source and pathway towards higher income and available food for 

smallholder farmers; 

- Current feeding systems of smallholder farming systems are associated with feed gaps, resulting 

in low dairy productivity;   

- Tropical forage technologies can potentially deliver multiple benefits to farmers in the areas of 

livestock production, income, food production and soil conservation; 

- Whole-farm greenhouse gas emissions in East African smallholder crop-livestock systems are 

determined by enteric fermentation and manure which makes it a key for climate change 

mitigation; 
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- Improved livestock feeding practices can result in synergetic effects of higher livestock 

productivity and incomes, and lower GHG emission intensities.  

1.3 Thesis outline 

In this thesis, I combine and apply insights and methods from different scientific disciplines to explore 

potential multi-dimensional impacts and trade-offs of improved livestock feeding and forages at farm 

scale across a diversity of smallholder crop-livestock systems in East Africa. Figure 3 summarizes the 

positioning of the thesis’ chapters. The x-axis denotes the impact dimensions and respective indicators 

that are addressed across the chapters, including productivity, environment and livelihood domains. The 

left y-axis (green) indicates analysis and modeling approaches and tools employed in the respective 

chapters, such as multi-variate statistics, meta-analysis methods, livestock and economic modeling, and 

bio-economic multi-objective optimization modeling. The right y-axis (blue) illustrates which data 

collection methods and sources the chapters employed, stretching from expert knowledge to household 

surveys and on-farm measurements and monitoring (Figure 3).  

 

Figure 3: Overview and interlinkages of thesis chapters according to impact dimensions addressed (x-axis), and 

analysis and modeling approaches (green left y-axis) and data collection methods used (blue right y-axis). 
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Chapter 1 is the general introduction, which summarizes past research and outlines research gaps, 

which are followed by this thesis’ objectives. Chapter 7 (general discussion) reflects on the contribution 

of the work to the body of scientific knowledge and wider implications for social and policy debates.   

In Chapter 2, I systematically review the available literature on the effects of different tropical forage 

technologies on productive, environmental and livelihood dimensions in Sub-Sahara Africa (Objective 1). 

Forage technologies are classified into improved germplasm, improved management, cropping system 

integration and feeding regime. Weighted response ratios are calculated, showing the effect of tropical 

forage technologies on forage productivity, livestock productivity, soil erosion (soil loss), and effect on 

intercropped or subsequent food crops. Chapter 2 thus scopes the potential contribution of forages to 

sustainable intensification and opens up questions for exploring multi-dimensional impacts and trade-

offs which are pursued in Chapters 4 – 6. 

Chapter 3 assesses feed limitations in smallholder farms of East Africa (Objective 2). I introduce and 

provide proof-of-concept for a relatively simple approach to quantify feeding systems and feed gaps in 

data-scarce smallholder systems. Feed gap here is defined as the difference between livestock feed 

demand for an attainable milk production level and actual feed supply at the individual herd level. The 

approach is illustrated with pilot evidence from crop-livestock production systems across three agro-

ecological zones in Tanzania, which broadly represent the diversity found in East Africa. Data collection 

included on-farm feed and milk measurements, labor monitoring, household surveys and farm 

observations. In doing so, this chapter outlines the magnitude of productivity and feed problems, which 

are further analyzed in the following chapters.   

Chapters 4, 5 and 6 generate understanding of existing feed gaps and potential impacts of improved 

forage technologies. All three chapters aim at exploring multi-dimensional performance of crop-

livestock systems and ex-ante multi-dimensional impacts and trade-offs of improved livestock feeding 

interventions across various sites in Tanzania and Rwanda, using differing approaches (Objective 3 & 4).  

Chapter 4 calculated potential economic and GHG impacts for an entire population of 164 households in 

Lushoto, Tanzania using a minimum data requirement modeling approach. The economic household 

model TOA-MD computed household income and poverty rate, and the livestock simulation model 

Ruminant added simulations of milk and methane production from enteric fermentation. Coupling the 

two models allowed me to evaluate the impacts and trade-offs of two improved feeding strategies on 

economic and environmental performance of the farms, including improving the quality of feed with 
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Napier grass (Pennisetum purpureum), forage legume Desmodium (Desmodium uncinatum) and locally 

available concentrates.  

Chapter 5 takes a different approach to ex-ante analysis by calculating two relatively simple whole-farm 

indicators for a population of 900 household dataset across various agro-ecologies in Rwanda – food 

availability and greenhouse gas emissions. The analysis allowed to quantify i) the contributions of off-

farm activities, cash crops, food crops and livestock to food availability; and ii) the contributions of 

manure, enteric fermentation and soils to total GHG emissions across different regions. Modeled 

scenarios were chosen to represent three prominent policy programs in Rwanda – improved livestock 

feeding under the Livestock Intensification Program (LIP) is compared to Girinka (one cow given to poor 

farmers), and improved seeds and fertilization under the Crop Intensification Program (CIP).  

Chapter 6 has an integrative character with respect to the ex-ante impact assessment and trade-off 

analysis in this thesis, as it combines a wide variety of productivity, environment and livelihood 

dimensions as well as analysis of approaches.  The analysis used a survey dataset with 96 households 

from Babati in Northern Tanzania to construct a livestock system typology, using multivariate statistics. 

Whole-farm and multi-objective optimization modeling with FarmDESIGN was conducted for four 

representative farms of contrasting types, and agro-environmental impacts including income, labor 

requirements, GHG emissions, and N balances were compared. Semi-structured interviews and farm 

observations informed the optimization, aiming to explore ways to reduce such agro-environmental 

trade-offs.  

By combining various perspectives, approaches, methods and data sources from different scientific 

disciplines, this thesis aims to inform policy makers, project designers, investors, donors and other 

decision-makers on prioritizing options towards low emission livestock development. 
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Chapter 2 

 

Tropical forage technologies can deliver multiple benefits in sub-Sahara Africa: a 

quantitative review  
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1. Introduction 

Two thirds of the global rural population are engaged in mixed crop-livestock systems, and these 

farmers produce around 50% of the world’s cereals, 60% of its meat and 75% of milk. Mixed systems 

enable farmers to synergize cropping and livestock husbandry through draft power for land cultivation, 

manure application for crop fertilization, and feeding of crop residues and planted forages (Herrero et 

al., 2010). Scarcity of quantity and quality livestock feed on a consistent basis is often cited as a major 

constraint faced by mixed crop-livestock farmers in Sub-Sahara Africa (SSA), especially during the dry 

season. Feed is also a major production cost in dairy production (Bebe et al., 2008; Hall et al., 2007). SSA 

has some of the lowest feed conversions for milk and meat globally, thus the highest amounts of feed 

needed to produce a unit of livestock product. This is mainly due to low animal productivity and low 

quality of livestock diets as most smallholders in mixed systems rely on crop residues, grazing, cut-and-

carry forage from common and private lands, and comparatively little on cultivated forages (Herrero et 

al., 2013). One of the main approaches for addressing this scarcity has been to develop feed and forage 

options and innovations, and evaluate them for their yield and quality, and impact on livestock 

production parameters (Ayele et al., 2012; Hall et al., 2007). Tropical forage crops are a wide variety of 

sown or planted grasses, herbaceous or dual-purpose legumes and shrubs (also mostly legumes) that 

are integrated into agro-pastoral, silvo-pastoral and intensive or extensive mixed agricultural systems for 

grazing or cut-and-carry (Rao et al., 2015). They are complex by nature due to their various objectives 

and roles in farming systems, and they can occupy different spatial and temporal niches. In a crop role, 

herbaceous and dual-purpose legumes can be sown on arable land to meet short-term or seasonal 

fodder needs; in a niche role, herbaceous and dual-purpose legumes and shrubs can be grown on farm 

boundaries, fallows, roadsides, crop under-story, to meet planned and opportunistic fodder needs; or in 

a companion role, they can be sown as grass-legume pasture to satisfy long-term feed requirements 

(Lenné and Wood, 2004; Peters et al., 2001). Intensification with forage technologies can take two 

forms: simple improvements such as new varieties or change in feeding regime, or more complex sets of 

new practices that integrate forages in production systems. Forages need to be spatially and temporally 

integrated into cropping systems, especially with food crops, to not compromise smallholders’ food 

security. Forages adapted to harsh environmental conditions could also be planted on area unsuitable 

for cropping (Ates et al., 2018; Maass et al., 2015; Rudel et al., 2015).  

Forage-based sustainable intensification processes of mixed crop-forage-livestock tree systems can be 

classified into three dimensions: i) genetic intensification (the development and use of superior grass 
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and forage cultivars for increased livestock productivity); ii) ecological intensification (development and 

application of improved farm and natural resource management strategies); and iii) socio-economic 

intensification (improvement of local and national institutions and policies enabling technologies to 

achieve wider use) (Rao et al., 2015). Tropical forages are usually not a stand-alone technology, but an 

intermediate product used to increase livestock productivity. The breadth of effects includes economic, 

social and environmental landscapes (White et al., 2013). In addition to increasing milk and meat 

production, they can also contribute to other objectives such as reducing risks in the face of feed 

scarcity, increasing yields of associated food crops through weed suppression, pest and disease 

reduction (in rotations or as an intercrop), and increased manure quantity and quality for crop 

fertilization (Peters et al., 2001). Tropical forage technologies are also reported to have environmental 

co-benefits. Climate change mitigation can be achieved through: i) increased carbon accumulation 

particularly in deeper soil layers through conversion from cropland to perennial, sown forages; ii) 

reduced methane emissions from enteric fermentation through higher nutritional value and digestibility 

of feed that reduces emissions per unit milk or meat produced; iii) lower nitrous oxide emissions 

through high biological nitrification inhibition (BNI) capacities of e.g. some Brachiaria spp. (now 

Urochloa spp.); and iv) increase of aboveground biomass through integration of fodder trees in silvo-

pastoral systems (Peters et al., 2013). In addition to climate regulation, tropical forages can contribute 

to soil rehabilitation and improvement. Forage grasses can increase C accumulation through their deep-

rootedness and perennial nature. Forage legumes have positive environmental impacts through 

nitrogen fixation, and increased water efficiency through deep reaching taproots. Pioneering species 

such as Stylosanthes spp. can assist in rehabilitation of severely degraded land. Grasses, legumes and 

shrubs, when planted as hedgerows, cover crops or live barriers, can reduce soil erosion and runoff (Rao 

et al., 2015; Schultze-Kraft et al., 2018). The potential, multi-dimensional benefits and impacts of 

improved forages in smallholder systems in SSA are summarized in Figure 1.  
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Figure 1: Improved tropical forage technologies have been promoted for use in smallholder systems in Sub-Sahara 

Africa (SSA) for their potential multiple benefits: increased herbage production and better nutritive quality, leading 

to increased livestock productivity (meat, milk, manure), soil quality (erosion, carbon, nutrients), economic 

performance of the household, and food crop productivity (grains and stover). Photo credits: B.K. Paul, CIAT 

(forages, livestock + manure, soil), G. Smith, CIAT (economics) and B.L. Maass (food crop).  

Research on tropical forages in SSA has been spread over time and regions. Yet a comprehensive 

overview of forage technologies, as well as ranges and magnitudes of their multi-dimensional impacts, is 

currently lacking. This study aims to take stock of the state of forage research in SSA by conducting a 

systematic, quantitative literature review with the following objectives: i) provide an overview of past 

experimental research in terms of tested forage technologies, measured impacts and study locations; ii) 

quantify magnitudes of impacts of tropical forage technologies on forage productivity and quality, 

livestock productivity, soil quality, economic performance and food crop productivity at the plot, animal 

and household levels; and iii) present the variability of forage agronomy data. 

 

2. Materials and methods 

2.1 Literature search and study selection  
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We performed a systematic literature search to compile peer-reviewed articles in June 2016. We used 

the scientific search engine Scopus, employing the following search terms: “livestock”, “feeds” OR 

“forage” OR “fodder”, and “Africa”. We complemented this search with references cited in the primary 

literature and unpublished studies obtained from the authors’ personal networks. For inclusion into this 

review, we only selected studies that met the following criteria: 1) the study reported empirically 

measured, original data on one of the target impact indicators (see section 2.2), thus, excluding 

simulated data or data cited in reviews or secondary articles; 2) the article examined at least one 

tropical forage technology (grass, herbaceous or dual-purpose legume, leguminous shrub) but not crop 

residues, concentrates or tree products - if the technology was a dual-purpose legume, it was only 

included if the forage or livestock impact was assessed as well; 3) the article focused on ruminants and 

not on monogastric livestock; 4) the study reported data from experimental, ‘improved’ treatments and 

a control treatment; 5) the reported data was continuous and numerical thus not reported in scores, 

ranks, percentages or as graphs; 6) the study was written in English; 7) basic experimental information 

was available in the Materials and Methods section; and 8) the study was conducted in Sub-Sahara 

Africa. Using these criteria, 73 studies were found suitable to be included in the review (see references 

of review). These studies were published during 30 years between 1985 and 2015 (Figure 2a). For each 

of the 113 experimental sites across the 73 studies, we noted the geographical location. If precise 

geographical coordinates were not reported in the publication, we chose the center of the lowest-level 

known administrative unit and added GPS coordinates extracted from Google maps. We mapped the 

dominant livestock production system of the study locations (Robinson et al., 2011) (Figure 2b).  
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Figure 2: Cumulative number of studies included in this review per publication year (a), and experimental study 

sites from all studies mapped on dominant livestock production systems across SSA (Robinson et al., 2011) (b). The 

systematic search of peer-reviewed literature in 2016 was complemented with references cited in the primary 

literature and unpublished studies obtained for the authors’ personal networks. Using seven selection criteria, 73 

studies with 113 experimental sites were found suitable to be included in the review, published between 1985 and 

2015. If precise geographical coordinates were not reported in the publication, we chose the center of the lowest-

level known administrative unit and added GPS coordinates extracted from Google maps. Studies were conducted 

in 14 countries in SSA, most of which in East Africa (49). Most sites were located in the mixed rainfed crop-livestock 

zones (24 sites humid, 24 sites tropical highlands/temperate), and only five sites in rangeland areas (four arid, one 

hyperarid).  

2.2 Forage technologies, impact dimensions and data retrieval 

Different forage technologies were tested in on-station and on-farm agronomic trials as well as feeding 

trials. Note that we are using the scientific names of forages under which the studies were published, 

even though the names of many important species have recently changed, e.g. all Brachiaria spp. to 

Uruchloa spp., Napier grass (Pennisetum purpureum) to Cenchrus purpureus, and Panicum maximum to 

Megathyrsus maximus, amongst others (Cook and Schultze-Kraft, 2015). Forage technologies were 

classified as follows: a) Germplasm referring to newly introduced forages (i. grass; ii. herbaceous 

legume; iii. dual-purpose legume) that were tested in on-station or on-farm trials against a local control 

forage; b) Management comprising i. fertilization regimes (mineral fertilizer and manure) and ii. planting 

method such as manure application in planting holes and compared treatment performance to the 
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farmers’ practices; c) Cropping system integration describing i. forage grass and/or shrub planted as 

hedgerow with food crops, ii. forage grass, legume and/or shrub intercropped with food crop, or iii. 

forage grass intercropped with forage legume; d) Feeding regime including the supplementation of basal 

feed like residues or grasses with leguminous forages, fed as either fresh biomass, or vines, haulms, hay 

or leaf `meal – forages can be i. herbaceous legume, ii. dual-purpose legume or iii. shrub (Table 1).  
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Table 1:  Technology groups and types, and forage species included in the review. The scientific names of forages under which the studies were published are 

used despite recent name changes (i.e. Brachiaria spp. to Urochloa spp., Pennisetum purpureum to Cenchrus purpureus, and Panicum maximum to 

Megathyrsus maximus in the grasses; Centrosema pubescens to C. molle and Pueraria phaseoloides to Neustanthus phaseoloides in the legumes) following 

Cook and Schultze-Kraft (2015).  

Technology Technology sub-group  Forage species 

a) Germplasm: Newly introduced forage germplasm - 
compared to local species as control 

i. Grass Brachiaria brizantha/B. hybrids/B. decumbens, Pennisetum purpureum 

ii. Herbaceous legume Stylosanthes guianensis, Centrosema macrocarpum/C. pubescens, Pueria 
phaseoloides, Mucuna pruriens, Desmodium heterocarpon-ovalifolium, Zornia 
glabra, Dioclea guianensis, Arachis pintoi, Aeschynomene histrix, Flemingia 
macrophylla 

iii. Dual-purpose legume Vigna unguiculata 

b) Management: Improved agronomic measures applied to 
forage dual purpose and herbaceous legumes and grasses - 
compared to same crop without improved agronomy as control 

i. Fertilizer Pennisetum purpureum, Lablab purpureus, Desmodium uncinatum, Mucuna 
pruriens, Stylosanthes scabra, Macroptilium atropurpureum 

ii. Planting method Pennisetum purpureum 

c) Cropping system integration: Forage dual purpose and 
herbaceous legumes, grasses and shrubs are combined with 
food crops as hedgerow or intercrop, and forage legume and 
grass intercropped - compared to same situation without 
combination as control 

i. Grass/shrub hedgerow with 
food crop 

Pennisetum purpureum, Calliandra calothyrsus, Leucaena leucocephala/L. 
diversifolia, Sesbania sesban 

ii. Grass/legume/shrub intercrop 
with food crop 

Desmodium uncinatum/D. intortum, Pennisetum purpureum, Chloris gayana, 
Vigna unguiculata, Lablab purpureus, Stylosanthes fruticosa/S. hamata, 
Mucuna pruriens, Clitoria ternata, Cajanus cajan, Vigna trilobata, Gliricidia 
sepium, Sesbania sesban 

iii. Grass-legume intercrop Desmodium uncinatum/D. intortum, Pennisetum purpureum, Brachiaria spp, 
Arachis pintoi, Stylosanthes scabra/S. guianensis, Macroptilium 
atropurpureum, Panicum maximum, Clitoria ternatea, Tripsacum laxum, 
Setaria splendida, Macrotyloma axillare, Centrosema molle 

d) Feeding regime: Supplementation of basal diet with 
improved, mostly leguminous forages as fresh biomass, vines, 
haulms, hay or leaf meal - compared to basal diet as control 

i. Herbaceous legume Desmodium intortum, Canavalia ensiformis, Centrosema macrocarpum, 
Macroptilium atropurpureum, Neontonia wightii, Stylosanthes scabra/S. 
guianensis, Mucuna pruriens, Medicago sativa, Aeschynomene histrix 

ii. Dual-purpose legume Arachis pintoi, Cajanus cajan, Lablab purpureus, Vigna unguiculata 

iii. Shrub Calliandra calothyrsus, Leucaena leucocephala, Gliricidia sepium, Sesbania 
sesban, Colospermum mopane 
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Effects of forage technologies on five dimensions were considered, which follow the economic, social 

and environmental domains outlined in White et al. (2013) and Rao et al. (2015): i) Forage productivity 

and quality: dry herbage matter (DM) yield, crude protein (CP) and metabolizable energy (ME) contents; 

ii) Livestock productivity: milk yield, dry matter intake (DMI), live weight gain (LWG), manure production, 

and nitrogen content in manure; iii) Soil quality: soil loss (SL), soil organic carbon (SOC); iv) Household 

economics: revenue and benefit; and v) Food crop productivity: grain and stover yields. Figure 3a 

summarizes the number of studies per impact dimension and indicator that were used in this review. An 

adequate number of studies were available to calculate germplasm impacts on forage production and 

quality; management on forage production and quality; cropping system integration on forage 

production and quality, soil quality, economic performance and food crop production; and feeding 

regime on livestock production (Figure 3b).  

 

Figure 3: Number of studies reporting performance on five impact dimensions and respective indicators (a), and 

impact dimensions per technology group that are reported in this review (b). Most studies focused on forage 

productivity and quality (n = 32) and livestock productivity (n = 32), with the least amount of studies on soil quality 

(n = 6). Data on only one impact dimension was reported by 50 studies, two impact dimensions by 19 studies, and 

three dimensions by three studies.  An adequate number of studies were available to calculate germplasm effects 

on forage productivity and quality; management on forage productivity and quality; cropping system integration 

on forage productivity and quality, soil quality, economic performance and food crop production; and feeding 

regime on livestock productivity.  
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Data was extracted from the 73 selected papers into a Microsoft Access database. In addition to 

impacts, we extracted experimental and technology descriptions including type of technology and 

forage species, cropping system, management, and number of replications (N). The selected 73 papers 

contained 971 pairs of comparisons of treatment vs. control.  

2.3 Data analysis 

We used methods such as weighted response ratios from the field of meta-analysis (Hedges et al., 1999) 

to quantify magnitudes of effects of tropical forage technologies on forage productivity and quality, 

livestock productivity, soil quality, economic performance and food crop productivity. Similar to 

Delaquis et al. (2018), the breadth of technologies and effects included in the study resulted in a lack of 

directly comparable measures, indicators and variables. Combined with the lack of quality of reported 

agronomic data in literature, this study could not take a full, statistically powerful meta-analysis 

approach fulfilling the criteria laid out by Philibert et al. (2012), including analyzing the heterogeneity of 

data with random-effect models, sensitivity analysis and investigation of publication bias.  

We quantified the effect of forage technologies on the impact indicators (see section 2.2) calculating 

response ratios (RR) for individual observations: 

 

𝑅𝑅 = (
𝑋𝐸

𝑋𝐶
) 

Where XE is the impact indicator value for the forage technology treatment, and XC is the impact 

indicator value for the control treatment.  

 

For most observations in our dataset, the original studies did not report measures of variance. 

Consequently, we decided to rely on a non-parametric approach to weighing observations instead of 

using the inverse of the pooled variance. Effect sizes were weighed by replication to assign more weight 

to well-replicated studies:   

𝑊𝑅  =
𝑁𝐶 ∗ 𝑁𝐸  

(𝑁𝐶 + 𝑁𝐸)
 

 Where 𝑊𝑅 is the weighing factor by replication, 𝑁𝐶  the number of treatments per control, and 𝑁𝐸  the 

number of replicates per experimental treatment. If no N was reported for a study, N=1 was assumed.  
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Multiple observations from the same field site or several treatments with only one control are not 

independent and this needs to be accounted for in the weights. To avoid bias, the weighing factor by 

replication was, thus, further divided by the number of measurements and treatments: 

𝑊𝑜  =

𝑊𝑅
𝑇⁄  

𝑀
 

Where 𝑊𝑜 is the overall weighing factor per observation, 𝑊𝑅 is the weighing factor by replication, 𝑇 the 

number of treatments per respective control, and 𝑀 the number of measurements per treatment. This 

ensured that all experimental comparisons in multi-factor and multi-year studies could be included in 

the data set without dominating the overall effect size. 

 

Mean effect sizes for the overall sample and per technology type were estimated as follows: 

𝑅𝑅̅̅ ̅̅ =
∑(𝑅𝑅𝑖 ∗ 𝑊𝑂𝑖)

∑ 𝑊𝑂𝑖
 

With 𝑅𝑅𝑖 being the effect size of the ith comparison, and 𝑊𝑂𝑖 the overall weighing factor for the ith 

comparison.  

Standard errors were calculated. Indicator units differed between studies, but standardization was not 

considered necessary for computation of response ratios. Live weight gain could not be presented as the 

response ratio as data were both positive and negative. 

 

3. Results & discussion  

3.1 Technologies, locations and impact dimensions: Overview of past research 

Seventy-three studies were found suitable to be included in the review, published during 30 years 

between 1985 and 2015. The number of experimental forage studies peaked in the period from 1999 to 

2007 (Figure 2a). The International Livestock Research Institute (ILRI), the International Center for 

Tropical Agriculture (CIAT), and the International Center for Agricultural Research in the Dry Areas 

(ICARDA) and regional networks have been leading the international forage research in SSA over the last 

30 years. They have been especially active in breeding and evaluating yields of germplasm. In the 

national agricultural research systems (NARS), programs were established in the 1960s and 1970s to test 

and adapt forage genotypes. In the 1990s, a strong movement started towards participatory research to 

match varietal characteristics with needs and interests of smallholder livestock keepers, to ultimately 

reach higher adoption (Hall et al., 2007; Stür et al., 2013). In addition to planted forages, crop residues 

are a major feed source in mixed crop-livestock systems throughout SSA. Residues, and their competing 
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uses as animal feed or for soil amendment, have received quite some recent research attention (e.g. 

Duncan et al., 2016; Homann Kee-Tui et al., 2015; Tittonell et al., 2015; Valbuena et al., 2012). Also, 

dual-purpose cereal crops have been researched from biophysical, socio-economic, cultural, and policy 

angles. The International Crops Research Institute for the Semi-Arid Tropics (ICRISAT), ICARDA, the 

International Institute for Tropical Agriculture (IITA), ILRI and the International Maize and Wheat 

Improvement Center (CIMMYT) have focused on developing dual-purpose varieties for grain and forage, 

e.g. sorghum, cowpea, maize, millet and groundnut (Lenné et al., 2003). Planted forages, on the 

contrary, have not benefitted from a similar level of research investment in SSA. 

Studies were conducted in 14 countries, most of which were in East Africa (49). Within East Africa, most 

studies reported results from Kenya (30). Eight studies were conducted in West Africa, five in Central 

Africa, and nine in Southern Africa. Most sites were located in the rainfed mixed crop-livestock zones (24 

sites humid/sub-humid, 24 sites tropical highlands/temperate), and only five sites in rangeland areas 

(four arid/semi-arid, one hyper-arid) (Figure 2b). Studies included a wide variety of forage grasses, 

legumes and shrubs (Table 1). These different species reflect the focus on improving forage availability 

in different production systems, such as smallholder dairy in eastern Africa or sedentary crop-livestock 

farmers in West Africa. Pastoral communities are unlikely to invest in new forages for communally 

grazed grasslands until joint grazing management strategies are in place. Therefore, planted forage 

research has focused on mixed crop-livestock farmers and to a lesser extent on sedentary agro-

pastoralists. The advancement of Kenya’s dairy industry has been largely based on the wide spread of 

Pennisetum purpureum (Pengelly et al., 2003). However, certain other species dominate in specific 

regions: the World Agroforestry Center (ICRAF) and partners promoted agroforestry with multi-purpose 

shrubs and trees with a focus on cut-and-carry systems in eastern Africa. Calliandra calothyrsus is most 

commonly planted as it is fast-growing and tolerant of frequent cuttings. However, it is not as nutritious 

as other species including Leucaena leucocephala and L. trichandra, and Sesbania sesban. In 2006, it was 

estimated that over 200,000 smallholders had been planting these fodder tree species in the East 

African highlands. A key advantage is that they require little land, which is crucial in high-potential 

highland areas with high population pressure. They are also multi-purpose, contributing to firewood and 

erosion control. Challenges constraining uptake are lack of availability of seedlings as well as lack of skills 

to grow them, especially during the establishment phase (Franzel et al., 2014; Place et al., 2009). Only a 

few studies were found that report results from experimental research with forage technologies from 

southern Africa. Four of the nine total studies were conducted in Botswana, and focused either on 
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leguminous shrubs or forage legumes, with only one study on forage grass-legume intercropping 

(Brachiaria hybrid cv. Mulato and Arachis pintoi).  

In West Africa, the focus has been on herbaceous and dual-purpose legumes. Stylosanthes guianensis 

and S. hamata (Stylo), Mucuna pruriens (Mucuna), Centrosema pascuorum and Aeschynomene histrix 

have been promoted for use in fodder banks and improved fallows in West Africa by ILRI and its national 

partners. These technologies aimed to alleviate feed stress of agro-pastoralists in sub-humid zones, 

especially during the dry season. For a large part of the dry season, a fodder bank planted with 

herbaceous legumes close to the homestead can maintain a crude protein content of 9% compared to 

<7% of the naturally available pastures during that time. Those legumes can also increase subsequent 

crop yields on the same plot due to nitrogen fixation and improvement of physical soil quality. Stylo has 

already been introduced in and promoted since the late 1970s, and Mucuna since the late 1980s. The 

uptake of Stylo has been relatively slower than, for example, that of Mucuna in southwestern Benin. In 

1999, it was estimated that 27,000 households in West Africa had adopted these technologies (Elbasha 

et al., 1999; Tarawali et al., 1999). Dual-purpose cowpea (Vigna unguiculata) is another crop that has 

been developed and promoted for mixed crop-livestock systems in the dry savannah zones of West 

Africa by ILRI and IITA. The crop is popular in West Africa, with an estimated eight Mio. ha planted in 

1997. Various dual-purpose cowpea varieties have been developed and tested that can deliver benefits 

to household food production, livestock feed, soil quality and nutrient cycling. Improved dual-purpose 

cowpea varieties could replace traditional varieties that could either produce grain or fodder. An impact 

assessment from northern Nigeria indicated that expected returns are high (Kristjanson et al., 2002, 

2005; Tarawali et al., 2003). It needs to be noted that the focus on literature published in English has led 

to a bias against francophone literature from West and Central Africa.  

Most studies focused on forage productivity and quality (n = 32) and livestock productivity (n = 30), with 

the least studies on soil quality (n = 6). Effects on food crop productivity was measured by 18 studies, 

though they contained a high number of observations (n = 302). Fifty studies reported data on only one 

impact dimension, while 19 studies reported on two impact dimensions and only three studies on three 

dimensions (Figure 3b). Most often, it was studies on improved cropping system integration that 

assessed several dimensions such as forage production, soil quality and food crop production (Figure 

3b). Only a few forage technologies have been investigated in all their aspects in a chosen location. This 

points to the fact that forage research is a challenging field that moves between various disciplines with 

their own approaches and methods - e.g. it needs agronomic expertise to study forage production and 
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soil impacts through on-farm or on-station trials, animal nutrition expertise to assess livestock 

production impacts through feeding trials, and economic analyses for income quantification. White et al. 

(2013) found similar results in a global review of forage impact studies. In particular, effects on gender 

and labor were reported less often, and rather in a qualitative way (White et al., 2013). 

3.2 Magnitudes of multi-dimensional effects of forage technologies   

Herbage yields and crude protein content of improved germplasm as compared to a local control were 

reported by 51 observations (Figure 4a). Average herbage production of improved forage technologies 

was 2.65 times higher than the local controls, and crude protein content 18% higher. When 

differentiating impacts by technology groups, introducing improved forage germplasm had the largest 

effect on forage productivity. Grass germplasm exhibited on average three times higher herbage yield 

than the local control, followed by herbaceous legumes with almost doubling herbage productivity, and 

dual-purpose legumes with 27% higher yield. Grass germplasm (Pennisetum purpureum, Brachiaria spp.) 

has been tested in East Africa (Uganda and Rwanda), whereas herbaceous legume and dual-purpose 

cowpea germplasm experimentation took place predominantly in West Africa. Overall, these results 

justify why fodder grasses have been a more important research area in Africa than fodder legumes, 

indicating where the large gains can be made (Lenné and Wood, 2004). Fertilizer application and 

planting method increased average herbage production by 21% and 7%, respectively. Intercropping a 

forage grass with a legume increased average total herbage production by 49% when compared to a 

forage grass only (Figure 4b). Regarding forage quality, grass-legume intercropping almost doubled the 

CP content of the overall forage (Figure 4c), while metabolizable energy remained almost equal (Figure 

4d). Grass-legume intercropping is a popular topic with 68 observations on herbage productivity effects, 

and 17 observations on CP effects. Experimentation was conducted all over Africa, involving various 

different grass and legume species and combinations (e.g. Panicum maximum and Lablab purpureus, 

Pennisetum purpureum and Desmodium intortum, Brachiaria hybrid cv. Mulato II and Centrosema molle 

or Clitoria ternatea). However, in many rainfed smallholder farming systems, it is not only the quantity 

and quality of forage produced that matters, but particularly their seasonality. Especially in dryer areas, 

dry-season feed availability can become more important than overall herbage production (Ates et al., 

2018).  
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Figure 4: Weighed mean response ratios with standard error for improved germplasm effects on forage 

productivity and quality (a), and effects by technology group (germplasm, management, cropping system 

integration) and their sub-groups on herbage (b), crude protein content (c), and metabolizable energy (d). One 

observation from the effect of herbaceous legume on manure (d) and shrub on manure N (e) was excluded due to 

lack of sufficient data points. The dashed line indicates a response ratio of 1, which is the threshold for increase 

(>1) or decrease (<1) when compared to the control. The number of studies and observations are reported in 

brackets.  

Impacts of improved feeding regimes with forages on livestock production were measured and reported 

by 74 observations. Overall, they improved milk yield by an average of 35%, dry matter intake (DMI) by 

25%, nitrogen content of manure by 24% and manure quantity by 12% when compared to the basal 

diets (Figure 5a). Herbaceous legumes had the largest average effect on milk yield, increasing 

productivity by 47% (Figure 5b). Herbaceous legumes also had the largest effect on DMI, higher than 

dual-purpose legumes or shrubs (Figure 5c). Much fewer observations reported impacts on manure 

production and nutrients in manure (Figures 5d and 5e). Often-tested herbaceous legumes include 

Stylosanthes spp., Desmodium spp., Mucuna pruriens, while dual-purpose legumes include mostly 

Lablab purpureus and Vigna unguiculata (cowpea). Dairy animals are frequently used to assess improved 

forage quality as it translates rapidly into higher milk yield. The lower magnitude of impacts from 

livestock feeding regimes, when compared to forage productivity, points to the fact that higher quantity 

and quality of feed does not directly translate into livestock productivity response as several other 

factors such as current nutritional status of the animals, animal health, breed and management 
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practices might be limiting productivity. A combination of interventions is often necessary (breed, 

management, health, etc.) to reach desired effects. Published livestock productivity effects observed in 

studies under controlled conditions, such as on-station feeding trials, are most likely much greater than 

those obtained in uncontrolled on-farm situations.  

 

Figure 5: Weighed mean response ratios with standard error for improved feeding regime effects on livestock 

productivity indicators (a), and effects by technology sub-group on milk (b), dry matter intake (DMI) (c), manure 

production (d) and N content of manure (e). The dashed line indicates a response ratio of 1, which is the threshold 

for increase (>1) or decrease (<1) when compared to the control. The number of studies and observations are 

reported in brackets. 

Tropical forages have also been measured to have effects on soil quality, household economics and food 

crop productivity. A total of 88 observations reported effects of forage integration in cropping systems 

on soil quality, 85 observations on household economics, and 302 observations on food crop yields. 

Forage integration into cropping systems has often been highlighted as key to deliver multiple benefits 

to farmers, yet there are only few successful and published examples (Maass et al., 2015). Intercropping 

food crops (maize, sorghum and millet) with forage grasses and legumes was the subject of a few 

publications. Food crops studied were mainly maize, and to a lesser extent sorghum and millet. Forages 

that were intercropped with food crops were mostly annual forage legumes such as Lablab purpureus 

and Vigna unguiculata. Perennial intercropped herbaceous or dual-purpose legumes included Mucuna 

pruriens and Stylosanthes spp. that are under sown or relay-planted, and often allowed to grow 
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throughout the subsequent season(s) as improved fallow. Only in one case were food crops 

intercropped with a forage grass (Chloris gayana). Various studies focused on Desmodium spp. and 

mostly refer to the push-pull system in which the pest control factor has an additional effect on food 

crop yields (Hassanali et al. 2008). Hedgerow cropping with fodder shrubs was mainly experimented 

with within East Africa, with Calliandra spp., Leucaena spp. and to a lesser extent Sesbania, planted in 

fields of maize (and soybean), and wheat (and beans). Integrating planted forages into cropping systems 

overall almost halved soil loss, and increased SOC by an average of 10%. On average, they almost tripled 

economic revenue and benefit and increased crop grain yields by 60% and stover yields by 33% (Figure 

6a). Intercropping a forage grass or legume with a food crop was more profitable than hedgerow 

cropping, more than tripling economic benefit (Figure 6e) and resulted in 75% higher food crop yields 

(Figures f). Hedgerow cropping with fodder shrubs can lead to competition and lower food crop yields, 

depending on the exact agronomic arrangement and agro-ecological conditions. Variability was high in 

the economic data, which was also reported by Franzel et al. (2014) for fodder shrub hedgerow 

cropping. Net return in Kenya and Uganda varied widely, depending on the number of trees grown on 

the farm, the amount of supplementation with leaf meal, and the milk prices, which can vary between 

locations and seasons and influence profitability. Inconsistent valuation methods and assumptions also 

complicate the economic comparisons, e.g. full costs are often not reported. This corroborates results 

by White et al. (2013) who reviewed global literature on forage technology impacts.  
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Figure 6: Weighed mean response ratios with standard error for overall effects of cropping system integration 

technologies on soil quality, household economics and food crop productivity (a), and effects of technology sub-

groups on soil loss (b), soil organic carbon (SOC) (c), revenue (d) and benefit €, and grain (f) and stover yields (g).  

Impact dimensions are differentiated by colors with red for soil quality, blue for economic performance, and 

brown for food crop productivity. The dashed line indicates a response ratio of 1, which is the threshold for 

increase (>1) or decrease (<1). Number of studies and observations are reported in brackets. 

This review demonstrates the central role planted forages can play in agricultural productivity, 

environmental sustainability and livestock nutrition in smallholder mixed crop-livestock systems in SSA, 

which has been suggested before (e.g. Ates et al., 2018). These results underline the potential of tropical 

forage technologies to contribute to sustainable intensification. Multi-dimensional impacts of 

technologies become increasingly recognized as key, also for integration in farming systems and 

adoption. For example, in the discussions around Climate-Smart Agriculture (CSA) and Sustainable 

Intensification (SI), concepts of synergies and trade-offs between various objectives become more and 

more important (Campbell et al., 2014). Multi-disciplinary research is needed to gain a comprehensive 

view of multi-dimensional impacts and trade-offs of forage technologies. Understanding whole system 

implications of forage introduction into a farming system is required – e.g. for estimating trade-offs in 

labor requirements or food security when intensifying livestock production (Ates et al., 2018). Other 

authors have also been calling for a practical systems-based approach to forage research (Pengelly et al., 

2003; Sumberg, 2002). Farming systems research, together with simulation modeling to estimate forage 

and livestock production impacts and their interactions, and whole-farm economic analysis to evaluate 

benefits and risks, can provide decision support to farmers as well as evidence for researchers and 

funding agencies to prioritize (research) investments (Pengelly et al., 2003). In fact, farmers seem to 

make decisions based on balancing or satisfying multiple objectives, instead of optimizing one single 

objective – which has been coined ‘satisficing behavior’ (Simon, 1957; Van Kooten et al., 1986). For 

example, smallholder crop-livestock farmers might not only be interested in increasing cash income, but 

also protecting their soils and providing nutritious food for the family. In that sense, technologies that 

can deliver multiple benefits might be especially attractive (Box 1).  
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Box 1: Multi-dimensional benefits of forage grasses are valued by farmers in Tanzania – field testimoniesThe 

International Center for Tropical Agriculture (CIAT) has been leading various research for development (R4D) 

projects throughout Tanzania (TZA) since 2012, attempting to address forage impacts in a multi-dimensional way. 

Different Pennisetum, Tripsacum, Brachiaria and Panicum grass species and accessions have been tested on-farm 

for agronomic and livestock performance under various levels of replication and researcher control. In the 

Southern Highlands of Tanzania (Njombe, Mufindi, and Rungwe districts), farmers still have sufficient farmland 

available but the dairy value chain is poorly developed and input and output markets lacking. Farmers report that 

the Brachiaria hybrids cvs. Cayman and Cobra increase milk production by 1.5 – 2 kg per milking event, mainly 

achieved through higher animal intake due to high crude protein content and palatability. Intercropping with a 

legume such as Stylosanthes guianensis, protein content of the forage is even higher (Figure 7a). Increased and 

sustained income is another major impact of dairy production, as daily sales to cooperatives and neighbors are 

supporting the household’s cash flow (Figure 7b). However, Cobra and Cayman are less drought-tolerant than 

Brachiaria hybrid cv. Mulato II, for example, which helps to maintain animal health and milk production through 

the long dry season in the area. In the Lushoto district, Usambara Highlands, farm sizes are small and erosion 

potential is high due to high population density and sloping landscapes. Napier grass (Pennisetum purpureum) and 

Guatemala grass (Tripsacum andersonii) are planted for simultaneously achieving high quantities of feed and 

controlling soil erosion (Figure 7c). Guatemala grass, however, is becoming less attractive due to its high water 

consumption and competition with close-by food crops. When asking farmers in this area for reasons to keep 

cows, availability of manure for cropland fertilization is often-mentioned (Figure 7d). If planted close to the 

homestead, it can also significantly reduce labor required to fetch forage from far. In the dry season, household 

members can spend 4-5 hours a day to fetch sufficient forage (Figure 7e). Throughout Tanzania, but especially in 

Kilimanjaro and Manyara districts around Arusha, forage production and sale is also becoming an attractive means 

for direct income generation. A 50 kg bag of Brachiaria splits can sell for around 15,000 TSh (USD 6.5), serving as 

planting material. In the dry season, when fresh forage is scarce, a bale of hay (12-15 kg) from Rhodes grass 

(Chloris gayana) sells for 3,500 TSh (USD 1.5), while hay from natural pasture species (Hyparrhenia rufa, H. 

filipendula, H. hirta) goes for 5000 Tsh (USD 2.2) per  man load (30 kg). Haymaking is especially lucrative for feed 

supply throughout the dry season, ensuring year-round forage availability (Figure 7f). It is often those multiple 
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benefits of a forage technology that motivate farmers to adopt a forage technology.

 

Figure 7: Field pictures from Southern Highlands, Usambara highlands, Manyara and Kilimanjaro, Tanzania. B. 

hybrid cv. Cayman intercropped with S. guinanensis in Rungwe district in Southern Highlands (a). Fresh raw milk is 

ready for sale to neighbours and cooperatives in Rungwe district, Southern Highlands (b). Napier grass planted on 

contours for reduction of soil erosion as well as supply of fodder in Lushoto (c). Farmyard manure is a highly valued 

input to crop production and can be increased in quantity and quality through feeding improved forages in Lushoto 

(d). Farmer carrying Napier grass back to his farm for feeding in Lushoto (e). Weighing a bale of hay from Rhodes 

grass in Babati, Manyara district (f). Photo credits: B. Nzogela, CIAT (a, b, f); B.K. Paul, CIAT (c, d); G. Smith, CIAT (e).
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Yet, despite many years of research and development and the proven potential for multi-dimensional 

benefits, adoption of forage technologies has remained below expectation across tropical farming 

systems in developing countries (De Haan et al., 2006; Hall et al., 2007; Owen et al., 2012; Pengelly et 

al., 2003; Shelton et al., 2005). Especially in East Africa, where farmers have small land holdings, the area 

of land required to grow forages is one of the key limiting factors. However, lack of land tenure (Njarui 

et al., 2017), different intra-household access to land and division of labor by women and men, women’s 

burdens of domestic chores (Kebebe et al., 2017; Omollo et al., 2018), or other gender-related issues 

may be equally important. The number of socio-economic factors involved in forage adoption can help 

explain why the highly participatory research for development (R4D) activities in South-Asia have 

resulted in successful forage adoption (Lisson et al., 2010; Millar and Connell, 2010; Stür et al., 2013). A 

deeper lying explanatory factor is related to livestock farmers’ objectives. Livestock intensification is not 

always the main focus of farmers who keep livestock primarily for providing draught power, as assets 

and risk management strategy, or for cultural reasons (Sumberg and Thomas, 1995; Lankoande and 

Sumberg, 2013). There is also some cultural reluctance to grow forages if producers are unfamiliar with 

the concept of investing labor (planting, management and harvesting), as well as capital (seeds, land) in 

something that was previously “for free”. Such investment is mostly common for food crops but not for 

feed (Sumberg and Thomas, 1995). 

3.3 Variability of forage productivity  

Absolute forage grass yield figures are highly variable (Table 2). Herbage DM yields for Pennisetum 

purpureum range from 0.25 to 37.3 t/ha with most values around 3 – 10 t/ha, with the lowest value 

recorded in a semi-arid environment per season. Crude protein contents for Pennisetum purpureum 

reached as much as 16.3% in an experiment in Kitale, Kenya, while most other figures range between 5 

and 8% (Table 2). The high variability in forage agronomic performance in terms of biomass production 

is remarkable. These might have two reasons: Firstly, Napier grass is native to SSA and adapted to a wide 

range of soil and agro-ecological conditions from 0 to 2100 m above sea level, as well as annual rainfall 

between 750 and 2500 mm (Negawo et al., 2017).  However, yields can vary widely, depending on the 

cultivar grown, and its interactions with agro-climatic conditions and management. Globally, some 

studies have even reported yields of up to 66 t DM/ha/year in Malaysia, 78 t DM/ha/year in Brazil or 90 

t DM/ha/year in Zimbabwe (Negawo et al., 2017), which is significantly more than the ranges reported 

for SSA in this review. Similarly, the CP content of Napier grass is significantly influenced by cutting 

treatments and intervals, and fertilization (Negawo et al., 2017). The choice of experimental control and 
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fertilization regime might also explain some of the observed variability, which calls for future statistical 

analysis of the literature data. Secondly, despite the efforts of eminent forage researchers (e.g. Tarawali 

et al., 1995; ‘t Mannetje, 2000), the research field and methods of forage agronomy are not 

standardized, also due to the comparably less research that has taken place as compared to food crops. 

Forage biomass production is assessed in various ways in terms of establishment time, cutting interval, 

cutting height and reporting times (per harvest, season, year or more). This made results less 

comparable across sites and studies. Besides, it reflects the low level of forage research capability 

available in SSA, e.g. shown by seven forage agronomists out of 545 agricultural scientists in Kenya, 

according to Murithi and Minayo (2011). Consequently, there is a need for both implementing proposed 

standards in forage agronomy and forage capacity building. Further statistical analysis of forage 

productivity data could elucidate influencing factors for the observed site-year variability.  

 

4. Conclusions 

Quantitative literature reviews are key to summarizing evidence on what is known, synthesizing it for 

use within or outside of the research domain, and formulating future research priorities. To the best of 

our knowledge, this review for the first time: i) provides a comprehensive overview of focus and location 

of past research on tropical forages in SSA; ii) quantifies the range and magnitude of multi-dimensional 

effects of forage technologies including livestock productivity, soil quality, household economics and 

food crop productivity; and iii) presents variability in forage agronomy data. 

This review demonstrated the central role improved forages can play in sustainable intensification in 

SSA. It further highlights an urgent need for interdisciplinary and systems-level approaches to quantify 

potential synergies and trade-offs between different productivity, environmental and livelihood 

dimensions. Results of this review can be taken up by environmental and agricultural scientists and 

practitioners in SSA to design and target livestock feeding interventions that deliver multiple benefits to 

farmers. Magnitudes of responses can be used for more accurate ex-ante impact assessments and 

scenario analyses. Knowledge gaps and recommendations for future research include: i) Statistical 

analysis of influencing factors for site-year variability in forage effects; ii) Innovative spatial and 

temporal integration of various forages in cropping systems using rigorous agronomic methods; iii) 

Multi-disciplinary experimental studies that reveal multiple impacts of best-bet forage technologies in 

one location; iii) Farming systems modeling approaches that can use experimental results to simulate 

synergies and trade-offs on productivity, environment and livelihood dimensions.  
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Chapter 3 

 

Livestock feeding systems and feed gaps in smallholder farms in East Africa  
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Livestock feeding systems and feed gaps in smallholder farms in East Africa. Agricultural Systems. 
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1. Introduction  

Livestock are a global resource of significant benefit to society in the form of food, income, nutrition, 

employment, insurance, traction, and clothing (Herrero et al., 2012). By 2050, the total demand for 

meat, milk and eggs is projected to almost double worldwide, with the largest increases expected in the 

developing world. This ‘livestock revolution’ is driven by population growth, urbanization, income 

increase and change in dietary preferences by the growing middle class (Delgado et al., 1999; Herrero 

and Thornton, 2013). Combined with the importance of livestock for household income in smallholder 

systems, the livestock revolution may provide a unique pathway out of poverty for poor livestock 

keepers, provided that pro-poor policies and investments can support smallholder participation in the 

related value chains. Especially for ruminants, the prospects for smallholders to be competitive primary 

meat and milk producers are good due to low economies of scale, under-utilized family labor and the 

ability of ruminants to utilize low-quality roughage (McDermott et al., 2010).  

Smallholder livestock production and associated feeding systems in East Africa vary widely, depending 

on socio-economic, cultural and agro-ecological factors. Livestock systems in East Africa can be 

distinguished as follows: a) pastoral and agro-pastoral with larger livestock herds, mainly composed of 

local breeds, grazed on natural public, private or communal grassland in areas with low agro-ecological 

potential; b) intensive crop-livestock systems based on stall-feeding (also called cut-and-carry or zero-

grazing) of 1-5 cross-bred or exotic cattle, forage cultivation and concentrate supplementation in high 

potential agro-ecological areas where manure is highly valued as crop fertilizer; c) semi-intensive mixed 

crop-livestock systems where the animals split their time between enclosures and grazing and/or being 

tethered; d) others including forest-based, urban and landless systems. In pastoral and agro-pastoral 

systems, the main objective is meat production with milk as a by-product, whereas in intensive and 

semi-intensive mixed crop-livestock systems the focus is often on dairy (McDermott et al., 2010; 

Robinson et al., 2011; Sere and Steinfeld, 1996). In Africa, 60% of ruminants are found in mixed crop-

livestock systems, occupying 20% of the total area (Herrero et al., 2008). It commonly assumed that the 

shortage of sufficient quantity and quality feed on a consistent basis is a key constraint facing 

smallholder dairy farmers. In (semi-) intensive systems, it constitutes major production cost and absorbs 

much of the available on-farm labor (Bebe et al., 2002). Feed links livestock to land use and 

requirements, directly through grazing and forages, and indirectly through residues and grains. Diet 

quality also is the basis of feed use efficiency, which determines greenhouse gas emission intensity 

through non-CO2 emissions from enteric fermentation and manure (Herrero et al., 2013). Despite the 
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importance of feed baskets for livestock productivity and environmental impacts, empirical 

measurements of feed quantities supplied in smallholder systems in East Africa are rare.  

The concept of yield gap has become increasingly popular in the last decade, witnessing a large number 

of applications in the realm of food crops. Yield gap is the difference between potential and actual crop 

yield. Potential yields are obtained with a specific crop cultivar when water and nutrients are non-

limiting and biotic stresses are controlled; while actual crop yields are those effectively achieved in 

farmers’ fields (Van Ittersum et al., 2013). The production ecology principles underlying crop yield gaps 

have also been applied to livestock production systems, as outlined by van de Ven et al. (2003) and van 

der Linden et al. (2015). Other approaches to livestock yield gaps were employed to estimate how 

livestock production can be made more efficient, including in India and Ethiopia (Mayberry et al., 2017); 

Kenya, Tanzania, Uganda, Ethiopia, Senegal and Burkina Faso (Henderson et al., 2016); and Mexico 

(Cortez-Arriola et al., 2014). Moore et al. (2009) introduced the specific concept of a ‘feed gap’, defined 

as times of the year when feed supply is insufficient to meet livestock demand. However, the existing 

approaches to feed gaps either rely on extensive available data to calibrate various time-intensive 

models, or use survey data and assumptions on feed baskets without measured feed quantities. 

Methods to quantify feeding systems and feed gaps for smallholder systems in data-scarce 

environments are currently lacking. In this context, this study aims to introduce and test a relatively 

simple approach to quantify feeding systems and feed gaps in East African farms, comparing feed 

demand and supply at the individual herd level. The approach is illustrated with pilot evidence from 

various crop-livestock production systems across three agro-ecological zones in Tanzania, which broadly 

represent the diversity found in the region. The paper concludes with discussing feeding system 

diversity and intensification, magnitudes of feed gaps and their causes, and the usefulness of the 

approach, including shortcomings and recommendations for future research. 

 

2. Material and Methods  

2.1 Conceptual approach  

In this study, feeding systems comprise feed quantity and quality, but also feed management (grazing vs. 

cut-and-carry) as well as required labor. Livestock feed gaps are defined as the difference between 

attainable feed demand and actual feed supply at the individual herd level. Attainable feed demand 

refers to calculated feed requirements to support a locally attainable milk production level, while actual 
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feed supply is the feed offered to a specific herd on farm (Figure 1). The approach to match ‘feed 

demand’ and ‘feed supply’, and define the difference between both as ‘feed gap’, originates from 

Moore et al. (2003) and Bell et al. (2017). The use of ‘attainable’ and ‘actual’ feed supply and demand 

concepts is based on production ecology principles. Applied to livestock production systems, they 

differentiate between potential/attainable, limited and actual livestock yields. Potential production is 

solely defined by temperature, day length, and animal genetics, while actual yields are those achieved in 

farmers’ fields. Limiting factors (water, feed quantity and quality) and reducing factors (e.g. diseases, 

pollutants) explain the difference between potential and actual yields (van der Linden et al., 2015; van 

der Ven et al., 2003). In places where potential yields are far from actual yields, it is more useful to work 

with a locally attainable yield that can be achieved by resource-endowed smallholder farmers in their 

most productive fields (Tittonell and Giller, 2013). Different from van de Ven et al. (2003) and van der 

Linden et al. (2015), this approach to feed gaps does not consider growth limiting and reducing factors 

other than feed. In contrary to Moore et al. (2003) and Bell et al. (2017), we test our approach with a 

one-time pilot measurement only, thus ignoring the time scale of magnitude and variability of feed gaps. 

For this approach to yield comprehensive insights into seasonal feed gaps, the data collection has to be 

repeated as needed. This approach is designed to operate in data-scarce environments such as 

smallholder farming systems in East Africa, focusing on relatively simple calculations and minimum 

measured data without time and resource-intensive calibration of multiple models.  
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Figure 1 Conceptual overview of the feed gap approach to smallholder dairy farms in East Africa. n indicates 

additional feedings, feed items or livestock classes. FW = fresh weight, DW = dry weight, ME = metabolizable 

energy, CP = crude protein, TLU = Tropical Livestock Unit. Requirement calculations include maintenance, milk 

production and locomotion.  

 

2.2 Pilot study sites and farm selection 

Three study sites in Tanzania were selected for the pilot study, spread over three administrative regions: 

Lushoto in Tanga, Mvomero in Morogoro, and Babati in Manyara region (Figure 2).  
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Figure 2 Locations of study sites Lushoto, Mvomero and Babati in Tanzania, and their general characterization. On-

farm data collection for the pilot study took place in ten villages across nine wards in the three pilot study sites. 

Data for the site characterization was retrieved from the following sources: Funk et al., 2015; Hijmans et al., 2005; 

Jarvis et al., 2008; Linard et al., 2012. Data for the map was retrieved from Chen et al., 2014; GADM 2018.   

Data collection took place in different villages in five wards in Babati, one ward in Morogoro and three 

wards in Lushoto, which differed in average elevation, precipitation and temperature, and population 

density (Figure 2). The sites represent different (sub)-humid agro-ecological zones and dairy-oriented 

production systems, excluding (semi)-arid, pastoralist systems. Mvomero and Lushoto are sites of the 

Tanzania dairy value chain under the CGIAR Research Program on Livestock, and were selected through 

a systematic process of spatial map overlays, stakeholder consultations, scoping visits and partner 

preferences to represent areas with intensive/more commercial rural producers who are significantly 

engaged in selling milk to urban consumers (https://livestock.cgiar.org/). Babati is one of the sites of the 

AfricaRISING research program in Tanzania, representing a high socio-economic and agro-ecological 

diversity and potential for sustainable intensification. Dairy production takes place in agro-pastoral, 

semi-intensive and intensive mixed crop-livestock systems (https://africa-rising.net/). 

We hypothesized to find a diversity of feeding systems and feed baskets in the different study sites, as 

the relative use of different feed types differs with level of farming intensity. In sites with lower agro-

ecological potential and levels of intensification, grazing would prevail, complemented with crop 

https://livestock.cgiar.org/
https://africa-rising.net/
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residues in the dry season. With increasing potential for crop production, grazing land diminishes and 

crop residues, collected or tethered natural vegetation, and planted forages increase. In areas with the 

highest level of farming intensity and market connection, concentrated feeding also gains importance 

(Tittonell et al., 2015; Figure 3). Lushoto was expected to have the most intensified feed baskets, with 

the highest percentages of planted fodder and supplements, and no grazing. Mvomero was estimated to 

have the most extensive feeding systems, relying mostly on grazing, while Babati was thought to be in 

between both systems with grazing as well as large reliance on crop residues but little planted fodder 

(Figure 3).  

 

Figure 3 Conceptual diagram of changing feed baskets following intensification. Colors denote various types of 

feed and the change of their relative use with level of intensification. Tanzania pilot study sites Mvomero, Babati 

and Lushoto were expected to be positioned along the gradient with different corresponding feed baskets.  

In total, 28 farms were sampled, with eight farms in Lushoto, nine farms in Mvomero and eleven farms 

in Babati. In each site, farmers were stratified according to existing farming system typologies. In Babati, 

three farm types were picked from Paul et al. (in review – Chapter 6), namely smallest (n=5), dairy (n=3) 

and large livestock (n=3) farms. In Lushoto, the typology was based on an unpublished participatory 

typology (Tongruksawattana & Ngunjiri, 2015) and included small (n=2), medium (n=3) and large (n=3) 

farms. One of the targeted small farmers was not available at the time of data collection, and no 
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replacement could be identified. In Mvomero, no pre-existing typology was available, so in discussion 

with extension officers and local scientists, farmers were stratified into small (n=2), medium (n=3) and 

large (n=4) farms. One of the large farmers was intended to be a small farmer, but was reclassified 

during data analysis. GPS locations of all farms were recorded. 

 

2.3 Data collection  

On-farm data collection was carried out in Babati from 20 to 24 April 2016, Mvomero from 28 April to 2 

May 2016, and in Lushoto from 16 May to 2 June 2016 with four trained extension officers. The timing 

corresponded to the peak of the rainy season in Mvomero and Babati. In Lushoto, sampling was 

performed after the rains had just stopped but feed availability was still similar to the rainy season.  

Empirically measured data included the number and breeds of all cattle, quantity of fresh feeds, milk 

production, and labor spent on animals. Farmers were asked to not alter their usual feeding and 

management practices during the day of data collection. Amount of feeds supplied to cattle were 

weighed and recorded in fresh weight (FW) with a hanging scale during all feedings in the course of an 

entire day (6am to 7pm). Feeds were separated into identifiable groups, weighed separately, and 

returned to the feeding trough. Sub-samples of approximately 200 gr were taken and analyzed with 

near-infrared spectroscopy (NIRS) for dry matter (DM) and crude protein (CP) content at the Ministry of 

Livestock and Fisheries’ Tanzania Veterinary Laboratory Agency (TVLA) in Temeke District, Dar es 

Salaam. Milk production was measured with a measurement cup after each milking. Time for different 

livestock-related activities (feed collection, chopping, milking, herding) was measured with a stopwatch, 

and the household member performing the task was recorded. 

 

2.4 Data analysis 

Households with several herds of cattle which were managed and fed differently were analyzed and 

presented separately. Herd IDs are composed of household number and small letters (a, b, c) which 

indicate several herds per household. 

Feed supplied per individual feed items in FW were summed up to a total amount of feed per day. Total 

feed supplied per day was then converted into DM, CP, and metabolizable energy (ME). Feed 

parameters were taken from the sample analysis, literature, feed databases and expert knowledge 
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(Table 1). If species from several genus were found (e.g. Amaranthus, Brachiaria, Cynodon and 

Desmodium), nutritional values were found comparable in all cases and values from one species was 

picked to represent the mix. Among the cut and carry grasses fed to the livestock were local grasses that 

could not be identified, and are presented as “mixed unknown species”. Estimation of their feed 

properties was based on comparable feeds found in the area such as planted grasses and was validated 

with experts. In Babati and Mvomero sites where livestock were grazing and feed intake could not be 

measured, DM intake was estimated assuming 3% of livestock body weight (BW) under medium quality 

of natural pastures.  

Table 1 Feed parameters for dry matter (DM), crude protein (CP) and metabolizable energy (ME) and their sources 

as used in the analysis.  

          

 
DM CP ME Source 

  % % of DM MJ/kg DM 

Banana leaves (Musa spp) 
20.7 9.5 9.9 

Feedipedia: 

https://www.feedipedia.org/node/12458  

Bean residues (Phaseolus vulgaris) 
88.0 7.1 7.4 

Feedipedia: 

https://www.feedipedia.org/node/12006  

Brewers' waste  85.0 10.0 12.0 Expert estimation 

Comellina (Comellina benghalensis) 8.3 13.3 8.6 Sample Lushoto, expert estimation 

Cynodon (Cynodon dactylon, 

plectostachyus) 
30.6 9.9 8.6 

Feedipedia: 

https://www.feedipedia.org/node/12125  

Guatemala grass (Tripsacum andersonii) 
22.0 8.8 8.4 

Feedipedia: 

https://www.feedipedia.org/node/12169   

Maize bran (Zea mays) 
83.3 11.4 11.0 

Sample Mvomero; Feedipedia: 

https://www.feedipedia.org/node/12280  

Maize residues (Zea mays) 
80.0 1.3 7.6 

Sample Babati; Feedipedia: 

https://www.feedipedia.org/node/12874     

Mixed unknown species 25.0 9.1 7.3 Lukuyu et al. (2016) 

Napier grass (Pennisetum purpureum) 15.0 11.0 9.9 Duncan et al. (2012)  

Natural pasture 25.0 9.1 7.3 Lukuyu et al. (2016) 

Sugarcane leaves (Saccharum officinarum) 28.6 4.0 6.9 Sample Lushoto; Duncan et al. (2012) 

     

https://www.feedipedia.org/node/12458
https://www.feedipedia.org/node/12006
https://www.feedipedia.org/node/12125
https://www.feedipedia.org/node/12169
https://www.feedipedia.org/node/12280
https://www.feedipedia.org/node/12874
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Actual feed supply is presented as two indicators: Per herd, and per Tropical Livestock Unit (TLU). 

Livestock BW was estimated by extension officers and local researchers per site. BW for adult male and 

female cross-bred and local cattle varied between 315 kg in Lushoto (local breed not present), 355 and 

225 kg in Babati and 330 and 245 kg in Mvomero. BW for the remaining animal classes (heifer, yearling 

bull, calf) was set proportionate to adult cattle weights (heifer and yearling bull 75% of adult weight, calf 

35%). One TLU was defined as 250 kg BW, resulting in different TLU units per livestock class and site. 

Current feed requirements were calculated based on Paul et al. (2008). According to this study, 6.27 g 

CP and 0.589 MJ per kg metabolic weight (MW) are required for maintenance, while 82 g CP and 5.023 

MJ are required per kg milk produced. The above-mentioned livestock BW and the measured milk 

production level of the day was used in the calculations. In grazing cattle, ME and CP requirements 

increased by 30% and 5% due to higher energy demands of locomotion. The energy requirements of 

grazing correspond to a median value of various estimations given in Vallentine (1990). Attainable target 

milk yield levels were set at 5 kg/day/cow for all adult female local breeds and 15 kg/day/cow for all 

adult female improved breeds, irrespective of their lactation state at the day of measurement (Wassena 

et al., 2015). Feed requirements for the attainable target milk yield were added to current feed 

requirements and presented as attainable feed demand, expressed in ME and CP.  

Feed gaps were quantified as the difference between attainable feed demand and actual feed supply. 

We express the relative feed gap in percentage by dividing the feed gap by attainable feed requirement 

for ME and CP (Figure 1). Positive numbers denote a feed gap, the situation when actual feed supply is 

insufficient to meet attainable feed demand. Negative numbers indicate a feed surplus when actual feed 

supply exceeds attainable feed demand. 

 

3. Results  

3.1 Livestock production and feeding systems  

Different livestock production systems were present in the three pilot sites (Table 2). Mvomero was the 

most extensive site, with largest farm areas (average 6.2 ha) and herd sizes (9.7 TLU). In Lushoto, 

exclusive zero-grazing systems with 1-2 cross-bred cows (1.7 TLU) and relatively small farm sizes (3.2 ha) 

were dominant, while Babati had a mixture of both systems (3.9 ha, 5.9 TLU). Grazing on both private 

and communal pastures and cropland was common in Babati, while in Mvomero only communal 

pastures were used. Grazing took on average between 6.5 – 11 hours a day. Despite the focus on dairy 
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production, only two farmers in Lushoto had lactating cows at the time of data collection, producing on 

average 2.8 kg/day/cow. Average daily milk production per cow was lower in Babati (2.7 kg/day) and 

Mvomero (1.5 kg/day). Livestock systems in Babati were most labor-intensive (3.2 h/TLU/day), while the 

cut-and-carry systems in Lushoto required the least amount of labor (1.4 h/TLU/day). Most livestock-

related labor was supplied by men, especially for collecting feed and grazing, while women provided 

almost exclusive care (>95%) for 18% of herds (Table 2).  
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Table 2 Key data describing the livestock production and feeding systems in the pilot sites in Tanzania. TLU = tropical livestock unit, h = hours, FW = fresh 

weight.  

                                

  
        Men Women 

Total 

labor per 
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(h/day) 
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Lushoto Small 1 1.8 2.2 0 0 0 0 0 1.0 0 1.0 0.5 1.4 96 

  
2 1.2 0.9 0 2.0 0.5 0 0 0 0 2.5 2.6 6.7 0 

 
Medium 3 1.5 1.7 6.3 3.5 0 0 0 0 0 3.5 2.1 2.3 0 

  
4 4.5 2.2 2 1.7 0 0 0 0 0 1.7 0.8 2.0 0 

  
5 4 1.3 0 0.6 0.1 0 0.8 0 0 1.5 1.2 2.0 56 

 
Large 6 2.6 2.5 0 1.1 0 0 0 0 0 1.1 0.4 0.5 0 

  
7 6.7 0.9 0 2.1 0.1 0 0 0 0 2.1 2.2 3.1 0 

  
8 3.2 2.2 0 0 0 0 3.1 0 0 3.1 1.4 4.2 100 

Babati Poor 9a 2.1 4.5 1.3 0 0 8.2 0 0 0 8.2 3.7 8.7 0 

  
9b ibid 4.7 13.1 3.9 0 0 2.7 0 0 6.5 5.2 16.9 41 

  
10 1.6 4.5 0 0 0 8.4 0 0 0 8.4 4.9 16.3 0 

  
11 1.2 9.1 1.2 0 0 9.8 0 0 0 9.8 3.9 16.5 0 

  
12 2.4 9.2 0 0 0 8.8 0 0 0 8.8 7.0 29.7 0 
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13 0.8 5.9 0 0.1 0 6.5 0 0 0 6.6 2.6 8.3 0 

 
Large 14 12 2.6 4.4 0 0 0 0 0 11.0 11.0 8.7 32.7 100 

  
15 3.9 2.9 4.0 0 0 9.0 0 0 0 9.0 4.1 12.7 0 

  
16 11 13 4.7 0 0 9.5 0 0 0 9.5 2.1 6.4 0 

 
Dairy 17a 2 4 1.0 3.5 0.3 0 0.1 0 0 3.8 0.8 2.2 2 

  
17b ibid 1.4 7.1 4.5 0.3 0 0 0 0 4.8 1.1 3.6 1 

  
17c ibid 6.4 0.9 0 0 10.9 0 0 0 10.9 1.2 4.0 0 

  
18a 4 8.2 0 0 0 0 1.0 0 0 1.0 0.1 0.3 100 

  
18b ibid 9.7 0 0 0 9.4 0 0 0 9.4 1.6 4.3 0 

  
19 2 2.8 0 1.2 0 0 0 0 0 1.2 0.4 1.0 0 

Mvomero Small 20 0.1 1.8 6.0 0 0 0 1.0 0 0 1.0 0.3 1.2 100 

  
21a 3.2 2.6 6.8 0.8 0 0 0 0 0 0.8 0.1 0.2 0 

  
21b ibid 1.9 0 1.3 0 0 0 0 0 1.3 0.3 1.3 0 

 
Medium 22 1.2 8 1.5 0 0 8.0 0 0 0 8.0 5.6 13.5 0 

  
23 0.1 15 7.0 0 0 8.5 0 0 0 8.5 1.3 4.4 0 

  
24 21 6.8 7.0 0 0 7.0 0 0 0 7.0 0.9 5.3 0 

 
Large 25 0.4 8.3 1.0 0 0 8.5 0 0 0 8.5 0.9 2.9 0 

  
26 18 25 4.5 0 0 8.3 0 0 0 8.3 2.9 10.1 0 

  
27 9.3 19 6.5 0 0 9.0 0 0 0 9.0 5.1 21.0 0 

    28 2.4 7.9 0 0 0 0 0 0 9.0 9.0 3.4 15.1 100 
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Feed in Lushoto was exclusively supplied as cut-and-carry, while in Mvomero grazing dominated except 

among small farmers. Only in Babati some farmers kept two separate herds of local grazing cattle and 

cross-bred zero-grazing cattle (Figure 4). Total daily DM supplied per TLU varied per site, from average 

12.6 kg DM in Lushoto to 10.5 kg DM in Babati and 7.3 kg DM in Mvomero. The bulk of feed in all sites 

(Lushoto 51.3%, Babati 58.2%, Mvomero 94.7%) originated from natural vegetation either grazed or cut-

and-carry. Planted forages only constituted 3.8 and 4.2% in Babati and Mvomero respectively, and 

31.2% in Lushoto, with Napier grass (Pennisetum purpureum) being the most common species. Maize, 

and to a lesser extent, bean residues and banana leaves were important feeds in Babati (35.5%) and 

Lushoto (16.4%), while no residues were fed in Mvomero. Less than 3% of total feeds were local 

concentrates, with brewers’ waste (millet and wheat remains of local beer brewing) in Babati, and maize 

bran in Lushoto (Figure 4).  
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Figure 4 Dry matter (DM) of actual feed supply per day and Tropical Livestock Unit (TLU) to individual herds across 

individual farms. Numbers on x-axis denote herd IDs. In green colors all green forages (darker green planted 

forages, medium green grazing natural pastures, and light green natural grasses cut-and-carry), brown colors crop 

residues, and blue colors commercial feeds. 

ME and CP of actual feed supplied were compared to calculated livestock requirements under current 

production levels (Figure 5). 90.9% of the herds were supplied with more ME and CP in their feed than 

they currently require (Figures 5a, 5b). Two herds in Mvomero provided less ME and CP than currently 

required, while two different herds in Babati were insufficiently fed with ME or CP. Farmers in Lushoto 

all supplied more ME and CP than required under current milk production levels (Figure 5).  
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Figure 5 Actual feed supply versus calculated current feed requirements at the actual production level in ME 

(metabolizable energy) (a) and CP (crude protein) (b) per TLU (Tropical Livestock Unit) and day across the three 

sites. The line represents 1:1, where ME and CP in actual feed supply corresponds to calculated feed requirements.  
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3.3 Feed gaps  

ME and CP of actual feed supplied to cattle herds were compared to attainable feed demand, the 

calculated ME and CP requirements under attainable milk production levels (Figure 6). Overall, the ME 

feed gap was -20.6% and CP -9.5, thus total feed supplied across sites would suffice to satisfy cumulative 

attainable feed demand. However, 61% of herds in all sites faced a ME feed gap, and 55% a CP feed gap. 

Feed gaps differed per site, with most herds facing a feed gap in Mvomero (90% ME, 70% CP) (Figure 6c) 

and the fewest in Lushoto (38% ME, 50% CP) (Figure 6a). In Babati, two herds (herd IDs 18a, 19) had no 

ME but large CP gaps due to low feed quality provided (predominantly maize and bean residues) while 

having several adult non-lactating cows (Figure 6b). Only 24% of herds did not have any ME nor CP feed 

gap (Figure 6).  
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Figure 6 Relative feed gap in metabolisable energy (ME) and crude protein (CP) for herds in Lushoto (a), Babati (b) 

and Mvomero (c). Positive numbers denote a feed gap, the situation when actual feed supply is insufficient to 

meet attainable feed demand. Negative numbers indicate a feed surplus when actual feed supply exceeds 

attainable feed demand. Herds are sorted on x-axis from smallest to highest ME gap.  

 

4. Discussion 

4.1 Feeding systems and feed gaps in East Africa  

Pilot evidence from three sites in Tanzania provided insights into feeding systems and feed gaps in East 

Africa. As hypothesized, the research sites were positioned on a gradient of feeding intensification 

(Figure 3). Natural vegetation continued to play an important role in livestock’s diet in both grazing and 

cut-and-carry systems. However, their future supply is not guaranteed with continued privatization of 

land and increasing population densities. Planted forages constituted a considerable part of the feed 

basket only in Lushoto, while supplementary feeding with purchased feed was not common and only 

occasionally provided in Babati and Lushoto. Residue feeding was more common in Babati where farm 

sizes are comparably large and mechanized agriculture is present. In general, a diverse feed basket 

seems to be a consequence as well as a necessity in smallholders mixed crop-livestock systems. During 

the dry season, the variety of feed baskets is likely to be even higher as smallholders are struggling to 

find sufficient feed (Lukuyu et al., 2011).  

The trend towards livestock intensification, away from agro-pastoral systems towards (semi)-intensive 

crop-livestock systems to maximize use of scarce resources, has been observed across East Africa. 

Intensification in this context refers to increasing the output per animal and labor unit through 

increased use of inputs or change of management techniques. In the Kenyan highlands, for example, 

over three-quarters of the smallholder dairy farms already fall under semi-intensive or intensive 

systems. Various factors influenced this intensification: if land was limiting, more farmers moved 

towards stall-feeding systems, while grazing was predominant if labor was scarce. In general, increasing 

population density, market access, conducive policies and favorable agro-ecology have been identified 

(Bebe et al., 2002; Lukuyu et al., 2011). However, the mix of systems in Babati suggests that the 

transition towards feeding intensification is not as gradient as presented in Figure 3, but rather a switch 

or entire re-organization of production systems (Green, 2017). 

Most on-farm cattle-related labor was provided by men in this pilot study, not only for grazing but also 

for fetching feed in cut-and-carry systems. Elsewhere, livestock-related decision-making and labor in 
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Tanzania has been reported to be strongly gendered. Cattle tends to be a male asset, and men tend to 

care for cattle in terms of grazing, buying/selling, and veterinary treatment. Women mostly took care of 

the dairying aspect of cattle, including sometimes even control over income from milk (Galiè et al., 

2015). Systematic and reliable labor data is however hard to come by as it is often collected through 

surveying, and difficulties to recall make farmer-reported labor data error-prone. Questions on gender 

distributions of labor suffer, in addition, from socially-desired responses. Comprehensive data from 

Africa suggests that women’s share of labor is rather around 50% in Tanzania instead of the often 

assumed 60-80% (Palacios-Lopez et al., 2017). The cut-and-carry systems in Lushoto required less labor 

per farm and TLU than the mixed systems in Babati and grazing systems in Mvomero. However, this 

does not depict the difference in type of labor, with fetching feed being more physically demanding 

labor than grazing. 

61% of herds in all Tanzanian sites faced a ME feed gap, and 55% a CP feed gap. However, overall, total 

actual feed supplied across all sites and herds would suffice to satisfy the cumulative attainable feed 

demand. The fewest herds faced a feed gap in Lushoto (38% ME, 50% CP), although it is important to 

consider that actual feed supplied is considerably reduced through high feed losses due to poor cattle 

housing and feeding techniques under zero-grazing. In the dry season, when feed availability is more 

constrained, the ME gap is likely to be much wider calling for quantity-focused technologies such as 

drought-resistant planted forages or forage conservation techniques. In Babati, two herds had no ME 

but large CP gaps due to low feed quality provided (predominantly maize and bean residues), pointing to 

the need for higher quality feed such as forage legumes or purchased supplements. 24% of herds did not 

experience a feed gap, meaning that feed quantity and quality were not limiting the production. Other 

yield-limiting factors such as lack of sufficient drinking water provision, or reducing factors such as 

diseases, might be the reason (van der Ven et al., 2003).  

Possible causes for such persisting feed gaps are manifold. Farmers are not always primarily aiming at 

closing yield gaps and therefore, could decide not to adopt improved technologies. Sumberg (2002) 

argued that low adoption of improved livestock nutrition technologies might not be due to poor 

communication or extension services but farmers that prioritize other economic, cultural and social aims 

over productivity increase. Policies, including subsidies, can also act as a disincentive to maximization of 

production. In Tanzania, cattle are not necessarily kept to maximize income, but also perceived as a safe 

way to store wealth, currency for dowries, a risk management strategy, a status symbol, and as a means 
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of transport and draft power (Galiè et al., 2015). Therefore, Snyder et al. (2016) argue to include into 

yield gap analysis the wider social, economic and political context that shapes farmers’ decisions.  

4.1  Assessing feed gaps – approaches and future improvements 

This study aimed to introduce a quantitative approach to assessing smallholder dairy feeding systems 

and feed gaps in data-scarce environments, which was illustrated using pilot evidence from Tanzania. 

The approach complements other approaches, which are more time, data and resource demanding. Van 

der Ven et al. (2003) and van der Linden et al. (2015) provided the theoretical foundation for livestock 

yield gap analysis by applying production ecology concepts. In contrary to this study that focusses on 

feed only, they include various growth defining (genotype, climate), growth limiting (feed, water), and 

growth reducing (diseases, stress) factors. Based on these principles, the dynamic LiGAPS-Beef model 

was developed using daily climate data, which can be seen as analogous to mechanistic crop models in 

data requirements, functionality and detail of results (van der Linden et al., 2018). Henderson et al. 

(2016) and Mayberry et al. (2017) worked with a combination of household and livestock models with a 

more limited data demand. However, as these studies mainly rely on survey data complemented with 

expert opinion, assumptions are made on feed quantities supplied. Common farming systems surveys 

(e.g. ImpactLite, https://ccafs.cgiar.org/impactlite-tool) often leave out planted and collected forages 

and focus on residue feeding and grazing. If dedicated feed surveys are available (such as the Feed 

Assessment Tool FEAST, https://www.ilri.org/feast), they mostly rely on farmer recall data for feed 

baskets which is sufficient for participatory technology testing and research, but of limited use for 

productivity and environmental estimations. The approach of Moore et al. (2009) and Bell et al. (2017) is 

similar to this study in taking a relatively simple demand versus supply approach. However, they rely on 

long-term simulations of a variety of forages to identify the time during the year where forage supply 

cannot meet livestock demand. The lack of quantitative survey data on feed baskets as well as the lack 

of large agronomic datasets for multiple model calibration makes it challenging to apply the existing 

approaches to data-scare smallholder environments. The feed gap approach piloted in this study can 

work where such data is not available as it is based on relatively simple calculations without time, data 

and resource-intensive calibration of multiple models. However, on-farm feed measurements would 

have to be repeated as needed, but at least a few times a year to capture seasonal variations.  

Deviations, both positive and negative, between actually supplied ME and CP and calculated current 

feed requirements (Figure 5) point to uncertainties in underlying data and calculations. On the livestock 

requirement side, exact body weight was not measured, and temporary weight gain and loss was not 

https://ccafs.cgiar.org/impactlite-tool
https://www.ilri.org/feast
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taken into account. On the feed supply side, varying storage time of feeds might lead to different DM 

contents of the same feeds between different feedings and farms, leading to uncertainties in 

conversions to total ME and CP contents. Moreover, feed losses in smallholder zero-grazing systems 

might be high, up to 30-50% of total feed. Lastly, the intake through grazing and the quality of natural 

vegetation fed under grazing or cut-and-carry is unknown and challenging to estimate. Lukuyu et al. 

(2016) found a high variability when testing the quality of natural vegetation used as feed across 

Tanzania.  

Methods to quantify feeding systems and feed gaps for smallholder systems and data-scarce 

environments such as in East Africa are currently lacking. Therefore, the approach presented in this 

paper complements other approaches, which are more time, data and resource demanding. Suggestions 

for future improvements of this approach include: a) Conduct a sensitivity analysis to identify the 

parameters and inputs that contribute most to output uncertainty and that would merit dedicated 

follow-up research; b) Include seasonal variability of feed gaps through monitoring feed supplied across 

different wet and dry seasons; c) Reduce uncertainty in actual feed supply estimations by increasing 

empirical verifications of DM content throughout the day, and measuring quality of natural pastures at 

various points across seasons; d) Reduce uncertainty in livestock requirement calculations by basing the 

grazing estimations on production values, improving how locomotion is being accounted for, empirically 

verifying livestock BW, and including requirements for BW changes. 

  

5. Conclusions  

Feed is a critically limiting factor in productivity of smallholder dairy systems in East Africa. This study 

aimed to introduce and provide proof-of-concept for a relatively simple approach to quantify feeding 

systems and feed gaps in data-scarce smallholder systems, comparing feed demand and supply at the 

individual herd level. The approach was illustrated with pilot evidence from crop-livestock production 

systems across three agro-ecological zones in Tanzania, which broadly represent the diversity found in 

East Africa.   

A diversity of different livestock and feeding systems along an intensification gradient were present in 

the three study sites in Tanzania. Mvomero was the most extensive site, with the largest farm areas, 

herd sizes, and communal grazing systems. Lushoto was dominated by cut-and-carry feeding of small 

crossbred dairy herds and small land sizes. Babati represented a mixture of both systems that were 
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present concurrently. Natural vegetation contributed the largest part to cattle feed baskets in both 

grazing and cut-and-carry systems, while planted forages only played a significant role in Lushoto. 

Grazing systems were more labor intensive per TLU than cut-and-carry systems. Most labor for feeding 

was provided by men, which contrasts findings from other studies in the region. Although the trend 

seems to go towards intensifying feeding systems, the co-existing mix of systems, however, suggests 

that the transition might be less gradient than commonly suggested.  

61% of all herds faced an ME feed gap, and 55% a CP gap between actually supplied feed and calculated 

requirements at attainable milk production levels. Feed gaps were more prevalent in Mvomero than in 

Lushoto, although feed losses are likely to be high (up to 30-50%) in cut-and-carry systems. 24% of herds 

did not experience a feed gap, and other yield limiting factors (e.g. lack of sufficient drinking water 

provision) or reducing factors (e.g. as diseases) might be the reason for the low milk production levels. 

Possible causes for persisting feed gaps are manifold, and include the importance of multi-functionality 

of livestock in Tanzania. Farmers might not primarily aim at closing feed gaps and maximizing 

production, but prioritize other functions such as risk management and wealth storage.  

Methods to quantify feeding systems and feed gaps for smallholder systems and data-scarce 

environments such as in East Africa are currently lacking. Therefore, the approach presented in this 

paper complements other approaches, which are more time, data and resource demanding. Suggestions 

for future improvements of this approach include: a) Conduct a sensitivity analysis to identify the 

parameters and inputs that contribute most to output uncertainty and that would merit dedicated 

follow-up research; b) Include seasonal variability of feed gaps through monitoring feed supplied across 

different wet and dry seasons; c) Reduce uncertainty in actual feed supply estimations by increasing 

empirical verifications of DM content throughout the day, and measuring quality of natural pastures at 

various points across seasons; d) Reduce uncertainty in livestock requirement calculations by basing the 

grazing estimations on production values, improving how locomotion is being accounted for, empirically 

verifying livestock BW, and including requirements for BW changes. 

A good handle on current feeding practices and feed gaps is necessary to dissect key issues and factors 

currently limiting livestock production in a smallholder farming context. Governments, private sector, 

development agencies and donors can use approach and insights presented to prioritize feeding 

technologies and target investments. Results can also inform and validate modeling approaches that 

require detailed feed baskets.
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Chapter 4 

 

Prioritizing climate-smart livestock technologies in rural Tanzania: A minimum data 

approach 
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1. Introduction 

In sub-Saharan Africa (SSA), climate change is projected to have a negative impact on smallholder 

livestock production systems, which play an important role in the livelihoods of rural communities 

(Thornton et al., 2009; Tubiello et al., 2007). The risks posed by climate change are more severe for 

populations most dependent on crop and livestock production for overall household food security 

(Battisti and Naylor, 2009). Further concerns have been raised about the negative environmental 

impacts of increased greenhouse gas (GHG) emissions, for example on exacerbating the subtropical 

drought occurrences (IPCC, 2007; Easterling et al., 2007). Addressing climate change has, therefore, 

become tremendously urgent both from an adaptation as well as a mitigation perspective (Paris 

Agreement (http://unfccc.int/paris_agreement/items/9485.php), IPCC). 

Human population in SSA is expected to more than double to 2.4 billion by 2050 (UN, 2015). 

Furthermore, demand for animal products is expected to increase given not only the growth in 

population, but also higher incomes, increased urbanization, and change in dietary preferences (Delgado 

et al., 1999; Thornton et al., 2007). The rising demand for livestock products will require an associated 

increase in farming systems productivity (Staal et al., 2001). Current livestock systems in SSA have low 

overall performance, which results in low herd productivity and high GHG emission intensity (Herrero et 

al., 2015). The reasons for this are mainly associated with poor feed quality, which in turn determines 

low digestibility, and poor animal health (Herrero et al., 2015). 

Scarcity of resources, impacts of climate change, and the increase in demand for livestock products have 

made some traditional coping mechanisms less effective (Sidahmed, 2008). Increased resource-use 

efficiency is, therefore, a necessary component for environmental sustainability of the livestock sector 

(FAO, 2013). There is an urgent need to develop and implement ‘climate-smart’ livestock management 

options that can achieve the triple win scenario of increasing productivity, adapting and building 

resilience to climate change, and mitigating climate change through reduction of GHG emissions (FAO, 

2013; Lipper et al., 2014; Steenwerth et al., 2014). Improved livestock breeds, together with improved 

forage quality and diet supplementation are among the livestock management strategies that have high 

potential to address poor livestock system performance and reduce emissions intensity (FAO, 2013). 

With well-functioning markets and improved livestock management practices, incentives and 

opportunities can be created for farmers and other stakeholders to invest in adequate livestock 

intensification. Adoption of improved livestock management practices might, however, present trade-

offs, if for example, income increases and poverty declines but net GHG emissions increase as 

households shift from no-livestock systems to livestock keeping. Considering the complexity of livestock 

http://unfccc.int/paris_agreement/items/9485.php)
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systems in developing countries, Thornton et al. (2009) suggested that improved management 

strategies should be based on a combination of factors, including feed and nutrition, genetics and 

breeding, and health and environment, with different combinations for different systems. 

The objectives of this study were: (i) to analyze the synergies and trade-offs of adopting improved 

feeding practices and livestock breeds in Lushoto district of Tanzania; and (ii) to assess how alternative 

livestock management options can increase productivity, improve food security, and reduce methane 

emissions intensity. The study used household surveys, stakeholder consultations, and secondary data 

as inputs into livestock and economic models to assess trade-offs of economic and environmental 

outcomes of improved livestock feeding strategies and improved breeds. 

 

2. Methodology 

2.1 Study area 

The study was conducted in the Lushoto district of Tanzania, which lies within the western Usambara 

Mountains in northeastern Tanzania (Figure 1). This region has a unique and diverse history as it is one 

of the 25 global biodiversity hotspots due to the high number of endemic species (Critical Ecosystem 

Partnership Fund, 2005) while also having a rich agricultural history of cultivation on the steep 

mountainous slopes (Jambiya, 1998). The major economic activity in the study area is agriculture, and 

major crops include: maize, beans, potatoes, cassava, vegetables (such as tomatoes, cabbages, peppers), 

coffee and temperate fruits (such as avocados and peaches) (Lyamchai et al., 2011; Silvestri et al., 2015).  

Farming systems across Lushoto district are diverse and include mixed crop-livestock systems, intensive 

horticultural systems, extensive cereal systems, perennial cropping systems such as coffee, among 

others (Kristjanson et al., 2012; Lyamchai et al., 2011).  However, off-farm employment continues to be 

an important income-generating activity (Jambiya, 1998; Lyamchai et al., 2011). Within Lushoto district, 

keeping livestock is a common household practice, with about 84 percent of households producing small 

livestock (goats and sheep) and 43 percent producing large livestock (cattle), and 45 percent producing 

fodder (Lyamchai et al., 2011). For decades, Lushoto district has received national and international 

attention to curb the high soil erosion rates and conserve indigenous forests (Watson, 1972; Tenge et 

al., 2005). However, low productivity, small farm sizes, high soil erosion rates, and migration out of 

farming continue to challenge farming systems in Lushoto (Foerch et al., 2011; Okoba et al., 2007; Tenge 

et al., 2005; Wickama et al., 2014; Winowiecki et al., 2015).   
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Figure 1. Study site: Lushoto district, Tanzania. 

 

2.2 Household survey data collection 

This study used household survey data collected in 2012 under the CGIAR research program on Climate 

Change, Agriculture, and Food Security (CCAFS) (Rufino et al., 2012). Data were collected using a 

stratified sampling strategy, described in detail by Rufino et al. (2012). Three main agricultural 

production systems were used to stratify the sampling design within Lushoto district: i) farm households 

growing staple crops only; ii) farm households growing staple crops plus horticultural crops such as 

tomatoes and cabbages, and iii) farm households growing staple crops plus cash crops such as coffee 

and tea. Within each of the identified production systems, seven representative villages were randomly 

selected. A total of 200 households were sampled from the selected villages. Household interviews were 

conducted to capture data on household composition; crop and livestock production activities; 

household assets; agricultural inputs and labor use for cropping and livestock activities; utilization of 

agricultural products including sales and consumption; and off-farm employment and other sources of 

livelihoods such as remittances and subsidies. The final sample size used for analysis was 164 farm 

households for which data was complete to estimate the simulation models.  

Given the evidence that livestock ownership is correlated with income levels (Claessens et al., 2012; 

Homann Kee-Tui et al., 2016), we stratified our sample of farm households into three strata according to 
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the type of livestock owned: i) stratum 1 comprised of households with local cow breeds only; ii) 

stratum 2 comprised of households with improved cow breeds only; and iii) stratum 3 comprised of 

households without cows. The number of farm households that had both local and improved breeds in 

our sample was very small; hence, this category was not included in the analysis. Out of the 164 farm 

households, 17 percent owned local cows only, 43 percent owned improved breeds only, and 40 percent 

did not own cows. 

 

2.3 Ruminant model and model inputs 

The Ruminant model (Herrero et al., 2002) was used to simulate milk production and methane (CH4) 

emissions from enteric fermentation. A dynamic component of the model estimates feed intake and 

supply of nutrients to the animal from knowledge of the fermentation kinetics and passage of feed 

constituents (carbohydrate and protein) through the gastrointestinal tract. A static component of the 

model determines the animal’s response to nutrients in terms of growth and milk production. 

Validations have been carried out for more than 80 tropical and temperate diets, and the results suggest 

that the model has the required accuracy not only as a research tool but also for providing decision 

support at the farm level (Herrero, 1997). Among other uses, the model has previously been applied to 

estimate CH4 emission factors of tropical livestock (Herrero et al., 2013), and in various modeling studies 

across SSA (Bryan et al., 2013; Waithaka et al., 2006; Zingore et al., 2009). 

Feeding data from the household survey could not be used to construct individual diets per household 

due to the lack of high-quality information on quantity and types of feeds throughout the year. 

Therefore, two uniform baseline diets (‘dry’ and ‘wet’ seasons) were constructed for local and crossbred 

dairy cattle for the entire study population. The diets were based on previous participatory, community 

level feeding system assessments (Mangesho et al., 2015; Morris et al., 2014).  

The main livestock system in the area was intensive cut and carry (zero-grazing), where livestock is kept 

in pens year-round. All collected and purchased feed is provided in situ to the cows (Morris et al., 2014).  

The different feed baskets for the dry and wet seasons were recorded. There are two rainy seasons 

lasting for a total of eight months, while the dry seasons stretch over four months of the year. Naturally 

occurring green forages are collected from roadsides and constitute the primary component throughout 

the year. Maize bran was the only purchased feed in the area and was only used in small amounts (500 g 

day-1) by about 30 percent of farm households throughout the year, although cottonseed cake and 

sunflower cake were also locally available. Another source of feed was cultivated fodder, mainly Napier 

grass (Pennisetum purpureum), although the acreage was low due to land shortage and lack of 
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knowledge on cultivated fodder. Seasonality of feed availability is high – especially cultivated fodder and 

natural forages, and maize residues which is most abundant only after harvest. Overall, cows were 

underfed due to land shortage for growing and collecting fodder, and total fresh weight of daily feed 

was estimated to lie between 40 – 60 kg. Farmers did not report different feeding for local or crossbred 

cows (Mangesho et al., 2015).  

Table 6.1 summarizes the diets used in the Ruminant model. In the dry season, the diet comprised 

approximately 20 percent Napier grass (Pennisetum purpureum), 35 percent collected natural grasses, 

40 percent maize residues, and 5 percent maize bran concentrate. The total amount of feed 

corresponded to 12.9 kg dry weight (DW) per cow per day. For the wet season, the diet comprised 40 

percent Napier grass, 40 percent collected grass, 15 percent maize residues, and 5 percent maize bran 

concentrate, totaling 14.4 kg DW per cow per day. For the Ruminant model, local cow body weight was 

set to 250kg, while a crossbreed was assumed to be 350kg.  

Farmers of village innovation platforms in Lushoto identified growing improved forages and 

supplementing with concentrate feeds as two of the most promising interventions to improve their 

livestock feeding, in addition to adequate feed rations and feed conservation (Lukuyu et al., 2015). 

Based on these findings, we developed two livestock feeding options to be simulated using the 

Ruminant model (Table 1). The design of the livestock feeding options was based on the kinds of data 

available. We linked qualitative and quantitative information to generate a minimum dataset that 

allowed us to use the Trade-off Analysis for Multi-Dimensional Impact assessment (TOA-MD) model. The 

first feeding option (hereafter option 1) represented an improvement in feed quality while keeping the 

feed quantity almost constant. We assumed that the contribution of Napier grass to the diet increased 

from 21.7 percent to 31 percent in the dry season and to 54 percent in the wet season. In the dry 

season, the increase in Napier grass was expected to reduce the contribution of low-quality natural 

grasses from 40 percent to 28 percent and that of maize residues from 38.8 percent to 27 percent. In 

the wet season, the increase in Napier was expected to reduce the contribution of low quality natural 

grasses from 40 percent to 27 percent and the one of maize residue from 14 percent to 7 percent. We 

further increased the contribution of concentrate feeding from 6 percent to 14 percent in the dry 

season and from 5.5 percent to 12 percent in the wet season, adding higher quality sunflower seedcake 

to the mix.  
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Table 1. Livestock diet data used in the Ruminant model 

 Dry season (4 months) Wet season (8 months) 

 Base scenario 

 Baseline Improved 
quality of 
diet 

Improved quality 
of diet plus 
increased 
quantity of feed  

Baseline Improved 
quality of 
diet 

Improved 
quality of diet 
plus 
increased 
quantity of 
feed 

Local grass (kg 
DM/day) 

4.50 3.60 4.50 5.80 4.00 5.80 

Napier grass (kg 
DM/day) 

2.60 4.00 5.00 5.80 8.10 11.00 

Maize residue (kg 
DM/day) 

5.00 3.50 3.50 2.00 1.00 1.00 

Maize bran (kg 
DM/day) 

0.70 1.50 3.00 0.70 1.50 3.00 

Sunflower cake (kg 
DM/day) 

0.10 0.30 0.00 0.10 0.30 0.00 

Cotton cake (kg 
DM/day) 

0.00 0.00 1.00 0.00 0.00 1.00 

 Sensitivity analysis with +10% variation 

Local grass (kg 
DM/day) 

4.95 3.96 4.95 6.38 4.40 6.38 

Napier grass (kg 
DM/day) 

2.86 4.40 5.50 6.38 8.90 12.10 

Maize residue (kg 
DM/day) 

5.50 3.85 3.85 2.20 1.10 1.10 

Maize bran (kg 
DM/day) 

0.77 3.30 3.30 0.77 1.65 3.30 

Sunflower cake (kg 
DM/day) 

0.11 0.00 0.00 0.11 0.33 0.00 

Cotton cake (kg 
DM/day) 

0.00 1.10 1.10 0.00 0.00 1.10 

 Sensitivity analysis with -10% variation 

Local grass (kg 
DM/day) 

4.05 3.24 4.05 5.22 3.60 5.22 

Napier grass (kg 
DM/day) 

2.34 3.60 4.50 5.22 7.30 9.90 

Maize residue (kg 
DM/day) 

4.50 3.15 3.15 1.80 0.90 0.90 

Maize bran (kg 
DM/day) 

0.63 1.35 2.70 0.63 1.35 2.70 

Sunflower cake (kg 
DM/day) 

0.09 0.27 0.00 0.09 0.27 0.00 

Cotton cake (kg 
DM/day) 

0.00 0.00 0.90 0.00 0.00 0.90 

Note: Base runs of baseline and scenario diets were repeated with a +10% and -10% variation to test sensitivity of 
the approach 
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The second feeding option (hereafter option 2) assumed an improvement of the feed quality in the diets 

similar to the first feeding scenario, and an increase in the quantity from 12.9 kg to 17.0 kg dry matter 

(DM) in the dry season and 14.4 kg to 21.8 kg DM in the wet season per cow and day. Under this 

scenario, we further increased the contribution of protein concentrates from 6.2 percent to 24 percent 

in the dry season and from 5.5 percent to 19 percent in the wet season. Maize bran was combined with 

cottonseed instead of sunflower seed in this scenario. 

In order to deal with uncertainty and lack of heterogeneity in the feeding data, we conducted sensitivity 

tests where we assumed an increase and decrease in the total quantity of feed in the three diets 

(baseline and the two feeding options). We kept the percentage contributions of the different feed 

constituents constant (Tables 7, 8, 9, and 10). We assumed that any additional inputs to livestock 

production (including Napier grass) would be purchased and not produced on-farm due to small sizes of 

land and farm orientation for self-consumption of crops. Therefore, it was assumed that there would be 

no changes to land allocation. 

 

2.4 Trade-off Analysis for Multi-Dimensional Impact Assessment model (TOA-MD) 

 

The TOA-MD model is a parsimonious model that is used to simulate potential technology adoption 

rates, ex-ante impact assessment, and ecosystem services analysis, across heterogeneous farm 

populations and for different types of households (Antle, 2011; Antle et al., 2014). The TOA-MD model 

has key features that make it appropriate for assessment of technologies for climate smart agriculture 

(CSA). The model represents the whole farm production system which can be composed of a crop sub-

system containing multiple crops, a livestock subsystem with multiple livestock species, an aquaculture 

sub-system with multiple species, and the farm household characteristics (e.g. household size, off-farm 

income, etc). Furthermore, the TOA-MD is a model of a population of farms, not a model of an individual 

or “representative” farm. Accordingly, the fundamental parameters of the model are population 

statistics – means, variances and correlations of the economic variables in the models and the 

associated outcome variables of interest. With suitable biophysical and economic data, these statistical 

parameters can be estimated for an observable production system. Another unique feature of the TOA-

MD model is its parsimonious, generic structure, which means that it can be used to simulate any farm 

system. One virtue of this model design is that, unlike many large, complex simulation models, it is easy 

to address the inherent uncertainty in impact assessments by using a set of minimum data and 
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sensitivity analysis to explore how results change with the relatively small number of model parameters 

(Antle et al., 2010). 

The TOA-MD model simulates the proportion of farms that utilize a baseline system (e.g. system 1) and 

the proportion of farms that would adopt an alternative system (e.g. system 2) within defined strata of 

the population. The model then predicts an adoption rate for each stratum of the population, using the 

assumption that farmers are economically rational and adopt practices that are expected to provide the 

highest economic return. Accordingly, this predicted adoption rate should be interpreted as the 

proportion of farms for which the new system’s practices are economically feasible, after correcting for 

the opportunity costs associated with the technology (Antle and Valdivia, 2011). Positive opportunity 

costs of an improved technology would discourage adoption. If there are institutional or behavioral 

factors that constrain adoption – such as limited access to financial resources, or risk aversion – then 

this predicted adoption rate is likely to be an upper bound on the actual adoption rate that is observed. 

Based on the predicted rate of adoption, the TOA-MD model also simulates economic, environmental 

and social impact indicators for the sub-population of adopting farms, the sub-population of non-

adopters, and the entire population. The TOA-MD can also simulate supply curves for ecosystem 

services associated with agricultural systems and assess impacts of environmental change, such as 

climate change, with or without adaptation. Further details on the impact assessment aspects of the 

model are provided in Antle (2011) and Antle et al. (2014). 

We applied the TOA-MD following the approach described by the Agricultural Model Inter-comparison 

and Improvement Project (AGMIP, www.agmip.org) to integrate livestock simulation models with 

economic models for impact assessment (Antle et al., 2015a). Returns to crop production for the 

baseline system were calculated as a product of amount produced and the farm-gate price of the crop 

product and summed over all crops that the household produced. Prices for crop and livestock products 

were derived from the median of estimated village prices by farmers and verified by comparing with 

observed prices in the village. The variable cost of crop production included farmers’ estimates of cash 

expenses for production during the observed year, including land preparation and farm inputs 

(herbicides, pesticides, seeds, and fertilizer). Returns to livestock production were separated into two 

categories: one for milk production and another one for other livestock products (manure and eggs). 

Revenue from milk was calculated from the average milk yield per cow, the number of cows, a lactation 

period of 150 days for local cows and 270 days for improved breeds, and the village price for milk. The 

value of manure was calculated from the amount of manure produced (kg/per farm), adjusted by a 

utilization factor of 0.7 to account for the proportion of manure used for fertilizing the fields (Homann 
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Kee-Tui et al., 2015), and village price for manure. The value of the number of animals sold, given away 

and consumed was calculated based on village prices. The variable cost of livestock production 

comprised the cost of feeding and pest control (both internal and external pests). Our analysis assumed 

a feeding season length of eight months in the wet season and four months in the dry season. The 

economic indicators used in this paper are farm income (USD/year) and the income-based poverty rate, 

defined as the proportion of the population living under 1.25USD/day/person. The environmental 

indicator is the methane emission intensity (CH4/l of milk per year) and was obtained from the Ruminant 

model output. 

 

2.5 Income-Based Food Security Indicator 

 

Changes in technology that would improve crop and livestock productivity and farm incomes have a 

direct effect on food security. Several studies have used a range of food security indicators based on 

calories, dietary diversity, or wealth (e.g. asset ownership) but focused mostly to access and availability. 

Antle et al. (2015b) proposed a new method for measuring food security that can be used for 

technology impact assessment and can be constructed with data usually available. The Income-Based 

Food Security Indicator (IBFS) is similar to the Foster-Greer-Thorbecke (FGT) poverty indicators, but 

instead of comparing income to a poverty line, the IBFS estimates the income required to purchase a 

food basket that meets nutritional requirements and then compares this food security income 

requirement to the household’s per capita income (Antle et al., 2015b). In this study, we use the IBFS 

indicator to assess the impact of improved livestock feeding scenarios on food security. Following Antle 

et al. (2015b), we estimated the IBFS following three steps. First, the share of income devoted to food 

purchases was obtained from existing literature and specified as a parameter, 𝑆f. Second, the cost (𝐶f) of 

a nutritionally adequate food basket was estimated using data on per capita nutritional requirements 

(macronutrients and micronutrients), typical food consumption patterns, and the nutritional content of 

foods. Third, the IBFS threshold was defined as 𝜏f = 𝐶f/𝑆f, indicating the amount of income needed per 

person for the purchase of a nutritionally adequate diet. If a household’s per capita income is less than 

𝜏f, then the household cannot afford a nutritionally adequate food basket. We then used the TOA-MD to 

estimate the potential adoption of the proposed technologies and the changes in per-capita and farm 

income. The model then uses this information and the IBFS threshold to estimate the percentage of 

food insecure households. 
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2.6 Characterizing the farming systems in Lushoto 

In the Tanzanian farming systems considered in this study, the current or base system (from now called 

System 1) consisted of households that were not feeding livestock on improved diets. System 1 was 

parameterized using the distribution of farm characteristics observed in a subset of the population, 

including farm size, household size, off-farm income, and net returns from crop and livestock activities. 

Farmers in our sample produced several staple crops (maize, beans, cassava, yams, potatoes); 

horticultural crops (cabbages, tomatoes, peppers, cucumbers, onions), and cash crops (coffee and tea). 

In the base system, current livestock feeding (for farms that owned cattle) included local grass, Napier 

grass, and maize residue. Herd composition and herd size remained unchanged in the base system. The 

average milk yield was about 2l/day for farms with local cows and 5 l/day for farms with improved 

breeds.  

The other important parameters in the TOA-MD model were the correlations between the economic 

returns to the activities within each system and the correlation between the returns of the base system 

and the alternative system (Antle, 2011). We parameterized System 2 (i.e. the alternative or proposed 

technology) using simulated milk yields from the Ruminant model. First, we calculated relative yields - a 

ratio of simulated yield with improved feeding or improved feeding with an improved breed to 

simulated yield with current feeding. The relative yields were then multiplied by the actual milk output 

for System 1 to obtain milk output for System 2 (Antle et al., 2015). Multiplying the milk output by the 

average market price of milk, we obtained returns from milk for System 2. In order to calculate the cost 

of milk production for System 2, we first took the ratio of cost of milk production in System 1 to returns 

from milk production for System 1 and multiplied this adjustment factor with the returns to milk 

production from System 2. We acknowledge that using average price and livestock production cost data 

reduces heterogeneity in returns to milk production. There is, however, heterogeneity in herd sizes as 

well as in other livestock production activities. Our approach, therefore, follows the minimum data 

approach as described by Antle and Valdivia (2006) using the TOA-MD to simulate economic and 

environmental impacts. Methane emissions for TOA-MD simulations were calculated using Ruminant 

model’s input data on emissions, the lactation period, and the total quantity of milk produced. 

 

2.7 Scenario design 

Using the livestock feeding options described in section 2.3, we developed a set of scenarios that 

combined the livestock feeding strategies with increasing herd size and different assumptions regarding 

the cost of acquiring additional cows.  Construction of these scenarios was informed by existing 
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evidence to indicate that with market access and improved infrastructure, improved breeds produce 

higher milk yields resulting in positive economic gains for farmers and improvement in food security 

(Henderson et al., 2016). Design of the scenarios was also consistent with efforts by development 

projects such as the East Africa Dairy Development project (EADD) that promote adoption of improved 

breeds and improved livestock feeding accompanied by better market access and infrastructure. 

Economic modeling, therefore, began by assessing economic and environmental impacts of the two 

options considered in the Ruminant model, that is, improved quality of livestock diets only and 

improved quality of diets plus increased feed amounts. Because of the two options considered in 

Ruminant model, estimations of economic and environmental impacts were conducted separately for 1) 

improved feeding quality only and 2) improved feeding quality with increased livestock feed quantity. 

The analysis was then extended to include five additional scenarios. In scenario 2, farm households in all 

the three strata received an improved cow breed and the cost was subsidized at 100 percent, that is, 

farm households did not pay the purchasing price for the cow. Scenario 3 involved the provision of an 

improved cow breed to farm households and requiring them to pay 25 percent of the purchase price. 

Similar to scenario 3, scenario 4 and 5 provided farm households with an improved cow breed for which 

they paid one-half and three-quarters of the purchase price, respectively. The last scenario (scenario 6) 

provided an improved cow breed to farm households in all the three strata for which they paid full price 

but received a loan at 18 percent interest rate with a repayment period of three years. Table 2 presents 

the different scenario considered in the economic analysis. 
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Table 2. Description of scenarios simulated in TOA-MD model 

   Baseline feeding Improved quality of 
diet 

Improved quality of diet 
plus increased quantity of 
feed 

TOA-MD 
scenario 

Scenario description Stratum With 
local 
cows 

With 
improved 
cows 

With 
local 
cows 

With 
improved 
cows 

With 
local 
cows 

With improved 
cows 

Scenario 1 
Improved feeding for farms with local cows Stratum 1 yes no yes no yes no 
Improved feeding for farms with improved cows Stratum 2 no yes no yes no yes 
No change Stratum 3 no no no no no no 

Scenario 2 
Improved feeding for farms with local cows + 1 IB cow at zero cost  Stratum 1 yes no yes no yes Add 1IB  
Improved feeding for farms with improved cows + 1 IB cow at 0% cost Stratum 2 no yes no yes no Yes, add 1IB 
Add 1 IB cow with improved feeding. PC of cow = 0% Stratum 3 no no no no no Add 1 IB cow 

Scenario 3 
Improved feeding for farms with local cows + 1 IB cow at 25% cost  Stratum 1 yes no yes no yes Add 1IB  
Improved feeding for farms with local cows + 1 IB cow at 25% cost Stratum 2 no yes no yes no Yes, add 1IB 
Add 1 IB cow with improved feeding. PC of cow = 25% Stratum 3 no no no no no Add 1 IB cow 

Scenario 4 

Improved feeding for farms with local cows + one improved 1 IB cow at 
50% PC  

Stratum 1 yes no yes no yes Add 1IB  

Improved feeding for farms with local cows + 1 IB cow at 50% PC Stratum 2 no yes no yes no Yes, add 1IB 
Add 1 IB cow with improved feeding. PC of cow = 50% Stratum 3 no no no no no Add 1 IB cow 

Scenario 5 
Improved feeding for farms with local cows + 1 IB cow at 75% PC  Stratum 1 yes no yes no yes Add 1IB  
Improved feeding for farms with local cows + 1 IB cow at 75% PC Stratum 2 no yes no yes no Yes, add 1IB 
Add 1 IB cow with improved feeding. PC of cow = 75% Stratum 3 no no no no no Add 1 IB cow 

Scenario 6 

Improved feeding for farms with local cows + 1 IB cow at full PC but HH 
receives credit at 18% interest and with a repayment period of 3 years 

Stratum 1 yes no yes no yes Add 1IB  

Improved feeding for farms with local cows + 1 IB cow at full PC but HH 
receives credit at 18% interest and with a repayment period of 3 years 

Stratum 2 no yes no yes no Yes, add 1IB 

Add 1 IB cow with improved feeding. PC of cow = 100% but HH receives 
credit at 18% interest and with a repayment period of 3 years. 

Stratum 3 no no no no no Add 1 IB cow 
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Notes: IB means improved breed and PC means purchase cost 

 

3. Results: Impact assessment of adoption of improved livestock systems 

 

Table 3 displays summary statistics by strata for farms in our sample. These statistics are the base for 

the TOA-MD model parameters. The average household size was relatively lower in stratum 3 (4.26) 

compared with stratum 1 (5.00) and stratum 2 (4.96). On average, stratum 3 had the highest proportion 

(68%) of the population that had earned income from non-agricultural sources. Farm households in 

stratum 1 earned, on average, 47.5 percent more income from non-agricultural sources than those in 

stratum 1 and 7.2 percent higher than those in stratum 2. Net crop returns was, however, about 46 

percent lower in stratum 3 compared to stratum 1 and 14.5 percent lower compared to stratum 2. 

Stratum two had 90 percent higher net returns from milk compared with strata one, which is expected 

due to the higher milk productivity from improved breeds. This stratum also had the highest net returns 

from other livestock products. These statistics suggest that farmers in stratum 1 focused more on crop 

production, farmers in stratum 2 were more involved in livestock production, while farmers in stratum 3 

relied more on non-agricultural activities for a source of livelihood.  
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Table 3. Summary statistics for system one, by strata 

Notes:  

1) Stratum 1 comprises farm households with local cows only 

2) Stratum 2 comprises farm households with improved dairy cows only 

3) Stratum 3 comprises farm households without cattle 

4) 1 TSh was equivalent of 0.0006 USD at the time of data collection. 

  Stratum 1 (N=28)  Stratum 2 (N=70)  Stratum 3 (N=66) 

  Mean SD  Mean SD  Mean SD 

Proportion in the population  0.17 -  0.43 -  0.40 - 

Household size (total number of people in a household)  5.00 1.56  4.96 1.79  4.26 1.90 
Farm size (ha)  1.02 0.81  0.89 0.37  0.91 0.71 
Annual non-agricultural income (USD)  127.33 197.41  224.89 375.80  242.33 498.60 
Herd size (number of cows)  1.50 0.64  1.70 1.10  0 - 
Annual net returns from crops (USD )  580.51 787.16  364.78 472.07  312.05 424.51 
Annual net returns from milk production (USD )  48.51 20.64  484.43 313.61  0 - 
Annual net returns from other livestock products (USD )  60.76 79.29  94.00 85.54  12.63 44.71 
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As shown in Table 3 farm households with no livestock had lower farm income compared to those with 

cattle. Furthermore, farms households with improved cattle had higher incomes from livestock 

production compared to those with local breeds, probably because of higher milk yields. As mentioned 

earlier, we assumed that additional inputs to livestock production (including Napier grass) would be 

purchased and not produced on-farm. Hence, we assume no changes in cropland allocation. Several 

studies have shown that if smallholder farmers face higher levels of uncertainty, they will allocate less 

land to a new technology (Feder, 1980; Smale et al., 1995; Pannell, 2008). The area allocated to the 

technology is, therefore, expected to increase if absolute risk aversion is decreasing (Feder, 1980; Smale 

et al., 1995; Pannell, 2008). Changes in land allocation for dominant crop enterprises can only be 

expected after some period of time when farmers become confident on benefits of the new technology 

(Feder, 1980; Smale et al., 1995; Pannell, 2008). Although we did not consider any possible feedback 

between livestock production and crops (e.g. increased use of manure on crops that may affect crop 

yields), we acknowledge that crop-livestock interactions play an important role in farming systems. 

However, to keep our analysis focused on the impacts of improved livestock feeding options, our 

approach allowed us to maintain the same crop yields and returns to crops production both under 

system one and system two.   

 

3.1 Results of the Ruminant model 

Table 4 presents results of the Ruminant model. As shown, expected milk yield was highest for farm 

households with improved cows that were fed improved diets. Milk yield increased by 42 percent when 

farm households fed their improved breeds on improved diets compared to baseline diets. Feeding local 

cows on improved diets also increased milk yield but the yield was about 29 percent lower compared to 

that obtained with improved breeds. Together, these results suggest that improved feeding is critical for 

increased productivity and can contribute to improved food and nutrition security. The results further 

confirm that payoffs are higher when improved diets are coupled with improved breeds due to 

increased efficiency in utilization of the feed. Table 4 also shows that methane emission intensities were 

higher for farm households with local cows compared to those with improved breeds of dairy cows 

under baseline diets. Improved feeding strategies lowered methane emission intensity of both types of 

breeds. 
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Table 4. Daily milk production and emission (methane from enteric fermentation) across seasons for local and 
improved breeds with baseline and improved livestock feeding 

 
Livestock type 

 
Local cow breed 

 
Improved cow breed 

 
Base Improved 

quality 
Improved 
quality plus 
quantity 

 
Base Improved 

quality 
Improved 
quality plus 
quantity 

Milk production 
(l/cow/day) 

2.83 5.10 6.53 
 

3.80 7.00 9.37 

Methane emission 
(l/l of milk/day) 

125.
60 

145.40 148.80 
 

162.4
0 

190.80 200.10 

 

 

3.2 Results of TOA-MD modelling 

3.2.1 Predicted adoption rates 

Figure 6.2 presents the predicted adoption rates at the population level (aggregated over the three 

strata) under the improved livestock diets option (i.e. livestock feeding option 1) while Figure 3 presents 

predicted adoption rates under the improved diets plus quantity of feed option (i.e. livestock feeding 

option 2). In the first case, the average projected adoption rates by the TOA-MD model ranged from 

about 59 to 84 percent while in the second case the average projected adoption rates by the TOA-MD 

model ranged from about 64 to 84 percent. These results suggest higher adoption rates when both 

quality and quantity of feed improves, indicating that net returns are higher compared to when only 

quality is improved.  

Table 5 summarizes the adoption rates predicted by the TOA-MD model for each stratum of the 

population when the quality of the livestock diet was improved holding quantity constant. As shown, 

predicted adoption rate for farm households with local cows only (i.e. stratum 1) ranged between 42 

percent and 65 percent. The rate was higher for farm households with improved cows only (i.e. stratum 

2) and ranged from 67 percent when diets were improved holding herd sizes constant to 87 percent 

when diets were improved, and farm households received an improved breed of cow at zero purchase 

cost. These results suggest that, on average, net returns are higher when farm households in stratum 1 

and stratum 2 improve the quality of livestock diets than if they rely on current feeding. The higher 

adoption rates for farm households in stratum 2 compared to those in stratum 1 indicate that net 

returns are higher for the former. As shown in Table 5, adoption rate for farm households in stratum 3 
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when diets are improved (i.e. scenario 1) is not reported. This is because we had no ability to compare 

stratum 3 with a baseline. It is also for this reason that adoption rates were higher than those in stratum 

1 and stratum 2 when farm households in stratum 3 received an improved breed cow. Table 6 presents 

the predicted adoption rates by stratum when both the quality and quantity of the diets improved. As 

shown, the predicted adoption rates were higher in this scenario compared to varying quality of diets 

alone for farm households in stratum 2 but not for those in stratum 1.  

 

Figure 2. Predicted population adoption rates by scenario (Ruminant model scenario – improved quality of 
livestock diets only). 

Notes:  
1) A complete description of the scenarios is provided in Table 2. 
2) Opportunity cost is defined here as the difference in net farm returns between the base system (current 

technology) and the modified system (improved technology). Adoption rate is indicated by the point where 
the curves cut the x-axis. 

3) 1 TSh was equivalent of 0.0006 USD the time of data collection. 
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Figure 3. Predicted population adoption rates by scenario (Improved quality of livestock diets plus increased 
amount of feed). 

Notes:  
1) A complete description of the scenarios is provided in Table 2. 
2) Opportunity cost is defined here as the difference in net farm returns between the base system (current 

technology) and the modified system (improved technology). Adoption rate is indicated by the point where 
the curves cut the x-axis. 

3) 1 TSh was equivalent of 0.0006 USD at the time of data collection. 

 

Providing an improved breed of dairy cow at zero purchase cost increased the predicted adoption rate 

of improved feeding by 13 percent for farms with local cows only (i.e. stratum 1) and 30 percent for 

farms with improved cattle only (i.e. stratum 2) when compared with the introduction of improved 

feeding only. Projected adoption rates, however, declined when farmers were required to pay part of 

the purchase price of the improved cow. These lower adoption rates were noteworthy for farm 

households in stratum 1. On the other hand, farm households that already own improved breeds (i.e. 
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those in stratum 2) might be able to afford an upfront payment hence the higher predicted adoption 

rates. Conditions improved when farm households had access to credit, implying that even farmers in 

stratum 1 might afford to cover the upfront cost of the improved cow breed. Even though the adoption 

rates were expected, given the design of the scenarios, it is important to highlight the importance of 

policies or programs that would allow farmers to adopt the proposed technologies, which as we show 

below, may have important consequences for food security and the environment. Given the predicted 

adoption rates, the projected outcomes of income, food security, poverty rate, and methane emissions 

for each stratum were calculated. 
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Table 5. Predicted adoption rates and simulated Impacts on net returns, food insecurity, poverty rates, and methane emissions intensity, by scenario1 and 
stratum. Ruminant model scenario = Improved quality of diet only 

Indicators Stratum 
(type of farm) 

Base system Improved systems 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Predicted adoption rate (%) 1-Only local cattle n/a 58.00 65.52 57.93 50.03 42.12 51.30 
2-Only improved cattle n/a 67.00 87.03 84.39 81.41 78.10 81.91 
3-No cattle n/a n/a 99.93 99.75 99.19 97.69 99.32 

Average farm income 
(USD/year) 

1-Only local cattle 728.00 33.10 41.20 33.15 26.11 20.09 27.17 
2-Only improved cattle 1116.00 47.70 86.30 79.05 71.99 65.20 73.10 
3-No cattle 324.77 n/a 218.00 190.67 163.08 135.76 167.49 

Food insecurity (%) 1-Only local cattle 21.66 -30.42 -36.15 -30.47 -25.07 -20.13 -25.90 
2-Only improved cattle 13.90 -13.86 -30.09 -26.79 -23.64 -20.63 -24.07 
3-No cattle 23.87 n/a -74.28 -69.96 -64.68 -58.27 -65.60 

Poverty rate (%) 1-Only local cattle 92.89 -6.40 -8.00 -6.36 -4.76 -3.50 -4.98 
2-Only improved cattle 80.13 -14.10 -47.59 -44.41 -41.16 -37.91 -41.69 
3-No cattle 92.95 n/a -37.20 -31.72 -26.19 -20.79 -27.07 

Methane emission intensity (l 
CH4/l of milk/year) 

1-Only local cattle 27.77 -23.19 -13.36 -12.21 -10.91 -9.51 -11.13 

 2-Only improved cattle 24.70 -24.00 -52.96 -50.94 -48.70 -46.28 -49.11 

Notes:  
1) n/a means not applicable 
2) For the scenarios (1, 2, 3, 4, 5, 6), average income, poverty rate, food insecurity, and average GHG emission intensity are expressed as percentage 

changes compared to the baseline 
3) Negative figures show a percentage decrease in an indicator compared to the base scenario 
4) 1 TSh was equivalent of 0.0006 USD at the time of data collection. 

 

Table 6. Predicted adoption rates and simulated Impacts on net returns, food insecurity, poverty rates, and methane emissions intensity, by scenario2 and 
stratum. Ruminant model scenario = Improved quality of diet plus increased quantify of feed 

Indicators Stratum  Improved systems 

                                                           
1 1 Please refer to Table 6.2 for the definition of the scenarios. 

 
2 2 Please refer to Table 2 for the definition of the scenarios. 
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(type of farm) Base 
system 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Predicted adoption rate (%) 1-Only local cattle n/a 62.17 60.58 53.00 45.30 37.77 46.52 
 2-Only improved cattle n/a 75.82 90.35 88.84 87.17 85.32 87.45 
 3-No cattle n/a n/a 100.00 100.00 100 99.92 99.98 

Average farm income 
(USD/year) 

1-Only local cattle 728.00 38.66 36.93 29.51 23.10 17.68 24.06 

 2-Only improved cattle 1116.00 77.64 134.02 126.37 118.87 111.52 120.06 
 3-No cattle 324.77 n/a 333.16 305.43 277.70 249.98 282.15 

Food insecurity (%) 1-Only local cattle 21.66 -31.95 -30.79 -25.58 -20.73 -16.44 -21.51 
2-Only improved cattle 13.90 -13.90 -28.41 -25.54 -22.67 -20.09 -23.10 
3-No cattle 23.87 n/a -83.00 -80.77 -78.09 -74.86 -78.55 

Poverty rate (%) 1-Only local cattle 92.89 -8.28 -9.85 -6.04 -4.54 -3.34 -4.77 
 2-Only improved cattle 80.13 -41.15 -60.67 -58.36 -56.00 -53.57 -56.38 
 3-No cattle 92.95 n/a -57.04 -52.82 -48.28 -43.44 -49.03 

Methane emission intensity (l 
CH4/l of milk/year) 

1-Only local cattle 26.71 -32.63 -23.77 -21.00 -18.15 -15.34 -18.62 

 2-Only improved cattle 23.90 -28.34 -62.98 -61.52 -59.97 -58.27 -60.21 

Notes:  

1) n/a means not applicable 

2) For the scenarios (1, 2, 3, 4, 5, 6), average income, poverty rate, food insecurity, and average GHG emission intensity are expressed as percentage 

changes compared to the baseline 

3) Negative figures show a percentage decrease in an indicator compared to the base scenario 

4) 1 TSh was equivalent of 0.0006 USD at the time of data collection. 
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3.2.2 Simulated impacts on income, food security, poverty, and methane emissions 

Results of TOA-MD in Table 5 showed that at the predicted adoption rates for improved quality of feed, 

expected income would increase for farm households in stratum 1 and stratum 2. As shown, TOA-MD 

projected an increase in annual income from USD 728 to USD 968, representing a 33 percent increase 

for farm households in stratum 1. Expected economic payoffs were higher for households in stratum 2 

and were projected to increase by about 48 percent from USD 1,116 to USD 1,432 with the adoption of 

improved diets only. Results further showed an increase in income when farm households were 

provided with an improved cow breed at zero purchase price. Although positive, expected gain in 

income was lower when households were required to pay a fraction of the purchase price and was 

lowest when households paid 75 percent of the purchase price. However, access to credit increased 

income when households paid full cost for purchase of the improved cow breed. Income level for 

household that accessed credit was about equal to that obtained when the purchase price was 

subsidized by 50 percent. These findings suggest that a policy aiming to provide access to credit may, in 

part, eliminate some of the constraints that small farmers have to invest in their farms. Consistent with 

studies that aim to understand indicators that farmers use to prioritize climate smart agricultural 

practices (Mwongera et al., 2015; Shikuku et al., 2015), this finding reinforces the idea that cost plays an 

important role in the decision making process of farm households. Projections of TOA-MD showed that, 

the increase in income was highest for farm households in stratum 3. As already mentioned, this 

stratum did not have a baseline outcome, which partly explains the high economic gains. Although it is 

difficult to make direct comparisons between stratum 3 and the others, the findings obtained are 

insightful as they suggest considerable economic gains for farm households in stratum 3 if they were to 

adopt an improved cow breed.  

In terms of poverty rates, defined as the percentage of the population living below a poverty line of 

USD1.25/day, improvement in the quality of livestock diets reduced poverty both in stratum 1 (i.e. 

households that owned local cows only) and stratum 2 (i.e. households that owned improved breeds) 

but was only modest in the former. While poverty reduction remained modest when households in 

stratum 1 received an improved cow breed at zero purchase cost, households in stratum 2 observed a 

greater decline (48 %) in poverty when they received an improved cow breed. A similar pattern to that 

observed for income was seen in poverty when households were required to pay for the improved cow 

breed. Although the gains in terms of decline in poverty rates were high even when households in 

stratum 2 paid for the improved cow breed, these gains reduced and were lowest when households paid 



 
 

90 
 

75 percent of the purchase cost. Subsidizing the cost of the improved cow breed at 50 percent yielded 

gains in poverty reduction equal to those achieved when farmers paid full price but accessed credit. 

Although the predicted adoption rate for farm households in stratum 3 was higher compared to stratum 

2, the expected decline in poverty rate was lower in stratum 3 than in stratum 2 when an improved cow 

breed was provided. This might be due to the distribution of income in stratum 3 that the TOA-MD could 

not capture. 

Although households in stratum 1 gained less in terms of expected reduction in poverty, there were 

substantial gains in food security when they adopted improved quality of livestock feeds. Expected 

improvement in food security was higher for farm households in stratum 1 compared to those in 

stratum 2. Increased milk productivity due to better feeding and the addition of an improved breed 

might lead to an increase in farm income, which farms with local cows can use to satisfy their food 

requirements. Reducing food insecurity between 20 percent and 37 percent with these combined 

strategies is promising for farm households in stratum 1.  

As shown in Tables 5 and 6, improved feeding and improved breeds could potentially provide mitigation 

co-benefits. Improved feeding strategies decreased methane emission intensity in both local and 

improved breeds. Consistent with the results of the Ruminant model, results of TOA-MD showed no 

difference in emissions reduction when farm households improved quality of diets only vis-à-vis when 

then they improved quality and increased quantity fed. The magnitude of reduction in emission intensity 

was also similar between stratum 1 and stratum 2 when improved feeding was adopted. Provision of an 

improved cow breed, however, on average yielded greater gains in emission intensity reduction for farm 

households in stratum 2 than those in stratum 1. The reason is that these results are aggregating the 

emissions from both the local breed cow that farmers already own and the new improved breed they 

would acquire under any of the scenarios. 

Although results showed considerable economic gains for farm households in stratum 3 in terms of 

income, poverty, and food security, introducing an improved cow breed in this stratum implies shifting 

non-cattle producers to dairy production. Therefore, this results in an overall net increase in GHG 

emissions meaning that for stratum 3, adoption might create trade-offs and not a triple win. 

Tables 6.7, 6.8, 6.9, and 6.10 report results of a sensitivity analysis, using the adoption rate, poverty rate, 

threshold food security indicator, and methane emission intensity. As noted above, quantity of feed was 

increased and decreased by 10 percent. As shown the adoption rate, poverty, methane emissions, and 

food security indicators did not deviate more than 11 percent when the feed quantity was varied 

individually from -10 percent to 10 percent.  Figure 6.4, shows that the population adoption rates did 
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not deviate more than 11 percent when feed quality and quantity was varied from -10 percent to 10 

percent. 

 

Figure 4: Sensitivity analysis by scenario. Base runs of baseline and scenario diets were repeated with a +10% and 
-10% variation to test sensitivity of the approach. 
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Table 7. Sensitivity analysis: Increase in the quality of the feed by 10 percent (Ruminant model scenario = improved livestock diets only) 

Indicators Stratum  
(type of farm) 

Base system Improved systems 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Predicted adoption rate (%) 1-Only local cattle n/a 58.20 65.52 57.93 50.03 42.12 51.30 
2-Only improved cattle n/a 66.44 86.65 83.87 80.75 77.28 81.28 
3-No cattle n/a n/a 99.91 99.65 98.90 97.01 99.08 

Average farm income 
(USD/year) 

1-Only local cattle 728.00 33.48 41.20 33.15 26.11 20.09 27.17 
2-Only improved cattle 1116.00 45.58 83.05 75.79 68.78 62.05 69.89 
3-No cattle 324.77 n/a 210.70 183.03 155.49 128.30 159.89 

Food insecurity (%) 1-Only local cattle 21.66 -30.56 -27.11 -20.22 -14.12 -9.01 -15.04 
2-Only improved cattle 13.90 -13.90 -30.23 -26.79 -23.64 -20.63 -24.07 
3-No cattle 23.87 n/a -73.19 -68.62 -63.05 -56.35 -64.01 

Poverty rate (%) 1-Only local cattle 92.89 -6.47 -8.00 -6.36 -4.76 -3.50 -4.98 
2-Only improved cattle 80.13 -27.85 -46.42 -43.16 -39.85 -36.55 -40.39 
3-No cattle 92.95 n/a -35.72 -30.18 -22.92 -19.34 -25.54 

Methane emission intensity (l 
CH4/l of milk/year) 

1-Only local cattle 27.77 -24.08 -13.36 -12.21 -10.91 -9.51 -11.13 

 2-Only improved cattle 24.70 -21.53 -52.25 -50.20 -47.87 -45.39 -48.28 

Notes:  

1) n/a means not applicable 

2) For the scenarios (1, 2, 3, 4, 5, 6), average income, poverty rate, food insecurity, and average GHG emission intensity are expressed as percentage 

changes compared to the baseline 

3) Negative figures show a percentage decrease in an indicator compared to the base scenario 

4) 1 TSh was equivalent of 0.0006 USD at the time of data collection. 

 

Table 8. Sensitivity analysis: Decrease in the quality of the feed by 10 percent (Ruminant model scenario = Improved livestock diets only) 

 

Indicators Stratum  
(type of farm) 

Base system Improved systems 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Predicted adoption rate (%) 1-Only local cattle n/a 57.88 65.31 57.70 49.80 41.90 51.07 
2-Only improved cattle n/a 67.92 87.43 84.92 82.09 78.94 82.56 
3-No cattle n/a n/a 99.84 99.51 98.68 96.88 98.87 
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Average farm income 
(USD/year) 

1-Only local cattle 728.00 33.10 40.97 32.94 25.92 19.94 26.97 
2-Only improved cattle 1116.00 50.09 90.00 82.66 75.55 68.70 76.68 
3-No cattle 324.77 n/a 226.83 199.17 171.67 144.52 176.06 

Food insecurity (%) 1-Only local cattle 21.66 -30.42 -36.01 -30.29 -24.88 -19.94 -25.76 
2-Only improved cattle 13.90 -13.32 -30.09 -26.65 -23.64 -20.63 -24.07 
3-No cattle 23.87 n/a -72.14 -67.66 -62.21 -55.76 -63.13 

Poverty rate (%) 1-Only local cattle 92.89 -6.35 -8.26 -6.31 -4.72 -3.43 -4.94 
2-Only improved cattle 80.13 -29.93 -48.85 -45.73 -42.56 -39.35 -43.07 
3-No cattle 92.95 n/a -39.19 -33.98 -28.73 -23.55 -29.56 

Methane emission intensity (l 
CH4/l of milk/year) 

1-Only local cattle 27.77 -22.98 -12.40 -11.34 -10.15 -8.84 -10.33 

 2-Only improved cattle 24.70 -10.38 -53.56 -51.63 -49.48 -47.14 -49.86 

Notes:  

1) n/a means not applicable 

2) For the scenarios (1, 2, 3, 4, 5, 6), average income, poverty rate, food insecurity, and average GHG emission intensity are expressed as percentage 

changes compared to the baseline 

3) Negative figures show a percentage decrease in an indicator compared to the base scenario 

4) 1 TSh was equivalent of 0.0006 USD at the time of data collection. 

 

Table 9. Sensitivity analysis: Increase in the quality of the feed by 10 percent (Ruminant model scenario = Improved livestock diets plus increased feed 
amounts) 

Indicators Stratum  
(type of farm) 

Base 
system 

Improved systems 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Predicted adoption rate (%) 1-Only local cattle n/a 62.17 71.60 64.72 57.32 49.66 58.53 
 2-Only improved cattle n/a 75.82 89.95 88.29 86.45 84.42 86.76 
 3-No cattle n/a n/a 100.00 99.98 99.94 99.81 99.95 

Average farm income 
(USD/year) 

1-Only local cattle 728.00 38.66 50.47 41.56 33.59 26.61 34.81 

 2-Only improved cattle 1116.00 77.64 125.23 117.62 110.17 102.89 111.36 
 3-No cattle 324.77 n/a 310.67 282.94 255.21 227.51 259.66 

Food insecurity (%) 1-Only local cattle 21.66 -31.95 -39.47 -33.89 -28.49 -23.41 -29.32 
2-Only improved cattle 13.90 -13.90 -28.28 -25.82 -22.30 -19.66 -23.39 
3-No cattle 23.87 n/a -81.27 -78.72 -75.62 -71.89 -76.16 

Poverty rate (%) 1-Only local cattle 92.89 -8.28 -11.35 -9.01 -7.02 -5.35 -7.32 
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 2-Only improved cattle 80.13 -41.15 -58.66 -56.22 -53.71 -51.12 -54.12 
 3-No cattle 92.95 n/a -53.65 -49.17 -44.38 -39.35 -45.16 

Methane emission intensity (l 
CH4/l of milk/year) 

1-Only local cattle 26.71 -32.63 -27.71 -25.31 -22.65 -19.81 -23.08 

 2-Only improved cattle 23.90 -28.43 -61.61 -60.09 -58.40 -56.60 -58.68 

Notes:  

1) n/a means not applicable 

2) For the scenarios (1, 2, 3, 4, 5, 6), average income, poverty rate, food insecurity, and average GHG emission intensity are expressed as percentage 

changes compared to the baseline 

3) Negative figures show a percentage decrease in an indicator compared to the base scenario 

4) 1 TSh was equivalent of 0.0006 USD at the time of data collection. 

 

Table 10. Sensitivity analysis: Decrease in the quality of the feed by 10 percent (Ruminant model scenario = Improved livestock diets plus increased feed 
amounts) 

Indicators Stratum  
(type of farm) 

Base 
system 

Improved systems 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 

Predicted adoption rate (%) 1-Only local cattle n/a 62.17 71.41 64.52 57.11 49.43 58.32 
 2-Only improved cattle n/a 74.66 90.58 89.15 87.57 85.84 87.84 
 3-No cattle n/a n/a 100.00 100.00 99.98 99.93 99.98 

Average farm income 
(USD/year) 

1-Only local cattle 728.00 38.66 50.20 41.32 33.38 26.43 34.59 

 2-Only improved cattle 1116.00 82.25 139.58 131.91 124.38 117.00 125.58 
 3-No cattle 324.77 n/a 336.73 308.96 281.23 253.50 285.67 

Food insecurity (%) 1-Only local cattle 21.66 -31.95 -39.34 -33.70 -28.35 -23.27 -29.18 
2-Only improved cattle 13.90 -9.06 -28.16 -25.29 -22.41 -19.83 -22.84 
3-No cattle 23.87 n/a -83.20 -81.02 -78.38 -75.24 -76.84 

Poverty rate (%) 1-Only local cattle 92.89 -8.28 -7.85 -8.96 -6.97 -5.31 -7.27 
 2-Only improved cattle 80.13 -42.38 -60.67 -59.65 -57.38 -55.04 -57.76 
 3-No cattle 92.95 n/a -57.04 -53.37 -48.88 -44.09 -49.62 

Methane emission intensity (l 
CH4/l of milk/year) 

1-Only local cattle 26.71 -32.48 -23.77 -24.61 -22.00 -19.28 -22.44 

 2-Only improved cattle 23.90 -28.29 -62.98 -62.23 -60.74 -59.09 -60.99 

Notes:  

1) n/a means not applicable 
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2) For the scenarios (1, 2, 3, 4, 5, 6), average income, poverty rate, food insecurity, and average GHG emission intensity are expressed as percentage 

changes compared to the baseline 

3) Negative figures show a percentage decrease in an indicator compared to the base scenario 

4) 1 TSh was equivalent of 0.0006 USD at the time of data collection.
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Although results predict that adoption of improved livestock feeding and improved breeds might 

improve food security and reduce poverty with net reductions in methane emission intensity, barriers to 

adoption might hinder uptake. As shown, for example, economic and environmental gains were lower 

when farm households in all the strata paid for the purchase price of the improved cow breed. Providing 

access to credit, however, seemed to reduce the barrier to adoption and hence improved the economic 

and environmental impacts. Similarly, although our study assumes that land allocation remains 

unchanged, the amount of land owned by households might determine the ability of the household to 

keep an additional cow. As shown in Table 3, the average farm size is about one hectare. Furthermore, 

whether farmers will fully gain from improved livestock feeding and breeding will depend on their 

access to markets.   

 

4. Discussion and Conclusions 

This study highlighted the utility of the TOA-MD model plus Ruminant model to examine the three pillars 

of CSA and assess the trade-offs and synergies associated with adoption of improved livestock feeding 

strategies across diverse farming systems in Lushoto district, Tanzania. We stratified our sample into the 

following: 1) households that owned local cows only; 2) households that owned improved cow breed 

only; and 3) households that did not own cows. Using our stratification strategy, we combined the 

Ruminant and TOA-MD model to assess how improved livestock management options can increase 

productivity hence income, improve food security, and reduce GHG emission intensity.  

Our results predicted that adoption of improved quality of livestock diet would increase income for farm 

households both in stratum 1 and stratum 2. Our prediction showed that while the increase in income 

substantially reduced poverty for households with improved cow breeds, gains in poverty reduction 

were modest for households that only owned local cows.  Households with only local cows, however, 

received considerable gains in food security when they improved the quality of the livestock diets. 

Furthermore, results indicated that expected emissions intensity declined with adoption of improved 

quality feed with both local and improved breed cows. This finding has important implications for 

introducing incremental adaptation strategies. Economic gains, in terms of income, poverty, and food 

security were higher when households improved both the quality and quantity of the feed compared to 

when only quality was improved. However, no significant difference in emissions intensity was observed 

between improved quality and improved quality plus increased quantity of feed. We also did not 

observe significant difference in methane emissions between stratum 1 and stratum 2 with improved 



 
 

97 
 

quality or quality plus quantity. Providing an improved cow breed had greater impacts on methane 

emissions reduction when farm households improved the quality of livestock diets and increased the 

amount fed to the livestock. Although there were gains in income, food security, poverty reduction, and 

methane emission, when households acquired an improved cow breed, impacts were lower when 

households paid for the cow. Providing access to credit, however, reduced financial constraint.  

Our results have several important policy implications. First, the evidence presented here suggests the 

need to promote improved feeding strategies and introduction of more efficient breeds of livestock in 

order to achieve improved food security, increased productivity, reduced poverty, and reduced methane 

emissions intensities. Specifically, policies targeting to increase income and improve food security can be 

beneficial to farm households that own local cows if such households are encouraged to adopt 

improved livestock diets while those targeting to further reduce poverty should aim to promote 

adoption of improved cow breeds. Secondly, promotion of improved livestock feeding strategies need to 

be accompanied by policies or programs that facilitate the adoption of improved breeds. Policies that 

focus on providing access to credit markets are required in order to ease liquidity constraints that often 

limit smallholder farmers from adopting improved technologies. However, this does not necessarily 

imply a complete shift to improved breeds as evidence from literature shows that local breeds are 

better adapted to drought conditions (Scarpa et al., 2003). Thirdly, for farm households that do not own 

cattle, there are trade-offs involved because shifting non-cattle producers to dairy production implies a 

net increase in GHG emissions. At the same time, introducing improved breeds to non-cattle producers 

has a considerable positive impact on income. It seems, therefore, that while shifting non-cattle 

producers to dairy production might not present a triple win, it is a path to reach the triple win if 

accompanied by other interventions. 

Furthermore, there are other barriers to adoption, like farm size. Although our analysis did not account 

for issues of carrying capacity, we know that small farms may have issues with increasing herd sizes due 

to the limited land available. Future research should, therefore, incorporate the effects of changing land 

allocation as a key aspect when simulating impacts of improved feeding and breeding strategies. 

Our study provides a first attempt to combine economic and livestock simulation methods in prioritizing 

climate smart feeding strategies using a minimum data approach. A few points are, however, worth 

pointing out. First, we acknowledge that although parsimonious, accurate data to fully characterize 

farming systems is important in estimating ex-ante impacts using TOA-MD. Specifically, capturing 

heterogeneity in net-returns remains an important requirement of the model. Future data collection 

efforts and research should work towards an improved approach to capture the heterogeneity of milk 
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production in a population of farms to allow estimation of the distribution of greenhouse gas produced 

in the same population and, therefore, estimate the economic versus environmental tradeoffs more 

accurately. Secondly, our study makes several assumptions in simulating impacts of improved livestock 

feeding strategies. It is, therefore, important to interpret our results within the assumptions that we 

make. We acknowledge, for example, that smallholder farmers might not always behave to maximize 

economic returns, and that crop-livestock interactions are an important component of farming systems 

in SSA. In conclusion, we believe this study can help to assess the multiple trade-offs of selected CSA 

practices and sustainable intensification options to identify triple win situations. 
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Chapter 5 

 

Agricultural intensification scenarios, household food availability and greenhouse gas 

emissions in Rwanda: Ex-ante impacts and trade-offs 
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1. Introduction 

Agriculture is the backbone of Rwanda’s economy, involving more than 80% of the population, and 

contributing 30% to the country’s Gross Domestic Product (GDP). In Rwanda’s Vision 2020, agriculture is 

considered one of the major potential catalysts for employment creation and transformative growth 

(MINECOFIN, 2000). 46.3% of the country’s total land area (2.6 million ha) is arable, and main crops 

include beans, cassava, wheat, maize and rice. Permanent crops such as citrus, coffee and rubber, 

flowering shrubs, fruit trees, nut trees and vines occupy 9.5% of the country’s surface (NISR, 2014). 

However, Rwanda’s agricultural sector is facing challenges of increasing environmental degradation, 

resulting in declining productivity. 34% of surveyed households said they are facing problems caused by 

environmental degradation, with erosion, reduced agricultural production and destructive rains being 

mentioned most often (NISR, 2011). The problem would be further aggravated by the growing 

population. If the current population growth rate of 2.8% sustains, Rwanda will reach 26 million 

inhabitants by 2050, translating to a population pressure of 1000 people per km2.  

Globally, agriculture is a principal source of climate change, directly contributing 14% of anthropogenic 

greenhouse gas (GHG) emissions and another 17% through land use change. The majority of future 

increases in agricultural emissions are expected to take place in low- to middle-income countries (Smith 

et al. 2007). While industrialized countries have to dramatically reduce current levels of GHG emissions, 

developing countries face the challenge of finding alternative, low carbon development pathways. 

Climate-smart agriculture (CSA) is seen as one of these pathways, aiming at transforming agricultural 

systems towards the triple win of increased food security, climate change adaptation, and mitigation. 

However, it has been recognized that in developing countries, mitigation should be considered as a co-

benefit while priority lies with food security and adaptation (Campbell et al., 2014; Lipper et al., 2014). 

CSA is complementary with sustainable intensification (SI), which aims at increasing agricultural 

productivity from existing agricultural land while lowering its environmental impact. Increased resource 

use efficiency contributes to SI as well as CSA through increased productivity and reduced GHG 

emissions per unit output (Campbell et al., 2014). CSA and SI both acknowledge the importance of 

potential trade-offs between agricultural production and environmental integrity. A better 

understanding of these trade-offs is needed to reach a more productive and sustainable agricultural 

sector (Kanter et al., 2016; Klapwijk et al., 2014a; Steenwerth et al., 2014). 

The government of Rwanda has recognized the dual challenge of food security and environmental 

sustainability and has, therefore, put emphasis on generating an integrated suite of agricultural and 
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environmental strategies, policies, institutions and funds. The Strategic Plans for the Transformation of 

Agriculture (PSTA-III, 2014 - 2017) (MINAGRI, 2009a) and Rwanda’s Vision 2020 (MINECOFIN, 2000) are 

designed to guide the fundamental transformation of Rwanda into a middle-income country by 2020. 

One of the six pillars of Vision 2020 is a Productive and Market Oriented Agriculture, with Sustainable 

Natural Resource Management as cross-cutting theme (MINECOFIN, 2000). The cross-sector national 

strategy on Green Growth and Climate Resilience adds the environmental dimension, calling to address 

poverty and climate change concurrently (MINIRENA, 2011). Well-known agricultural policy programs 

aiming to implement the strategic aspirations are the Crop Improvement Program (CIP), which supports 

access to mineral fertilizer and improved seeds (MINAGRI, 2011); the Girinka program which provides 

crossbred cows to poor farmers under a pass-on system of payment and wealth transfer (MINAGRI, 

2006); and the strategy for animal nutrition improvement which calls for adequate on-farm mix of 

forage legumes and grasses and concentrate feeds under zero grazing (MINAGRI, 2009b).  

Ex-ante impact assessment can help decision-makers in targeting and upscaling technological 

interventions. Farm household models have often been used for this purpose, although integrated 

analyses of food security at household level are still scarce (Van Wijk et al., 2014). A standard approach 

is to capture the diversity of farming systems with a limited number of farm types, often using resource 

endowment or production goals as clustering factors (e.g. Tittonell et al., 2010). Potential impacts are 

quantified for these farm types, and scaled up to population level by using information on the relative 

importance of each type. This study takes an alternative approach to assess potential impacts of policy-

oriented scenarios on food availability and GHG emissions across different agro-ecologies in Rwanda. 

Instead of focusing on a few representative farm types, we apply relatively quick and simple calculations 

across a large number of households. The objectives of this study are therefore to i) quantify the 

baseline contribution of crops, livestock and off-farm activities to household food availability and GHG; 

ii) assess differences in contributions within and between locations and food availability classes; iii) and 

determine the impact, synergies and trade-offs of crop and livestock intensification policies on food 

availability and GHG.  

 

2. Materials and Methods 

2.1 Baseline household survey and study sites  
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A household survey was conducted in June – December 2006 by the Consortium for Improvement of 

Agriculture-based Livelihoods in Central Africa (CIALCA) in Rwanda, DR Congo, and Burundi. In Rwanda, 

911 households were surveyed across different administrative units and agro-ecologies (Figure 1). The 

Birunga and Congo Nile Watershed Divide (CNWD) are highland areas between 1,900 – 2,500m, with 

abundant rainfall, highly weathered soils, and expansive forest cover. The Bubereka highlands are a 

plateau at 2,300 m altitude, and soils are generally more fertile than in the CNWD. The Central Plateau is 

a large region of hills and valleys of an average altitude of 1,700 m and annual rainfall of 1,200 mm, and 

its soils are suitable for a wide range of crops. The Eastern Plateau & Peripheral Bugesera are the 

extensions of the Central Plateau into the drier East, with a hilly topography and moderate agricultural 

potential. The Eastern Savanna & Central Bugesera include the lowlands in the East (1,250 - 1,600 m) 

with 850 – 1,000 mm annual rainfall, and the agricultural potential is lower. The Imbo area is 

characterized by high temperatures, abundant rainfall, good quality alluvial soils and possibilities for 

irrigation, which makes it conducive for intensive agriculture (Figure 1; Verdoodt and Ranst, 2003). The 

survey collected quantitative information on the socio-economic status of households, agronomic 

characteristics of the farming system, market access and commercialization of crops, food security 

status and nutrition, and health of the household members (Ouma et al., 2012). 27 outliers were 

excluded from the analysis due to unrealistic fertilizer and crop production values, or missing cropland 

area data. The final database contained data of 884 households: 190 households in Bugesera, 200 in 

Kirehe, 196 in Nyagatare (all Eastern Province), 99 in Karongi, 50 in Rubavu, 50 in Rusizi (all Western 

Province), and 99 in Ruhango (Southern Province).  
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Figure 1: Map of household survey sites across agro-ecological zones in Rwanda. The map is based on Verdoodt 
and Ranst (2013). See Materials & Methods (2.1) for a description of the zones which differ in altitude, rainfall and 
soil properties.  

 

2.2 Food availability calculation 

Food security encompasses various dimensions including food availability, food access, food utilization 

and food stability. Food availability, in general, refers to both caloric intake as well as nutritional 

requirements (Carletto et al., 2013a). In this study, we used a simple proxy for food security, which 

exclusively focusses on the energy component of food availability. The food availability (FA) indicator 

was developed from initial work by Hengsdijk et al. (2014), and first published by Frelat et al. (2016) who 

calculated FA for >13,000 households across sub-Sahara Africa. Ritzema et al. (2017) applied it to data 

from 1,800 households in West and East Africa, illustrating its usefulness for potential impact 

assessment. FA is a potential supply indicator, representing the daily food energy availability per 

household member from consumption of farm produce and food purchases with on-farm and off-farm 

income. The FA indicator does not intend to fully account for all household expenses or nutritional 

requirements. For this study, seven livelihood components were delineated that contribute to FA within 
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and across sites: food crop products (consumed and sold), cash crop products, livestock products (cattle, 

sheep and goats, poultry), and off-farm income (Figure 2a). 

FA is expressed in Potential Food Equivalent energy in kcal (PFE energy) per capita per day and is 

calculated as  

𝑃𝐹𝐸 =
𝐸𝑐𝑜𝑛𝑠 + 𝐸𝑖𝑛𝑐𝑜𝑚𝑒 

365 × 𝑛ℎℎ 
 

(1) 

where 𝐸𝑐𝑜𝑛𝑠 is the direct consumption of the PFE energy  from on farm food produce in kcal (calculated 

from Eq. 2), 𝐸𝑖𝑛𝑐𝑜𝑚𝑒 is the indirect consumption of the PFE energy from income (farm sales, off farm) in 

kcal (calculated from Eq. 3) and  𝑛ℎℎ is the household size in Male Adult Equivalent (MAE; see Equation 

5).  

The PFE energy from direct consumption of on farm produce is calculated as  

Econs= ∑ Ec

c

×mc ×θc+ ∑ El × ml

l

× θl (2) 

  

where Ec is the energy content of the yield of crop c, mc  is the yield of crop c in kg, and θc is the 

percentage of the yield of crop c consumed. For livestock El is the energy content of livestock product l, 

ml  is the produced amount of product l in kg, and θl is the percentage of livestock produce l consumed. 

Energy contents were based on a standard product list developed by the US Department of Agriculture 

USDA (source: http://ndb.nal.usda.gov/ndb/search/list). 

The PFE energy from indirect consumption of food purchased with income is calculated as  

𝐸𝑖𝑛𝑐𝑜𝑚𝑒 = 𝐼𝑈𝑆𝐷 ×
𝐸𝑠𝑡𝑎𝑝𝑙𝑒

𝑃𝑠𝑡𝑎𝑝𝑙𝑒
 

(3) 

𝐼𝑢𝑠𝑑 is the money earned by the household (by selling farm production and off farm income) in USD 

(calculated from Eq. 4), 𝐸𝑠𝑡𝑎𝑝𝑙𝑒 is the PFE energy content of the staple crop (kcal/kg), 𝑃𝑠𝑡𝑎𝑝𝑙𝑒 is the price 

per kg of the staple crop (USD/kg). 

The income earned by the household is calculated as  

http://ndb.nal.usda.gov/ndb/search/list
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𝐼𝑈𝑆𝐷 =  ∑ Pc

c

×mc ×(1-θc)+ ∑ Pl × ml

l

× (1-θl) + 𝛷 (4) 

where Pc and Pl are the price of the crop yield c or livestock product l in USD.kg-1, and 𝛷 is the off farm 

income (in USD). 

Household members were disaggregated by gender and age brackets following FAO (2011) to quantify 

household size in Male Adult Male Equivalents (MAE), based on energy requirements for members of 

each age bracket  

𝑛ℎℎ =  ∑ 𝑛𝑖 × 𝛼𝑖

𝑖

 (5) 

where 𝑛𝑖  is number of person in class I, and 𝛼𝑖 : percentage of energy requirement of class I (compare 

to the average energy requirement of a male adult, 2500 kcal per day). 

The annual production of crops and their use (consumption and sale) were reported by farmers. Cash 

crops were defined as crops of which more than 90% of the annual produce is sold. Median price values 

per crop were used, thus all households were assumed to sell crops at the same price. The survey results 

showed that beans were the main staple crop in the area, having an energy content of 3400 kcal/kg 

(𝐸𝑠𝑡𝑎𝑝𝑙𝑒 in Eq. 3) and a national price of 0.27 USD/kg (𝑃𝑠𝑡𝑎𝑝𝑙𝑒 in Eq. 3). Production and consumption of 

livestock products were not reported in the survey. Instead, we used average production and off-take 

numbers from Frelat et al. (2016) to estimate milk, meat and egg production per livestock head and 

year: cattle meat 0.875 kg (local breed and crossbred); cow milk 340 l (local breed); 680 l (brossbred); 

sheep and goat milk 0.3 l (local breed and crossbred); sheep and goat meat 1.250 kg (local breed and 

crossbred); poultry eggs 0.9 kg; and poultry meat 0.375 kg. 50% of all livestock produce is assumed to be 

sold, 50% to be consumed. It is further assumed that households use the income generated from sales 

of farm produce or off-farm activities to first cover their reported expenses of crop production, and then 

to purchase the main staple crop of beans. Due to the lack of reliable data, other household expenses, 

e.g. for school fees, clothes, or medicine, are not taken into account.  

The FA calculation was applied to all 884 households individually. Three FA classes were defined, 

following Frelat et al. (2016) who showed that the base level of food crop consumption was 1,500 kcal 

MAE-1 day-1, while the overall median of FA was roughly 4,000 kcal MAE-1 day-1. Households with <1,500 

kcal MAE-1 day-1 were deemed to have insufficient food available (‘low FA class’); households with 1,500 

– 4,000 kcal MAE-1 day-1 were considered to have sufficient food available (‘medium FA class’); and 
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households with >4,000 kcal MAE-1 day-1 were seen as having more than sufficient food available (‘high 

FA class’). Results were reported in three different ways: a) FA per individual household (kcal MAE-1 day-

1) with percentage of households below the 2500 kcal MAE-1 day-1 line (average energy requirement of a 

male adult); b) median FA (kcal MAE-1 day-1) per site and/or per FA class; c) contributions (%) of crop, 

livestock and off-farm activities to FA.  

2.3 Calculation of greenhouse gas emissions 

The International Panel on Climate Change (IPCC) guidelines contain the most widely accepted scientific 

methods to quantify GHG emissions. They are divided into hierarchical Tiers (1, 2, 3) according to 

methodological complexity and data requirements (IPCC, 2006). The IPCC guideline calculations have 

previously been used to calculate whole-farm GHG emissions using smallholder household survey data, 

for example by Seebauer (2014) in Kenya. Figure 2b provides an overview of household data used and 

emission sources considered. Given the limited household data available in this study, the GHG emission 

calculations followed Tier 1 guidelines for emissions from manure (CH4 and direct and indirect N2O) and 

soils (direct and indirect N2O). Fertilizer quantities were not directly recorded in the survey, so fertilizer 

application rates were calculated from annual fertilizer expenses per household, using a cost of 2.4 USD 

per kg N from 2006. Emissions from manure were calculated using default N excretion rates per 

livestock species and body weight. Body weight was set to 350 kg for local cattle, 450 kg for crossbred 

cattle, and 400 kg for other livestock. It was assumed that 80% of the manure produced was collected, 

and all applied to fields for fertilization. Manure and fertilizer application rates were used to multiply 

with default emission factors extracted from the IPCC guidelines (IPCC, 2006). The available survey data 

was sufficient to follow Tier 2 guidelines for emissions from enteric fermentation (CH4) for cattle, and 

Tier 1 for other livestock. Tier 2 takes into account the gross energy requirements of cattle with an 

annual milk production of 340 l yr-1 for local cattle breeds and 680 l yr-1 for crossbred cattle. This 

resulted in calculated emission factors of 20 kg CH4 head-1 yr-1 for local cattle, and 26 kg CH4 head-1 yr-1 

for crossbred cattle. Tier 1 default emission factors were used for other animals: 5 kg CH4 head-1 yr-1 for 

sheep and goats, 1 kg CH4 head-1 yr-1 for pigs, and no emissions for poultry. We did not compute 

methane emissions from rice, nor emission from burning residue since both activities were not common 

among the survey respondents. Given the low levels of fertilizer and industrial feed use, off-farm GHG 

emissions were not taken into account. Further, we excluded changes in soil organic C (SOC) stocks from 

the GHG calculations, assuming a steady-state. Firstly, changes in soil C stocks are slow and only visible 

in the long-term. Even potentially soil conserving agricultural practices have minimal impacts on SOC 
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stocks across many tropical soils in Sub-Saharan Africa (SSA), at least partly due to high decomposition 

rates (Palm et al., 2014; Powlson et al., 2016). Moreover, modeling of SOC changes is still challenging, 

especially with limited input data availability. SOC sequestration is a complex process, and any potential 

increase rates will slow down and cease over time, reaching a new equilibrium state. Therefore, the role 

of SOC sequestration in GHG balances and global mitigation efforts is limited (Sommer and Bossio, 

2014). The GHG calculation was applied to all 884 households individually.  Results were reported in 

three different ways: a) GHG per individual household (calculating kg CO2e hh-1 yr-1); b) median GHG (kg 

CO2e hh-1 yr-1) per site and/or per FA class; c) contributions (%) of different sources to total GHG. For a 

detailed description of the calculations, see Supplementary Material. 
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Figure 2: (a) Schematic representation of the FA calculations at household level in energy (kcal) MAE-1 day-1, 
adapted from Frelat et al. (2016); (b) Schematic representation of GHG calculations at household level in CH4 and 
N2O from enteric fermentation, manure and soil emissions, converted to CO2e in the sum. 

 

 

 

2.4 Agricultural intensification scenarios 

The scenarios in this study were closely modeled after key national policy programs, and effect sizes 

informed by published literature and expert estimations. Table 1 summarizes the key parameters and 

assumptions for each scenario.  

A) Girinka: In 2006, the Government of Rwanda initiated the Girinka program (One Cow per Poor Family) 

(MINAGRI, 2006). Under Girinka, in-calf crossbred heifers are distributed to vulnerable farmers who pass 

on the first female calf to a poor neighbor. The program seeks to address malnutrition by increasing 

rural milk consumption, which currently lies with 13 l person-1 yr-1 far below FAO recommended rate of 

220 l. Participating households are selected by the community and should own no livestock and less 

than 0.75 ha land (MINAGRI, 2006). Local cows produce around 2 l day-1 during lactation, while 

crossbreed cows can potentially reach 6 l day-1 (Kamanzi et al., 2012). However, in reality, the poorest 

Girinka farmers have difficulty feeding their cow, mainly relying on low quality feeds such as collected 

natural grasses, banana pseudostems, and crop residues. This limits the productivity of crossbred cows 
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to 2 – 4 l cow-1 day-1 (Klapwijk et al., 2014b). The Girinka scenario added one crossbred cow to each farm 

household without cattle and with less than 0.75 ha land. Milk production of the Girinka cows (as for all 

other crossbred cows) was set to 680 l cow-1 yr-1, using the estimations of Klapwijk et al. (2014b) and 

Lukuyu et al. (2009), while taking into account gestation and dry periods (Table 1).  

B) Improved livestock feeding: Creating a resilient feed resource base and systematic crop-livestock 

integration are seen as major building stones to reach Vision 2020 (MINAGRI, 2009a). In 2009, the 

strategic plan for livestock nutrition improvement called for adequate on-farm mix of forage legumes 

and grasses and concentrate feeds under zero grazing (MINAGRI, 2009a). Restricted grazing has been 

confined to areas in Nyagatare and Gishwati, and otherwise, only zero grazing or fenced grazing are 

allowed. Despite these efforts, most of the livestock herd is currently still inadequately fed (Lukuyu et 

al., 2009; Mutimura et al., 2013). To make optimal use of the limited land resources, high productivity 

fodder species such as Napier grass (Pennisetum purpureum) and high-quality species such as Brachiaria 

cv. Mulato II have been promoted. Mulato II has 12 - 14% crude protein content, and can be grown on 

soils with lower fertility and is drought tolerant (Mutimura et al., 2012; 2015). Other options include 

leguminous forage shrubs such as Leucaena diversifolia. Supplementation with 2.2 kg leaf meal was 

shown to increase daily milk yield from 6 to 8 kg milk cow-1 day-1 (Myambi and Mutimura, 2012). 

Although land availability for additional forage production is limited in Rwanda, different forage species 

can be targeted to specific cropping system niches (Umenezero et al., 2016). The improved livestock 

feeding scenario assumed that local and crossbred milk production increased by 50% (from 340 to 510 l 

yr-1) and 81% (from 680 to 1230 l yr-1). Implicit in this scenario is that farmers grew the additional fodder 

necessary without changing current land use and expenses, thus integrating as intercrop or rotation or 

on previously unused areas of their farm such as boundaries and contours.  

C. Soil and crop improvement: In 2007, the Government of Rwanda commenced the Crop Intensification 

Program (CIP), aiming to increase productivity of six priority annual crops (maize, wheat, rice, potato, 

beans and cassava) for improved food security and self-sufficiency (MINAGRI, 2011). A major activity 

under CIP is importation and distribution of subsidized farm inputs through public-private partnerships. 

In addition, the National Fertilizer Strategy aims to reach an average mineral fertilizer application of 45 

kg ha-1 yr-1 in 2017/18, increasing from an average fertilizer application level of 4.2 kg ha-1 in 1969 – 1993 

(MINAGRI, 2014). The soil and crop improvement scenario assumed that 45 kg ha-1 fertilizer application 

increases crop yields of CIP priority crops 1) by 100% for those farm households with no fertilizer 

expenditure in the baseline study; 2) by 50% for those households that spent 1 – 6700 RWF ha-1 yr-1 on 
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fertilizer; and 3) by 25% for those households that spent more than 6700 RWF ha-1 yr-1 on fertilizer. Since 

the most commonly used fertilizers for food crops in Rwanda are NPK (17-17-17), urea (46-0-0) and DAP 

(46-0-18), we assumed an average overall N fertilizer content of 35%, thus the 45 kg fertilizer ha-1 

correspond to 16 kg N ha-1. Additional fertilizer expenses for the household were calculated using the 

conversion of at 2.4 USD per kg N.  

Table 1: Key parameters and assumptions of the three study scenarios.  

  A. Girinka 
B. Improved livestock 
feeding 

C. Soil and crop improvement 

Parameters 

+ 1 crossbred cow for 
households without cattle 
and less than 0.75 ha of 
land at milk production of 
680 l yr-1. 

Milk production increases by 
50% for local cattle (from 340 
to 510 l yr-1) and 81% for 
crossbred cattle (from 680 to 
1230 l yr-1). 

Increase of crop production for maize, 
wheat, rice, potato, beans and cassava 
due to additional 45 kg fertilizer ha-1 
across all households, corresponding to 
16 kg N ha-1. The crop yield response 
depends on baseline fertilizer 
application: +100% for households 
without previous fertilizer use; +50% for 
households with 1 - 6700 RWF ha-1 yr-1 

fertilizer expenses; +25% if expenses 
exceed  6700 RWF ha-1 yr-1.  

Assumptions 

The gift cow can be fed to 
the extent that it produces 
680 l yr-1 at no additional 
costs or change in crop 
production. The additional 
milk produced is half sold, 
half consumed by the 
household. 

The increase of feed does not 
affect the production of food 
crops and does not imply 
additional expenses. The 
extra milk is half sold, half 
consumed by the household. 

Buying better seeds does not generate 
extra expenses, but fertilizer purchase 
results in additional expenses of 2.4 
USD kg-1 N. The extra crop produced 
follows the same pattern of crop sold 
vs. crop consumed. 

 

 

3. Results  

3.1 Diversity of farm households 

Median family size varied between 3.8 – 5.0 household members. Median cropping area ranged 

between 0.6 – 1.3 ha per household, with smallest areas in Rusizi (0.63 ha) and Bugesera (0.79 ha). 

Median livestock herd size was smallest in Kirehe (0.2 Tropical Livestock Units - TLU) and largest in 
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Ruhango (0.93 TLU). Households in Gatsibo and Rubavu did not have any annual expenses for purchase 

of agricultural inputs, while in Ruhango and Rusizi the median value varied between 380 to 1400 

Rwandan Francs (RWF). In all sites, off-farm income was small, with only Rubavu having relatively higher 

median values (Table 2). 

Table 2. Agro-ecological and socio-economic characteristics of the survey districts. Annual rainfall and altitude 
data was obtained from the closest weather station of the Rwanda Meteorology Agency. Population density for 
each district was extracted from the 2012 Population and Housing Census and the National Institute of Statistics of 
Rwanda. All other data was calculated from the household survey and given in median with inter-quartile ranges in 
brackets. MAE refers to Male Adult Equivalent.  

               

  
Bugesera Nyagatare Karongi Kirehe Rubavu Ruhango Rusizi 

Population 
density 
(people/km2) 

280 242 334 287 1039 510 418 

Annual rainfall 
(mm) 

854 633 1089 913 1205 1070 1419 

Altitude (m) 1450 1450 1470 1500 1554 1700 1591 

Family size 
(MAE) 

3.8 (2.2) 4.4 (2.1) 4.1 (2.8) 4.1 (2.2) 5 (2.9) 4.1 (2.1) 4.8 (3.4) 

Crop land (ha) 
0.79 
(1.6) 

1 (1.2) 1.1 (2.1) 1.1 (1.6) 1.2 (1.7) 1.3 (2.3) 
0.63 
(1.5) 

Number of crops 5 (3) 4 (3) 5 (1)  5 (3) 4 (2) 6 (2) 5 (2) 

Livestock herd 
size (TLU) 

0.76 
(1.2) 

0.46 (1.5)  0.8 (1.4) 0.2 (0.8) 
0.5 
(0.67) 

0.93 
(1.8) 

0.51 
(0.95) 

Crop input 
expenses (RWF) 

0 (3900) 0 (0)  0 (5200) 0 (5200) 0 (0)  
380 
(11000) 

1400 
(7300) 

Off farm income 
(RWF) 

0 (15) 0 (67) 0 (85) 0 (39) 46 (280) 0 (58) 0 (27) 

 
       

 

3.2 Baseline food availability  

The FA indicator, calculated for all individual households, showed a positive relationship with self-

assessed status of food security. Respondents of the same household survey were asked to classify their 
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own food security status as i) often insufficient food quantity; ii) sometimes insufficient food quantity; 

iii) sufficient quantity but not the desired type; or iv) sufficient quantity and desired type (Figure 3). 

Overall, 46% of all households had less than 2,500 kcal available MAE-1 day-1. Rubavu (30%) and Ruhango 

(34%) had fewest households below the 2,500 kcal line, while Rusizi (52%) and Bugesera (53%) had the 

highest percentages. Ruhango (3600 kcal MAE-1 day-1) and Rubavu (3400 kcal MAE-1 day-1) had the 

highest median FA, and Bugesera, Kirehe and Rusizi had the lowest (all 3200 kcal MAE-1 day-1). The main 

contribution to FA originated from consumed and sold food crops - 81.2% in the low FA class, 64.3% in 

the medium FA class, and 53.1% in the high FA class. The share of cash crops increased from 2.5% for 

the low FA class to 3.5% for the high FA class. While the contribution of poultry was higher in the low FA 

class (3.2%) than in the high FA class (0.7%), the contribution of cattle showed the reverse pattern 

(26.8% in high FA class, and 5.9% in low FA class). Off-farm income was more important in the high FA 

class (15.5%) than in the low FA class (5.2%). Off-farm income contributed more to FA in the high FA 

class in Rubavu (32.0%) and Kirehe (22.5%) than in other sites. Cash crops contributed more to FA in 

Rubavu (6.1 – 7.9%) than in other sites (Fig. 4a, Fig. 5a). FA was not correlated to land size (Fig. 1 

Supplementary Material).   
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Figure 3: FA in kcal MAE-1 day-1 compared to self-assessed food security from the same survey to explore 
confidence of the FA indicator. Respondents were asked to classify their own food security status as:  i) often 
insufficient food quantity; ii) sometimes insufficient food quantity; iii) sufficient quantity but not the desired type; 
or iv) sufficient quantity and desired type. The red dashed line represents a FA level of 2,500 kcal MAE-1 day-1 , the 
daily energy need of a male adult. 

 

3.3 Baseline GHG emissions 

GHG emissions were correlated to livestock, with, on average, 1,360 kg CO2e per TLU (Fig. 2 

Supplementary Material). Across all sites, the largest contributor to GHG emissions was enteric 

fermentation (48.7% low FA, 48.9 medium FA, 47.6% high Fa), followed by emissions from manure 

(31.8%, 27.4%, 26.7%), and then direct and indirect emissions from soils (19.5%, 23.7%, 25.7%). 138 

households (15.6% of the study population) did not emit any GHG emissions and are represented by the 

blank space in Figure 4b. These households did not own ruminants and did not report applying fertilizer 

or manure to their fields. 53 households (6% of the population) had very low GHG emissions, remaining 

<10 kg CO2e hh-1 yr-1 (Fig 4b). The highest median emissions were calculated for households in Ruhango 

(1,506 kg CO2e hh-1 yr-1), followed by Bugesera (1,116 kg CO2e hh-1 yr-1) and Karongi (1,115 CO2e hh-1 yr-

1). Lowest median emissions were derived for Kirehe and Rusizi with 395 and 663 kg CO2e hh-1 yr-1 

respectively. GHG emissions increased from low FA class to high FA class, with 50% of the total GHG 

being emitted by 22% of the households with the highest FA scores (Figure 4b, 5b).  
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Figure 4: (a) Overall distribution of FA across all study households in Rwanda. Each vertical bar represents one 
household, the colors represent its sources of energy, and the height represents total FA in kcal MAE-1 day-1. The 
red dashed line depicts a food availability level of 2,500 kcal MAE-1 day-1 , the daily energy need of a male adult; (b) 
Overall distribution of GHG emissions in kg CO2e hh-1 yr-1 across all sites in Rwanda. Each vertical bar represents 
one household, the colors represent the sources of GHG emissions, and the height represents the total amount of 
GHG in CO2e.  
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Figure 5: (a) Relative contribution (%) of household activities to FA (kcal MAE-1 yr-1) per district and FA class. FA 
classes are defined as follows: low FA class with <1,500 kcal MAE-1 yr-1, medium FA class with 1,500 – 4,000 kcal 
MAE-1 yr-1, high FA class with >4,000 kcal MAE-1 yr-1; (b) Relative contribution (%) of GHG emission sources to 
overall GHG per district and FA class. FA classes are defined as follows: low FA class with <1,500 kcal MAE-1 yr-1, 
medium FA class with 1,500 – 4,000 kcal MAE-1 yr-1, high FA class with >4,000 kcal MAE-1 yr-1. Households with no 
GHG emissions were omitted from this graph. 

 

3.4 Scenario assessment and trade-offs 

The effects of the three policy scenarios on FA and GHG emissions varied between sites and FA classes. 

Girinka only affected 26% of all households, but 49% within the low FA class. The scenario decreased 

households below the 2,500 kcal MAE-1 yr-1 line from 46% to 35%, leading to a median net increase of 

1843 kcal MAE-1 yr-1. At the same time, GHG emissions increased by 1174 kg CO2e hh-1 yr-1. Improved 

livestock feeding reached 42% of all households, though only 10% in the low FA class and 66% in the 

high FA class. The scenario decreased the overall proportion of households below 2,500 kcal MAE-1 yr-1 

from 46% to 43%, leading to a median net increase of 755 kcal MAE-1 yr-1. GHG emissions increased by 

50 kg CO2e hh-1 yr-1. Soil and crop improvement affected 94% of all households with equally high shares 

(91 – 96%) in all FA classes. The scenario reduced the percentage of population below the 2,500 kcal line 

from 46% to 40%, leading to a median net increase of 322 kcal MAE-1 yr-1. GHG emissions increased by 

23 kg CO2e hh-1 yr-1 (Figure 6). Figure 7 underlines trade-offs between FA and GHG emissions, which 
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varied across scenarios. Households that were not affected by a scenario are displayed as dots, while 

changes from baselines to scenario outcomes are denoted as arrows. While Girinka did not affect the 

majority of the households, it sharply increased both FA and GHG emissions for the impacted 

households, which originally had low GHG emissions (long and steep arrows). Improved livestock 

feeding did not affect many of the low FA households, but it increased FA for those impacted 

accompanied by only a minimal increase in GHG emissions (short and flat arrows). Soil and crop 

improvement affected almost all households (hardly any dots) with highly variable responses in FA and 

GHG (short and long arrows, and steep and flat arrows) (Figure 7).  

 

 

Figure 6: Net median changes of FA (kcal MAE-1 day-1) and GHG emissions (kg CO2e hh-1 yr-1) per FA class across all 
districts for the different policy scenarios Girinka, improved livestock feeding, and soil and crop improvement. FA 
classes are defined as follows: low FA class with <1,500 kcal MAE-1 yr-1, medium FA class with 1,500 – 4,000 kcal 
MAE-1 yr-1, high FA class with >4,000 kcal MAE-1 yr-1. 
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Figure 7: Relationship between FA (kcal MAE-1 day-1) and GHG emissions (kg CO2e hh-1 yr-1) for the baseline 
(beginning of the arrow) and the different policy scenarios Girinka, improved livestock feeding, and soil and crop 
improvement (end point of the arrows). 

 

4. Discussion 

4.1 Data limitations  

Farmer-reported data, as used for this analysis, has its inherent limitations. Carletto et al. (2013b) 

compared farmer-reported farm sizes with empirical measurements. They showed that farmers with 

small land holdings (<5 acres) tended to overestimate their land size, while farmers with larger land 

holdings (>5 acres) underestimated the same. However, the differences balanced out, resulting in an 

only 3% overall discrepancy. Similar effects could be expected for farmer-reported crop and livestock 

yields that we used in this study. Although errors in farmer-reported data are high, it is the best method 

available to date to analyze large household populations.  

4.2 Determinants of food availability 

Following the correlation between calculated FA and self-assessed food security from the same survey 

(Figure 3), we conclude that the FA indicator gives reasonable insight into variations in overall food 

security status across individual farm households, despite the strong underlying assumptions and 

simplifications. This corroborates findings of Frelat et al. (2016) and Hammond et al. (2017) who showed 

that the FA indicator correlated well with self-scoring of food security, the USAID Hunger and Food 

Insecurity Status indicator and household level diet diversity. Although FA is a potential supply indicator 
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only and not necessarily reflecting full food security status, Hammond et al. (2017) also illustrated how 

households with at least 4,000 kcal MAE-1 day-1 can qualify to be effectively food secure. The FA 

indicator has been found useful for quantifying key determinants of food availability in systems where 

agricultural productivity is one of the key limiting factors (Frelat et al., 2016; Ritzema et al,. 2017). 

The small land sizes and low livestock ownership were reflected in low FA scores (Figure 4a, 5a). 46% of 

the population remained below the 2500 kcal MAE-1 day-1 line, which is comparable to other sites in East 

and West Africa like Lushoto (Tanzania), Wote (Kenya), Lawra (Ghana) or Borana (Ethiopia) (Ritzema et 

al., 2017). However, 46% is higher than 37% obtained from analyzing more than 13,000 households 

across sub-Saharan Africa (Frelat et al., 2016). However, the dataset used for this study originates from 

2006, and food availability has likely been changing since then. Between 2006 and 2011, the standard of 

living for Rwandans has considerably improved, with the most drastic poverty reduction in the Northern 

Province (NISR, 2011). Rwanda’s Vision 2020 aspires to reduce the poverty rate to 30% in 2020, and 

increase caloric consumption to 2200 kcal day-1 person-1 (MINECOFIN, 2000).  

The Southern (Rusizi) and Eastern (Bugesera, Kirehe, Gatsibo) parts of the country showed lower FA 

than the North (Rubavu) and South-West (Karongi, Ruhango) (Figure 5a). Ruhango benefits from its 

proximity to Kigali as well as its central location, opening up economic opportunities such as trade. 

Karongi has access to income from fishing in Lake Kivu. Bugesera, Kirehe and Gatsibo suffer from low soil 

fertility, acidic soils and pronounced dry spells. These findings are largely in line with research from the 

National Institute for Statistics in Rwanda (NISR, 2011), which reported the highest poverty levels in the 

Southern province and lowest close to Kigali. Despite the differences between the regions, we found 

consistent patterns in the factors determining FA: Food crops, consumed or sold, were the mainstay of 

food availability in Rwanda, regardless of FA class or site. Higher FA positively correlated with livestock 

owning, off-farm income, and cattle numbers, pointing to potential pathways out of poverty. Cash crops 

played a negligible role in Rwanda’s FA, and possible reasons could include lack of land and investments 

in value chain development that would be needed to let them play a comparable role as in Western 

Kenya and North Eastern Tanzania (Ritzema et al., 2017). The NISR survey (2011) further confirmed the 

crucial role of off-farm job creation for poverty reduction, measuring highest poverty among those 

exclusively relying on agricultural income. It also showed that increases in agricultural productivity and 

livestock ownership in especially the Northern, Eastern and Western provinces contributed considerably 

to poverty reduction. Little progress was made in the poor Southern Province (NISR, 2011).  

4.3 GHG emission determinants 
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Farm level GHG emissions in Rwanda were highly correlated with livestock ownership (Fig. 2 

Supplementary Material). Households in sites with the highest cattle numbers, therefore, showed the 

highest CO2e emissions (Figure 5b). Valentini et al. (2014) assign 61% of total emissions from SSA to 

agriculture, forestry and other land use, with CH4 emissions from ruminant enteric fermentation being 

responsible for a large share of agricultural emissions. A study from Western Kenya confirmed the high 

contribution of livestock to the overall GHG balance of such smallholder systems (Seebauer, 2014). Also, 

a rapid assessment for Rwanda found that enteric fermentation was one of the largest contributors to 

GHG emissions at the national level (Dfid et al., 2009).  

However, GHG assessment results need to be interpreted with caution. Firstly, comparability between 

different assessments is low. Colomb et al. (2013) investigated 18 landscape-scale GHG calculators and 

although all of them were based on the IPCC guidelines, they differed in scope, calculation method and 

reporting units (Colomb et al., 2013). Secondly, IPCC Tier 1 was developed for national scale inventories 

but came into use at farm scale when more data was unavailable. Tier 1 emission factors are mostly 

derived from OECD country data as empirical measurements from SSA are rare. Due to differences in 

breeds, climates, feeding and management systems, it became generally acknowledged that IPCC Tier 1 

and 2 methods overestimate livestock-related emissions (enteric fermentation, manure) from SSA 

(Herrero et al., 2013). Recent empirical measurements of CH4 and N2O emissions from livestock excreta 

in Kenya confirmed that IPCC Tier 1 methods overestimate fecal CH4 and urine N2O by a factor two, and 

fecal N2O even 10 – 20-fold (Pelster et al., 2016). Therefore, close relation between TLU and total GHG 

emissions from agricultural activity in Rwanda, therefore, could be, at least partly, a consequence of 

methodological shortcomings. Until more studies are available to re-define emission factors across 

different tropical climates and for all GHG emission sources over longer periods, the IPCC guidelines are 

the best available method to estimate whole farm GHG budgets.  

4.4 Scenario assessment  

Although policy impacts are dynamic and can differ in short and long term, the modeling approach we 

used is a static, short term exploration of potential impacts of policy scenarios that have no financial or 

logistical constraints to reach its target group. Our analysis illustrates how intensification scenarios 

result in different potential impacts and trade-offs between food availability and GHG emissions across 

the population.  
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Girinka reached the smallest number of overall households (26%), but it specifically impacted the low FA 

class. Therefore, it achieved the most drastic decrease in households below 2500 kcal MAE-1 yr-1 (11%). 

However, this came at the largest cost in GHG increase due to the increase in animal numbers. While 

Girinka strongly acted pro-poor, it could hardly be considered climate smart due to the steep increase in 

GHG emissions. In addition, adding cows to the poorest households would have strong implications for 

feed availability and labor demands (Klapwijk et al., 2014b). 

Improved livestock feeding impacted more households overall (42%), but mainly within the medium and 

high FA classes where cattle ownership is more concentrated. Consequently, the decrease of households 

below 2500 kcal MAE-1 yr-1 was only 3%, making it is the least equitable scenario. The increase in GHG 

emissions is relatively small, thereby decreasing emission intensity per produced energy. This is in line 

with another study that showed how improved livestock feeding strategies in Tanzania can decrease CH4 

emission intensities while increasing income and food security (Shikuku et al., 2017). Improved livestock 

feeding is currently considered one of the most promising climate-smart practices. With an accelerated 

adoption rate, it could considerably contribute towards reaching a triple win between food security, 

adaptation, and mitigation (Campbell et al., 2014; Lipper et al., 2014).  

Soil and crop improvement is the most equitable strategy, affecting almost all households (94%) equally 

distributed across all FA classes. Although it decreased households below 2500 kcal MAE-1 yr-1 by 6%, the 

net median increase in energy availability was lowest of all scenarios (322 kcal MAE-1 yr-1). The scenario 

also resulted in the smallest increase in GHG emissions. 

These results were obtained by using relatively simple calculation schemes for both food availability and 

GHG emissions, two of the three pillars of CSA. More detailed model analyses could give more accurate 

numbers, but this study gives a first insight into the main patterns and major effects of the different 

intensification scenarios. The approach is also easily applicable across large numbers of farm households 

and uses relatively easily available information, thereby allowing rapid impact assessment across 

contrasting systems. This type of analysis is needed for comparative assessment and prioritization of 

policy options, and scale-up of possible farm household level responses to regional or country levels 

(e.g. van Wijk, 2014).     

5. Conclusions 

Across all sites, 46% of households were below the 2500 kcal MAE-1 yr-1 line, with lower food availability 

in the Southern and Eastern Rwanda. Consumed and sold food crops were the mainstay of food 
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availability, contributing between 81.2% (low FA class) to 53.1% (high FA class). Livestock and off-farm 

income were the most important pathways to higher FA. Baseline GHG emissions were low, ranging 

between 395 - 1506 kg CO2e hh-1 yr-1 per site, and livestock-related emissions from enteric fermentation 

(47.6 – 48.9%) and manure (26.7 – 31.8%) were the largest contributors to total GHG emissions across 

sites and FA classes. GHG emissions increased with FA, with 50% of the total GHG being emitted by 22% 

of the households with the highest FA scores. Scenario assessment of the three policy options showed 

strong differences in potential impacts: Girinka only reached one-third of the household population but 

acted highly pro-poor by decreasing the households below the 2,500 kcal MAE-1 yr-1 line from 46% to 

35%. However, Girinka also increased GHG by 1174 kg CO2e hh-1 yr-1, and can therefore not be 

considered climate-smart. Improved livestock feeding was the least equitable strategy, decreasing food 

insufficient households by only 3%. However, it increased median FA by 755 kcal MAE-1 yr-1 at a small 

GHG increase (50 kg CO2e hh-1 yr-1). Therefore, it is a promising option to reach the CSA triple win. Crop 

and soil improvement resulted in the smallest increase in median FA (FA by 755 kcal MAE-1 yr-1), and 

decreasing the proportion of households below 2,500 kcal MAE-1 yr-1 by 6%. This came only at a minimal 

increase in GHG emissions (23 kg CO2e hh-1 yr-1). All policy programs had different potential impacts and 

trade-offs on different sections of the farm household population. Quick calculations like the ones 

presented in this study can assist in policy dialogue and stakeholder engagement to better select and 

prioritize policies and development programs, despite the complexity of its impacts and trade-offs. 
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Chapter 6 

 

Agro-environmental trade-offs across smallholder livestock systems in Babati, 

Northern Tanzania 
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Sommer, R., Tittonell, P. Agro-environmental trade-offs across smallholder livestock systems in Babati, 
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1. Introduction  

Two-thirds of smallholders in eastern and central Africa rely on mixed crop-livestock systems as a source 

of income and nutrition, employment, insurance, traction or clothing (Herrero et al., 2012). The rise in 

population and urbanization is expected to result in larger demands for livestock products, which 

increases pressure on natural resources. Environmental impacts include effects on climate, water, 

nutrient cycling, biodiversity, land degradation and deforestation (Herrero et al., 2015). In particular, 

livestock production systems in the region have one of the highest greenhouse gas (GHG) emission 

intensities, thus GHG per unit livestock product, worldwide (Herrero et al., 2013). Climate-smart 

agriculture (CSA) is seen as one of the pathways to transform agricultural systems, aiming to sustain 

food security under climate change, while reducing GHG emissions. Although CSA strives to improve 

food security, adaptation and climate change mitigation, it acknowledges that not every recommended 

practice applied in every place can be a triple win. Mitigation in developing countries is seen as a co-

benefit, while food security and adaptation are the main priorities (Lipper et al., 2014).  

Tanzania has the third largest cattle population in Africa (25 million heads) after Ethiopia and Sudan. 

50% of Tanzanian households keep livestock, contributing 14% to their income. However, livestock 

productivity remains low. 98% of the total cattle herd is indigenous Tanzania Shorthorn Zebu whose 

adult body weight lies at only 200-350 kg, annual off-take rate at 8-10%, and 400 l milk is yielded per 

lactation. Milk production in the dry season is only half of the amount produced in the rainy season. 

Tanzania’s current milk consumption of 45 liters person-1 year-1 is low when compared to Kenya (80 

liters), India (68 liters), USA (261 liters), and the FAO recommendation (200 liters) (Katjiuongua and 

Nelgen, 2014; Kurwijila et al., 2012). Following the ratification of the Paris Climate Agreement in 

November 2016, Tanzania has committed to reduce GHG emissions by 10-20% by 2013, conditional on 

sufficient financial support. This commitment is anchored in the National Climate Change Strategy 

(2012) and the Zanzibar Climate Change Strategy (2014) which elaborate adaptation and mitigation 

options. Agriculture and livestock are sectors for intended adaptation contributions including increasing 

crop yields and sustainable pasture management systems (United Republic of Tanzania, 2015). 

Agricultural research for development needs to align closely to policy interests on climate and 

agriculture at the national and sub-national level. In doing so, research can critically support evidence-

based design and implementation of policy, leading to climate-smart development outcomes and 

impacts (Thornton et al., 2017).  
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Several livestock intensification options have been proposed to increase climate-smartness. Feed use 

efficiency, the amount of dry matter feed required to produce a unit output such as milk or meat, has 

been identified as key to both increasing livestock productivity and reducing GHG emission intensities. 

Provision of higher quality and more digestible feed will lower emissions per unit output. Feed rations 

can be improved through planted forages, energy-dense concentrates, and treatment of low quality 

feeds such as crop residues. Improved animal management, including improved breeds, animal health, 

and reproductive management, can drastically increase herd productivity. Manure management and 

safe storage could reduce emissions as well (Herrero et al., 2016). Planted forage options have been 

developed and adapted to various agro-ecologies, farming systems and production objectives. In 

addition to improving feed digestibility, they can increase soil organic carbon (Peters et al., 2013). A 

combination of such approaches – improved nutrition, management and manure - would result in an 

increase in productivity, decrease in herd size, and lower overall emissions (Herrero et al., 2016). 

Finding a balance between multiple objectives and potential trade-offs, and forging synergies between 

agricultural production and environmental quality, lies at the heart of CSA (Campbell et al., 2014). The 

field of agricultural trade-off analysis is growing, for trade-offs operating on many different scales, and 

affecting different stakeholders (Klapwijk et al., 2014). Since smallholder farming systems in sub-Saharan 

Africa (SSA) are highly diverse and dynamic, trade-offs play out differently. Understanding and 

classifying such complexity and diversity is the basis for understanding impacts and trade-offs (Giller et 

al., 2011; Tittonell et al., 2010). There is a wide array of indicators and metrics to assess productive, 

economic, environmental and social functions of farming systems, and to evaluate trade-offs between 

them (Smith et al., 2017). To address those multiple dimensions in one approach, trade-off analysis 

often employs interdisciplinary, bio-economic models. Multi-objective optimization, in particular, is 

considered a useful approach as farmers are not ultimate profit maximizers (Kanter et al., 2016). 

Integrated, systems-oriented impact assessments and realistic consideration of adoption constraints are 

crucial to informing decisions for improved adaptation and mitigation of mixed crop-livestock systems in 

Sub-Saharan Africa (SSA) (Descheemaeker et al., 2016).  

This study aims to explore climate-smart livestock intensification options that reduce agro-

environmental trade-offs across different smallholder livestock systems in Babati, Northern Tanzania. 

Specifically, its objectives are to:  

i) Describe and classify diversity of livestock feeding and husbandry systems;  
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ii) Quantify environmental efficiencies and agro-environmental trade-offs for different 

livestock systems;  

iii) Explore livestock intensification options that reduce agro-environmental trade-offs.  

 

2. Materials & Methods 

2.1 Study area 

Babati is one of the five districts in Manyara region, Northern Tanzania, representing a high agro-

ecological and socio-economic diversity. Altitude ranges from 950 to 2450 m asl, and precipitation varies 

between 500 and 1200 mm year-1 (Figure 1). Soils include sandy loams to clay alluvials, have a pH 

around 6.5, and P, S and Zn availability is generally low. Mineral fertilizer application in the area is 

insignificant (Kihara et al., 2015). Maize is intercropped with pigeon peas and beans in the long rains 

from February to May, and beans are planted in the short rains from November to January. A wide 

range of cash crops are grown, including coffee, sugarcane, cotton, rice, wheat, potatoes, sunflowers, 

and pyrethrum. In 2012, Babati district had almost 64,000 farming households and 420,000 heads of 

cattle. 40% of the population are ethnic Iraqw, and 30-35% Gorowa, and both communities count as 

indigenous nowadays. The Iraqw settled in the area 200 years ago from Kenya, when population 

pressure was low in Babati. Availability of fertile land attracted more in-migration in the 1950s, leading 

to the high current ethnic diversity. More recently, population pressure has been increasing up to 180-

200 people per km2, limiting availability of farming land and pasture (Bishop-Sambrook et al., 2004; 

Hillbur, 2013). 

2.2 Data collection 

Data was collected on three occasions between 2013 and 2017, starting with a rapid household survey 

among 96 households, followed by a detailed characterization of 12 farming households including tree 

and soil measurements, and ending with in-depth follow-up discussions with four households that were 

selected as case studies for the bio-economic modeling:  

i) A rapid household survey was conducted from 23 to 26 April 2013 in the villages of Hallu (1224 m asl), 

Mafuta (1022 m asl), Shaurimoyo (1002 m asl), Seloto (1646 m asl), Sabilo (1664 m asl), and Long (2154 

m asl) (Figure 1). 96 households (16 per village) were interviewed by eight trained enumerators. The 

survey focused on assessing farm resources, management strategies, farm productivity and household 
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economy, aiming to identify initial entry points for sustainable intensification in Tanzania (Timler et al., 

2014).  

 

Figure 1: Maps of the six study villages with land cover (left) and elevation (right). Data sources: Land cover 

(Chen et al., 2014), district boundaries (GADM, 2018), elevation (Jarvis et al., 2008), protected areas (UNEP-WCMC 

and IUCN, 2016). 

ii) A detailed household characterization was implemented from 17 to 27 February 2015. The typology 

(Section 2.3) was discussed with extension officers in Babati, and found to be adequately representing 

the existing livestock system diversity. The POULTRY type was omitted as the focus of this study lay on 

ruminants. From the 96 households of step i), 12 farms were randomly chosen to represent the 

remaining four types (six households SMALLEST, two DAIRY, two SHOATS, two LARGE LIVESTOCK) across 

four villages (Hallu, Long, Sabilo, Seloto). Interviews were conducted using the IMPACTlite survey tool 

(Rufino et al., 2012). A total of 26 topsoil (0-20 cm) composite samples were taken at all 12 farms from 

different land uses (cropland, grassland and fallow). Trees on the farms were counted and diameter at 

breast height (DBH) measured if >2.5 cm. In the case that trees were too remote to measure, only the 

number of trees was recorded and the average DBH of the farm applied.  

iii) Follow-up visits and in-depth discussions took place with one farmer of each type in Hallu (LARGE 

LIVESTOCK), Long (SMALLEST) and Sabilo (DAIRY and SHOATS), which were purposively chosen among 

the 12 farmers from step ii) to represent the different types. The discussions followed a semi-structured 

list of questions and were conducted together with Babati extension officers from the 8th to the 13th of 

January 2017, and again from the 13th to the 14th of February 2017. In addition to evaluating modeling 

input data, general farming objectives and constraints, and alternative farming technologies were 
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discussed that formed narratives around farmers’ perspectives on climate-smart livestock intensification 

options (see Section 2.5).  

2.3 Household data analysis and typology 

Exploratory statistics with the R statistical programming software (R core team, 2013) were conducted 

on the rapid characterization dataset to describe the general farming systems. A quantitative, 

multivariate statistics method was used to construct a livestock and feed based typology (Alvarez et al., 

2014). Expert knowledge and a literature review resulted in the selection of 12 variables for the typology 

construction which were extracted or calculated from the dataset (Table 1). Cattle number was closely 

correlated with total Tropical Livestock Units (TLU) (R2=0.93) and therefore not included. As multivariate 

analyses are sensitive to exceptional observations, the dataset was curated for missing and outlying data 

(Alvarez et al., 2014). The following farms were removed: five farms without livestock (TLU=0), two 

farms with missing data, and six farms with exceptional data (two farms with >4 improved cattle, two 

farms with >25,000 kg cereal residue fed, one farm with >1000 kg other residue fed, and one farm with 

>3000 kg legume residue fed). A total of 83 out of the original 96 households were retained for analysis. 

We first ran a principal component analysis (PCA) to reduce the dimension of the dataset, and then used 

the scores of the PCA to obtain homogeneous groups of farms using hierarchical cluster analysis (Ward 

method) (e.g. Tittonell et al., 2010). All analyses were executed in R, using the ade4 package (Dray et al., 

2007, version 1.6-2) and the cluster package (Maechler et al., 2016).  

Table 1: Variables with units used in typology construction. Livestock family labor referred to the total daily 
family labor required for the livestock herd per farm, excluding hired labor. Purchased concentrates were the sum 
of locally available, purchased supplements for any livestock type, e.g. maize bran, sunflower cake and maclick. 
Cereal, legume and other residue fed was computed by multiplying the crop areas per farm with average crop 
yields, the harvest index per crop, and the farmer-reported percentage of residue fed to livestock. 

Variable  Unit  

Household size number 

Farm size ha 

Livestock herd size TLU 

Improved cattle  number 

Local cattle number 

Small ruminants number 

Poultry  number 

Cereal residue used as feed  kg FW year-1 

Legume residue used as feed   kg FW year-1 

Other residue used as feed  kg FW year-1 

Livestock family labor hours day-1 
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Grazing time hour day-1 

Purchased concentrates kg year-1 

 

2.4 Tree and soil data analysis  

Aboveground biomass of live trees was estimated using the following empirically derived allometric 

equation from Kuyah et al. (2012): 

AGB = 0.091 ∗ 𝐷𝐵𝐻2.472  

Where AGB is the aboveground biomass in kg dry weight (DW), and 𝐷𝐵𝐻 tree diameter at breast height 

in cm. The carbon content of woody biomass was assumed to be 0.48 kg C kg DW-1 (Thomas and Martin, 

2012) with which the total carbon (C) stock of trees on farms and per hectare was computed. Annual 

growth and removal of C stocks were not taken into account.  

The soil samples were air dried and transported to the CIAT soil laboratories in Nairobi, Kenya for 

analysis. Total C and nitrogen (N) were analyzed by total combustion technique using an elemental 

macro-analyzer (Elementar Vario Max Cube). pH was measured in water (1:2.5), soil particle size (sand, 

silt, clay) by the hydrometer method, and extractable phosphate was determined by Bray-P. 

2.5 Bio-economic modeling 

Four case study farms were simulated with FarmDESIGN, a bio-economic farm model that calculates the 

impacts of various farm configurations on a large set of agro-environmental and socio-economic 

performance indicators. Applications of FarmDESIGN in the Netherlands (Mandryk et al., 2014), Zambia 

(Timler et al., 2017), and Mexico (Cortez-Arriola et al., 2014, 2016; Flores-Sanchez et al., 2011, 2015; 

Groot et al., 2016) have suggested the model is robust enough to accommodate contrasting farming 

systems and agro-ecologies. FarmDESIGN has been evaluated in terms of design-, output- and end-user 

validity. However, uncertainty lies in the quality of input data, as well as parameterization of 

degradation, nutrient losses and OM breakdown (Groot et al., 2012). The inputs required for the model 

can be grouped into: i) biophysical environment (e.g. soils, climate); ii) socio-economics (e.g. input costs, 

labor price); iii) crops and crop products yield, composition and use; iv) livestock and livestock products 

yield, composition and use; v) manure types and degradation, and mineral fertilizer use; vi) household 

members and labor availability. We collected input data for the four case study farms during the 

detailed household characterization (Section 2.3, step ii) and follow-up interviews (Section 2.3, step iii) 

(Tables A2, A3, A4, A5, A6, Appendix 3), as well as literature-derived or expert-estimated parameters 
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(Tables A7, A8, A9, A10, A11, Appendix 4). We aimed to increase quality and validate input data by 

triangulation through several visits, as well as discussion of data with local experts and extension 

officers. Farm performance was evaluated in terms of livestock feed balance, organic matter (OM) 

balance, farm N balance and cycle, GHG emissions, species richness, income, and labor requirements. 

Species richness relied on the Margalef index (M) by Oyarzun et al. (2013), which was computed from 

the number of crops and the farm area. Feed balances were calculated for energy and protein by 

matching available feeds with animal requirements and dry matter intake capacity. Animal requirements 

were related to body maintenance, growth, pregnancy and milk production. Feed intake was 

determined by the feed intake capacity saturation value of feeds. We used the Dutch VEM (feed unit 

milk) and DVE (intestinally degradable protein) systems (Tamminga et al., 1994; van Es, 1975). 

Household net income calculations included revenues from all crop and livestock production, based on 

their production and prices minus production costs such as feeding, inputs, hired labor and land (Groot 

et al., 2012). Prices and costs were reported in Tanzanian Shilling (TSh), and converted to US dollar 

(USD), using an exchange rate of 2235 TSh. Off-farm income was not taken into account.  

A GHG emission estimation module was added to FarmDESIGN, including the following sources: i) 

methane (CH4) from livestock enteric fermentation, ii) CH4 and direct and indirect nitrous oxide (N2O) 

from manure storage and application, iii) N2O from mineral fertilizer application; iv) direct and indirect 

N2O from soils through N input from crop residue retention, N fixation and atmospheric deposition, v) 

CO, CO2, N2O, NOx and CH4 from burning of organic material. Input data on livestock numbers, manure 

production, crop residue use, and fertilizer and manure application were multiplied with IPCC Tier 1 

emission factors (IPCC, 2006) (Table 2). N manure excretion rate was calculated by the model taking into 

account protein intake by livestock and protein digestibility of the feed basket, so that manure related 

N2O emissions can be considered an IPCC Tier 2 method. Calculated N2O and CH4 emissions were 

converted into CO2 equivalents (CO2e) by multiplying by their respective global warming potentials 

(GWP) – 21 for CH4 and 310 for N2O.  

Table 2: GHG emission factors on an annual production basis. Factors taken from IPCC 2006.   

Emission source Unit Factor 

i) Enteric fermentation 

Crossbred dairy cow kg CH4 animal-1 41 

Local dairy cow kg CH4 animal-1 31 

Local adult bull kg CH4 animal-1 31 

Steers and heifers kg CH4 animal-1 20 
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Calves kg CH4 animal-1 16 

Sheep and goats kg CH4 animal-1 5 

Pigs kg CH4 animal-1 1 

Poultry kg CH4 animal-1 0 

ii) Manure production 

All cattle, pigs kg CH4 animal-1 1 

Sheep kg CH4 animal-1 0.15 

Goats kg CH4 animal-1 0.17 

Poultry kg CH4 animal-1 0.02 

iii) Manure storage and deposition/application   

Direct emissions stable and yard manure storage kg N2O kg N-1 0.01 

Indirect emissions stable and yard manure storage kg N2O kg NH3-N-1 0.01 

Manure deposition during grazing kg N2O kg N-1 0.02 

Manure application to fields kg N2O kg N-1 0.01 

iv) Soil emissions 

Inorganic fertilizer application kg N2O kg N-1 0.01 

Crop residue, N fixation, atmospheric N deposition kg N2O kg N-1 0.01 

v) Burning 

Residue burning kg N2O kg DM-1 0.00007 

Residue burning kg  CH4 kg DM-1 0.0027 

Residue burning kg CO2 kg DM-1 1.515 

 

FarmDESIGN also contains a multi-objective Pareto-based optimization algorithm that can evaluate and 

minimize trade-offs between several production objectives. Based on available resources and provided 

with a delimited room to reallocate these resources, the model generates clouds of alternative farm 

configurations. For this study, the objectives were set to: a) maximize annual income (USD farm-1); b) 

maximize the annual farm N balance (kg N ha-1); c) minimize annual greenhouse gas emissions (t CO2e). 

These indicators were chosen to represent the three pillars of CSA – food security, adaptive capacity or 

resilience, and mitigation of climate change. In a systematic review of impacts of CSA technologies, 

Rosenstock et al. (2016) acknowledge that for each of the three pillars, there are many possible 

dimensions and indicators. Income and GHG emissions are included as indicators for food security and 

climate change mitigation respectively, while adaptive capacity is arguably more difficult to 

approximate. Higher farm N balances were chosen to represent increased farm and soil resources, and 

they increase the buffer capacity of households against shocks. Constraints were set to not exceed the 

current farm size, observe livestock feed balances, and keep the organic matter balance within ranges. 

Decision variables were based on options for climate-smart intensification of livestock, namely a) 

varying numbers of livestock species, and option of introducing improved dairy breeds; b) choice in crop 
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residue use between livestock feeding and soil cover, and c) room for changes in livestock feeding, 

including Napier grass (Pennisetum purpureum) as introduced forage and local concentrates (Table A11, 

Appendix 5). The optimization was run for 1000 iterations to attain a stable model outcome. From the 

obtained trade-off curves for GHG vs. N balance, 4 alternative configurations per farm type were 

selected for further investigation and comparison to the baseline (B), representing very high (V), high 

(H), medium (M) and low (L) income and GHG emissions. 

 

3. Results  

3.1 Smallholder livestock systems typology 

Livestock feeding and husbandry in Babati was predominantly extensive with relatively large local cattle 

herd sizes, few improved breeds, day-time grazing, little purchased feed, wide-spread crop residue 

feeding and low productivity (Figures A1, A2, A3, A4, Appendix 1). Soils exhibited a moderate to good 

level of fertility. Differences between villages were apparent, reflecting varying agro-ecologies. Hallu had 

the lowest level of soil fertility, and Long the highest (Table A1, Appendix 1).  

The multivariate analysis identified five principal components (PCs) with an eigenvalue higher than 1.0, 

of which four were retained to maintain interpretability (Figure A5, Appendix 2). Together, these four 

PCs explained 63.9% of the variability within the dataset.  

Table 3: Correlation matrix between survey variables and the four retained PCs. In bold, the strongest 
correlations per component. 

Variable PC1 PC2 PC3 PC4 

Farm size -0.89 -0.20 -0.09 -0.15 

Legume residue used as feed   -0.80 -0.22 -0.12 -0.19 

Cereal residue used as feed  -0.79 -0.26 0.10 -0.15 

Livestock herd size -0.73 0.31 -0.01 0.21 

Other residue used as feed  -0.62 -0.16 -0.42 -0.04 

Household size -0.53 0.46 0.32 -0.14 

Small ruminants -0.47 0.27 0.09 0.57 

Improved cattle  -0.22 -0.32 0.63 0.06 

Grazing time -0.21 0.71 0.17 -0.34 

Poultry  -0.02 -0.31 0.77 0.15 

Livestock family labor -0.01 0.55 0.10 0.14 

Purchased concentrates 0.18 0.07 0.22 -0.69 
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Farm area, cereal and legume residues fed, and livestock herd size were negatively correlated with PC1, 

explaining 30% of the variability in the dataset; grazing time and livestock family labor were positively 

correlated with PC2 (13%); improved cattle and poultry were positively correlated with PC3 (11%); and 

purchased feed negatively and small ruminants positively with PC4 (10%) (Table 3). The subsequent 

cluster analysis (Figure A6, Appendix 2) resulted in the selection of five clusters, whose meanings were 

interpreted together with the PCs (Figures A7, A8, A9, Appendix 2). The five types, and the 

representative case study farms for the subsequent bio-economic modeling could be summarized as 

follows:  

SMALLEST (44.6%) was the smallest by area (1.3 ha), had the second smallest livestock herd (2.9 TLU), 

did not own improved cattle and only few small ruminants, but had the highest median amount of 

purchased concentrates (83.5 kg year-1) (Table 4). The case study farm was located in Long and had 1.6 

ha divided in various fields under maize and beans, potatoes, eucalyptus and pasture. The household 

had two local cows, four goats and three sheep which grazed six hours day-1 off-farm and two hours day-

1 on farm and otherwise stayed in the yard or stable (Tables A2, A3, Appendix 3). 

DAIRY (16.9%) had a medium farm (2.4 ha) and livestock herd size (4.6 TLU). It had the highest median 

number of improved cattle (1.5 heads), and relatively high purchased feed (52.4 kg year-1) (Table 4). The 

case study farm was located in Sabilo and cultivated 3.6 ha, of which one field was intercropped with 

maize, bean, and pigeon pea, 0.53 ha under Napier grass, and 1.5 ha under local pasture. The four 

crossbred dairy cows were kept inside, while the six local cattle, five goats, and two sheep grazed ten h 

day-1 on-farm (Tables A2, A3, Appendix 3). 

SHOAT (26.5%) had a medium farm size (1.8 ha), the second largest livestock herd (7.3 TLU) with 14.6 

small ruminants, the longest grazing time (8.9 hours day-1), and purchased the lowest amount of feed 

concentrates (4.5 kg year-1) (Table 4). The case study farm was located in Sabilo and farmed on 8.4 ha, of 

which 3.1 ha were under several crops (maize, bean, pigeon pea, sunflower), 1.6 ha under wheat, and 

the remainder under natural pasture. The case study farm was considerably larger than the median 

value from the typology construction, as the household has misestimated its farm size during the initial 

characterization which could only be verified and collected during the in-depth follow-up visit. The 

household owned 20 goats, seven sheep, and seven local cattle that all grazed exclusively on-farm on 

the pasture or in the open yard around the homestead (Tables A2, A3, Appendix 3). 
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POULTRY (7.2%) owned a relatively small farming area (1.6 ha), had the smallest herd (1.1 TLU) and 

most chicken of all types (20 heads). It had one of the lowest family labor requirements for livestock (6.5 

hours day-1) and relatively high purchased concentrates (Table 4). This type was omitted for household 

modeling.  

LARGE LIVESTOCK (4.8%) had the largest number of household members (10), the largest farming area 

(7.8 ha) and the largest livestock herd size (13.7 TLU) (Table 5.4). The case study farm was located in 

Hallu and had 11.1 ha with a fully mechanized maize, pigeon pea and sunflower field (10.1 ha), and an 

Acacia and Senna tree plot of 1 ha around the house. The 15 local cattle and five calves grazed off-farm 

for 9 hours day-1, and otherwise stayed in the open yard around the house. None of the farms applied 

mineral fertilizer (Tables A2, A3, Appendix 3). 

Table 4: Description of livestock system types. Values are expressed in median over the year. The variables are 
described in Table 3.  

  
Share of 
farm 
population 

Farm 
size  

Household 
members 

Livestock 
herd size 

Small 
ruminants 

Poultry 
Improved 
cattle 

Grazing 
time 

Livestock 
family 
labor 

Purchased 
concentrates 

  % ha number TLU number number number h day-1 h day-1 kg year-1 

SMALLEST 44.6 1.3 6.4 2.9 4.7 5.7 0.0 7.8 8.5 83.5 

DAIRY 16.9 2.4 7.2 4.6 7.4 19.2 1.5 8.3 8.9 52.4 

SHOAT 26.5 1.8 8.6 7.3 14.6 11.2 0.0 8.9 9.8 4.5 

POULTRY 7.2 1.6 4.3 1.1 3.0 20.2 0.5 0.0 6.5 56.6 

LARGE 
LIVESTOCK 

4.8 7.8 10.3 13.7 20.3 5.0 0.5 7.5 6.7 25.0 
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3.2 Bio-economic performance of different types 

Feed baskets of the four case study farms contained four to eight on- and off-farm items per household. 

Total dry matter (DM) intake per farm varied between 6,619 kg (SMALLEST) to 28,065 kg (LARGE 

LIVESTOCK), corresponding to average daily values of 18 – 77 kg DM. SMALLEST and LARGE LIVESTOCK 

relied on off-farm grazing for more than 50%, while DAIRY fetched around 40% by cutting and carrying 

natural grasses outside of the farm. DAIRY was the only farm to cultivate on-farm forages (Napier grass), 

constituting 15% of its feed basket. SHOAT exclusively fed on-farm resources, with 41% constituted by 

its own pasture. SHOAT and LARGE LIVESTOCK farms were feeding higher proportions of various crop 

residues (40 – 50%) when compared to SMALLEST and DAIRY (20 – 30%) due to their larger farm sizes 

and crop production. Concentrate feed such as sunflower cake, maize bran and maize grain only made a 

marginal contribution to the SHOAT farm feed basket in terms of DM (Figure 2a), but contributed 22% of 

proteins to the diet (Figure 2b). Although DAIRY only had the 2nd highest TLU and fed the 3rd largest DM 

amount, it fed most proteins of all farms.  
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Figure 2: Livestock feed baskets of the four case study farms in (a) total dry matter (DM) intake and (b) 
intestinally digestible protein (DVE) per livestock system. Fresh grasses are denoted in green colors, crop residues 
in brown/yellow/orange colors, and grain/seed feed in grey colors. Cut-and-carry fodders were marked with the 
white dotted pattern.  

Annual income per household was between 997 USD (SMALLEST) and 2977 USD (LARGE LIVESTOCK). 

Except LARGE LIVESTOCK, all farms lay below the poverty line. One third to half of all produce was 

consumed by the households themselves. When family labor was costed, SMALLEST was operating at a 

loss, and SHOAT just ran even. Despite its much lower farm area, DAIRY was generating higher income 

than SHOAT (Figure 3a). Total annual labor hours (Figure 3b) required were 3,262 hours (SMALLEST), 

6,327 (SHOAT), 6,634 (DAIRY) and 8,296 hours (LARGE LIVESTOCK). In total, livestock activities required 

more labor than crop activities, mainly due to grazing time. SMALLEST hired the least labor, while LARGE 

LIVESTOCK and SHOAT hired considerable amounts of labor for crop and livestock activities. Livestock 

labor intensity (hours TLU-1) was highest for SMALLEST and lowest for LARGE LIVESTOCK, as herding a 

small herd is less labor-efficient than herding a large livestock herd. DAIRY needed the second highest 

amount of labor for livestock due to cut and carry feeding. Crop labor intensities were similar across 

farms.  

 

Figure 3: Socio-economic indicators of farm performance per livestock system: Annual income (a); annual 
required labor (b). The dashed line illustrates the poverty line at 1 USD per household member and day (a), and 
the numbers above bars denote labor efficiencies – for crop activities per area, and for livestock activities per TLU 
9b). 

Enteric fermentation and manure together were responsible for >90% of total farm-level emissions. 

Therefore, emissions increased with livestock herd size, ranging between 2.9 t CO2e (SMALLEST) and 
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16.2 t CO2e (LARGE LIVESTOCK). Only LARGE LIVESTOCK also had significant crop-related N2O emissions 

due to N inputs from crop residue retention on the field and N fixation by legumes. LARGE LIVESTOCK 

was also the only farm that burned on-farm products such as timber and pigeon pea stalks for firewood. 

Emission intensity per liter of milk produced was highest for SHOAT (15.3 kg CO2e l-1) and SMALLEST (9.4 

kg CO2e l-1) due to low production levels, and lowest for DAIRY (2.1 kg CO2e l-1). Emission intensity per 

hectare was highest for DAIRY (2.6 t CO2e ha-1) due to relatively higher stocking rate, and lowest for 

SHOATS (1.1 t CO2e ha-1) because of the large farm size (Figure 4a). SHOAT had the lowest N balance 

with 0 kg N ha-1 as it was the only farm with no nutrient influx from off-farm feeds. All other farms 

achieved positive farm-level N balances due to the import of grass from outside the farms. DAIRY 

exported the largest amount of N through milk sale, and SHOAT and LARGE LIVESTOCK through crop 

sales. None of the farms imported N in the form of manure or mineral fertilizers (Figure 4b).  

 

Figure 4: Environmental indicators of farm performance per livestock system: Greenhouse gas emissions (a) and 
annual N flows at farm level (b). Numbers above bars emission intensities per land area and milk produced (a), 
and positive values represent imports, and negative value denotes exports while numbers above bars denoted the 
annual N balance per land area (b). 

Overall relative scoring of agro-environmental and socio-economic indicators clearly illustrated 

differences in performance between the livestock systems. SMALLEST came out favorably in terms of 

environmental quality with highest species richness, low GHG, and good C and N balances but it also 

generated the lowest income. DAIRY produced high income, highest C and N balances and only medium 

GHG, but had relatively high feed and labor demands. SHOATS had medium income and highest tree C 
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stock, but the lowest C and N balances, high GHG emissions, and high feed and labor requirements. 

LARGE LIVESTOCK had the highest income, but low C and N balances, high GHG emissions, low species 

richness, and high feed and labor requirements (Figure 5).  

 

Figure 5: Scoring of SMALLEST (a), DAIRY (b), SHOAT (c) and LARGE LIVESTOCK (d) along socio-economic and 
agro-environmental indicators. Variables were standardized between 0 and 1, defining the highest value for each 
variable among the four farmers as 1. 

 

3.3 Agro-environmental trade-offs 

The model optimization runs illustrated that all farms faced trade-offs between income and GHG 

emissions. However, all types had alternative options available to increase income while reducing GHG 

when compared to the baseline, with DAIRY and to a lesser extent SHOAT and LARGE LIVESTOCK having 

most options available (Figure 6a). When looking at the relationship between income and annual N 

balance, a trade-off was visible for SMALLEST and DAIRY while for SHOATS and LARGE LIVESTOCK there 

were only a few options to increase their N balance (Figure 6b). 
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Figure 6: Trade-offs between annual income and GHG emissions (a) and annual income and farm N balances (b) 
across smallholder livestock systems. The large dots with pattern denote the baseline position, whereas all other 
dots 377 are model-generated. The large dots denote model-generated farm constellations that are further 
examined in Table 6. V = very high income and GHG, H = high, M = medium, L = low.
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Only a few of the chosen alternatives represented a triple win, thus an improvement on all three 

objectives when compared to the baseline. Farm constellation M (medium) for SMALLEST increased 

income by 40%, decreased GHG emissions by 30% and increased N balance by 76%. The overall cattle 

number was reduced from six to three, and goats and sheep from seven to one. Less maize and bean 

residues were fed but sunflower cake added, which enabled higher milk production for local and 

improved cows. The on-farm pasture was eliminated, potato and maize and bean fields slightly reduced 

and more residues retained in the field instead of fed. Farm alternatives V and H were triple-wins for 

DAIRY when compared to the baseline. Option V (high income and increased GHG emissions) increased 

DAIRY income by 109%, decreased GHG by 11% and increased N balance by 38%. This was reached 

through eliminating the local goats and cows, but increasing improved cows to seven, and raising their 

milk production to 4.9 kg day-1 by increasing the Napier grass field, decreasing on-farm pasture, and 

doubling the sunflower cake fed. Less maize and bean residues were fed but more retained on the field. 

Option M increased SHOAT income by 46%, decreased GHG by 39% and increased N balance by 1144%. 

This was obtained by eliminating local cows and goats, reducing sheep to one, and adding three 

improved cows with higher milk production of 5.4 kg day-1. A Napier grass field of 0.4 ha was introduced, 

the on-farm pasture and crop fields reduced so that the total farming area decreased to 5.4 ha. Less 

maize and bean residues were fed and more retained on the soil. Option H was not a triple-win for 

LARGE LIVESTOCK but came closest as it increased income by 33%, decreased GHG by 26%, but 

decreased N balance by 28%. Local cattle were reduced from 15 to eight, and one improved cow at high 

(5.8 kg day-1) milk production added. Off-farm grazing was reduced, but sunflower cake feeding (354 kg 

DM year-1) and a Napier grass field of 1.8 ha were introduced. Crop residue feeding was reduced but 

more retained on the field (Table 5).  
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Table 5: Outcomes, constraints and decision variables for baselines (B) and four alternative farm configurations from optimization run output. V = very high 
income and GHG, H = high, M = medium, L = low. 

  SMALLEST DAIRY SHOAT LARGE LIVESTOCK 

Outcome variables B V H M L B V H M L B V H M L B V H M L 

Annual income (USD farm-1) 997 2670 2081 1394 574 2186 4565 3828 2680 1455 1965 6754 4701 2860 198 2977 5535 3959 2104 711 

Greenhouse gas emissions (CO2e farm-1) 3.0 5.2 3.6 2.1 1.0 9.5 8.5 6.4 4.7 3.4 9.6 17.2 7.2 5.9 4.3 16.2 15.6 12.1 8.1 6.3 

Annual N balance (kg N farm-1) 12.1 12.5 28.1 21.3 27.9 21.2 29.4 50.6 19.8 16.7 0.1 0.4 -2.0 1.3 11.6 5.7 4.7 4.2 8.0 9.5 

Constraint variables 

Organic matter balance (kg farm-1) -0.2 503.0 549.1 109.0 453.0 0.1 147.9 314.6 239.4 171.9 0.1 209.0 115.7 133.4 140.1 0.3 37.4 19.6 14.5 16.0 

Labor balance (hours year-1) 3620 4948 5542 5638 5837 585 2789 3499 3755 4102 1174 606 2217 3103 3857 1639 447 673 822 3228 

Farm area (ha) 1.6 1.6 0.8 1.2 0.3 3.7 3.1 1.8 1.7 1.4 8.4 8.4 8.4 5.4 3.2 11.1 11.0 10.7 9.6 5.0 

Decision variables 

Local cows (number) 2.0 2.0 2.0 1.0 1.0 3.0 0.0 0.0 0.0 2.0 3.0 6.0 1.0 0.0 0.0 11.0 11.0 6.0 0.0 0.0 

Improved cows (number) 0.0 3.0 2.0 1.0 0.0 3.0 7.0 5.0 3.0 1.0 0.0 10.0 3.0 3.0 1.0 1.0 2.0 2.0 2.0 1.0 

Local bulls (number) 3.0 0.0 0.0 1.0 0.0 NA NA NA NA NA 3.0 2.0 2.0 2.0 2.0 4.0 2.0 2.0 2.0 2.0 

Local young male cattle (number) 1.0 1.0 0.0 0.0 0.0 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Local goat (number) 4.0 0.0 0.0 1.0 2.0 5.0 0.0 0.0 0.0 0.0 20.0 0.0 1.0 0.0 0.0 NA NA NA NA NA 

Sheep (number) 3.0 0.0 0.0 0.0 0.0 NA NA NA NA NA 7.0 0.0 0.0 1.0 7.0 NA NA NA NA NA 

Off-farm grazing (kg DM year-1) 3850 3592 3828 3282 1752 NA NA NA NA NA NA NA NA NA NA 13350 12028 7673 8464 5598 

Maize + bean (+ pigeon pea + sunflower) field (ha) 1.0 0.3 0.0 0.9 0.0 1.6 1.6 1.4 1.5 1.3 3.1 0.5 4.9 2.2 0.0 10.1 7.2 7.1 8.2 3.2 

Potato field (ha) 0.3 0.3 0.3 0.2 0.1 NA NA NA NA NA NA NA NA NA NA NA NA NA NA NA 

Wheat field (ha) NA NA NA NA NA NA NA NA NA NA 1.6 0.0 0.3 0.0 0.0 NA NA NA NA NA 

Napier field (ha) 0.0 0.9 0.4 0.0 0.0 0.5 0.6 0.4 0.1 0.0 0.0 4.9 0.2 0.4 0.4 0.0 2.0 1.8 0.0 0.4 

On-farm pasture (ha) 0.2 0.0 0.0 0.0 0.0 1.5 0.9 0.0 0.0 0.1 3.7 3.0 3.0 2.8 2.8 NA NA NA NA NA 

Bean residues fed (fraction) 1.0 0.9 0.9 0.4 1.0 1.0 0.6 0.1 0.0 0.1 1.0 0.7 0.1 0.6 0.7 NA NA NA NA NA 

Bean residues retained (fraction) 0.1 0.2 0.0 0.1 0.5 0.0 0.6 0.3 0.6 0.6 0.0 0.6 1.0 0.3 0.8 NA NA NA NA NA 

Maize residues fed (fraction) 1.0 0.1 0.4 0.0 0.5 1.0 0.0 0.1 0.2 0.3 1.0 0.4 0.8 0.3 0.8 0.4 0.0 0.0 0.0 0.0 

Maize residues retained (fraction) 0.1 1.0 0.6 0.7 0.3 0.0 0.3 0.9 0.8 0.6 0.0 0.3 1.0 1.0 0.2 0.6 0.6 0.7 0.5 0.9 

Sunflower residues fed (fraction) NA NA NA NA NA NA NA NA NA NA 1.0 0.3 0.0 0.2 0.6 0.4 0.1 0.1 0.1 0.4 

Sunflower residues retained (fraction) NA NA NA NA NA NA NA NA NA NA 0.0 1.0 0.5 0.3 0.8 0.6 0.8 0.9 0.7 0.6 

Sunflower cake fed (kg DM year-1) 0 415 342 473 7 900 1936 1931 44 39 NA NA NA NA NA 0 178 354 912 116 

Wheat residue fed (fraction) NA NA NA NA NA NA NA NA NA NA 1.0 0.5 0.3 0.5 0.6 NA NA NA NA NA 

Wheat residue retained (fraction) NA NA NA NA NA NA NA NA NA NA 0.0 0.4 0.3 0.3 0.1 NA NA NA NA NA 
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3.3 Farmers’ perspectives on livestock intensification  

When asked about the relative importance of crop and livestock activities, all four farmers from data 

collection step iii) underlined cropping as the priority activity for income generation. Livestock was 

mainly seen as a backup asset, insurance or risk buffer for funding events and emergencies such as 

travel, schooling and medical expenses. Except for DAIRY, farmers also expressed the importance of 

livestock numbers, and not productivity, to elevate status and prestige within their community. DAIRY 

was the only farm that had experience with improved cattle at the time of data collection in 2015, and 

was planning to replace the remaining local cattle with improved cows (except one bull for draught 

power) when the children left home as there would be no herding labor available anymore. All farmers 

underlined the main advantage of improved cattle, being higher milk and manure production. Several 

challenges with improved cattle rearing were quoted, especially by SHOAT and SMALLEST:  a) they 

required a high amount and different type of labor as fetching of cut-and-carry feed and drinking water 

(around 80 l day-1) was physically demanding and could not be exercised by children or old people who 

normally herded local cattle; b) they were susceptible to diseases and decease especially under hard 

conditions; c) they could not provide draught power which was essential in the area; d) they were not 

easy to sell as they had higher body weight and were more expensive; e) they were difficult to 

impregnate naturally, and artificial insemination services and cooling facilities were difficult to access; f) 

they required more and higher quality feed which is not sufficiently available from the local pastures; g) 

lack of training and successful examples among their neighbors. After the detailed characterization in 

2015 (thus not reflected in this study), SMALLEST started experimenting with Napier grass on a small 

plot, and LARGE LIVESTOCK commenced with one improved dairy cow, which was managed separately 

from the other cattle. Another commonly mentioned theme was the disappearance of off-farm, 

communal grazing areas. In Sabilo, there was already no grazing areas available anymore as they had 

disappeared over the last decade; in Long only the nearby forest could be grazed during parts of the 

year; only in Hallu, large communal grazing areas were available as recently the community received 

land from the neighboring Tarangire National Park in exchange for strictly keeping their cattle outside of 

its boundaries. Part of this land was used for communal grazing, while other parts were distributed to 

households as cropping land.  

4. Discussion 

4.1 Livestock system diversity, and drivers of change 
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Livestock feeding and husbandry in Babati was predominantly extensive, with relatively large livestock 

herds, local cattle breeds, heavy reliance on grazing and crop residue feeding, small amounts of feed 

concentrates, and low productivity. Only few cattle of improved breeds were kept separately from the 

local cattle herds in zero-grazing units. The quantified feed baskets in Babati are in line with results from 

Mangesho et al. (2013) from the same area. According to Hillbur (2013), the cultural history of the Iraqw 

and Gorowa as pastoralists and later agro-pastoralists can partly explain the current extensive livestock 

keeping. The experience of zero-grazing is still mainly limited to areas with high population pressure and 

Heifer Project International (HPI) intervention areas from the 1980s and 1990s (Hillbur, 2013). However, 

increasing land pressure and degradation is changing the context, leading to disappearance of grazing 

land, sub-division of farms, and increased conflicts between herders and farmers. Where communal 

grazing exists, there are by-laws in place within villages. All villages now have defined boundaries, and 

village land use plans are underway (Bishop-Sambrook et al., 2004; Hillbur 2013).  

In many regions of SSA, the reported diversity of agro-ecological environment and socio-economic 

characteristics is widespread. It is of key importance to capture and classify such farming system 

diversity to conduct meaningful ex-ante exploration of alternative management (Tittonell et al., 2010). 

Different approaches can be used to construct farm typologies, such as qualitative, participatory, expert-

based and quantitative typologies (Alvarez et al., 2014; Kuivanen et al., 2016; Tittonell et al., 2010). In 

this study, we chose a predominantly structural, quantitative approach for the farm typology, relying on 

land size, livestock species and numbers, and crop residue and concentrate feeding. The method has its 

inherent challenges: livestock holdings turned out to be highly fluctuating, with numbers doubling or 

halving between the farm visits in February 2015 and February 2017. This reflects findings from Western 

Kenya which documented farmers’ trajectories over ten years. Improving livelihoods in the area was 

called a “moving target” as farmers coped and adapted quickly to the fast-changing local and regional 

environment (Valbuena et al., 2014).  

4.2 Improved dairy breeds and feeding as climate-smart livestock intensification options 

All farm types had options to increase income while decreasing GHG emissions and increasing N 

balance. These options mainly consisted of reducing general ruminant numbers but increasing their milk 

production by introducing improved breeds and planted fodder, while feeding fewer crop residues but 

keeping them on the field. DAIRY came out favorably in terms of income when considering the relatively 

small farm size and had relatively few environmental trade-offs. However, it needs to be noted that data 

reported by smallholder farmers is especially prone to estimation errors. For example, N surpluses 
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between 0 – 21 kg N ha-1 like in this study are low and differences could be caused by such error 

margins. Fewer improved dairy breeds which are better managed and fed has often been presented as 

promising climate-smart livestock intensification options (CIAT and World Bank, 2017; Herrero et al., 

2016). Smallholder dairy systems would not only have the lowest GHG emission intensities per kg milk 

produced, but also the lowest trade-offs with other farm performance dimensions. External drivers like 

increasing land pressure and policy reform might further favor transition towards dairy systems.  

This study also demonstrated that with diminishing off-farm grazing and remaining large livestock and 

crop sales, nutrient mining is of potential concern. Unless cattle feed is imported from outside the farm, 

fodder and crop residue feeding are not sufficient nutrient replenishment. In low population pressure 

areas, potential trade-offs can be managed through temporal or spatial arrangements while in areas 

with high land pressures, these traditional nutrient transfer systems collapse (Vanlauwe et al., 2017). 

Babati illustrates this shift in systems, with Hallu (LARGE LIVESTOCK) representing the vanishing nutrient 

import systems. The village lies in an area that only recently received land from the Tarangire National 

Park, and farm areas are large and communal grazing abundant. Long (SMALLEST) and Sabilo (DAIRY, 

SHOAT) represent the increasing reliance on on-farm resources, reducing farm sizes and zero-grazing 

systems. Already now, at least 52% of the fields in Babati had negative nutrient balances (Kihara et al., 

2015). However, planted forages can also have other environmental benefits that were beyond this 

study. A study from Long in the 2014 rainy season demonstrated that although 75% of rainfall water was 

lost by evapotranspiration, runoff levels were significantly lower under forage grass-legume intercrop, 

resulting in 30% higher soil moisture (Kizito et al., 2016). 

4.3 Social context inhibiting adoption of improved breeds and feeds 

Despite its bio-economic potential as a climate smart livestock intensification pathway, improved dairy 

breed, feed and husbandry have inherent characteristics that inhibit rapid adoption. Smallholder 

dairying has been presented as fast-tracking development, and an advanced, ‘modern’ technology but 

Green (2017) argues that livestock modeling neglects the social context of smallholder dairying. Three 

main adoption obstacles can be distinguished: Firstly, the introduction of improved dairy breeds is not 

as simple as inserting a singular technological object, but a change or re-organization of the entire 

production system. This re-organization in time and space requires skill and experience that might not 

be present among poor smallholders. The introduction of dairy breeds in Tanzania cannot be seen as a 

consistent shift, and ventures into dairying are at times short-lived, following project cycles, or ending 

with sale, loss or death of dairy cattle (Green, 2017). This argumentation is reflected in the perceptions 
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of farmers in Babati. If improved breeds were introduced in farming systems, they were kept as a 

completely separate and re-organized enterprise, and not integrated with the local cattle herds: 

different feeds and feeding system (zero grazing), and different and high labor demands for fetching 

water and fodder. Farmers were reluctant to venture in improved dairy cows due to lack of training and 

experience. The second obstacle to adopting fewer improved dairy breeds and increasing productivity 

through better feeds is the partial loss of the multi-functionality of livestock (Descheemaeker et al., 

2016). Sumberg and Lankoande (2013) showed in their study from Tanzania that income and nutritious 

food is only one function of livestock. Intermediary products such as manure and draught, plus saving 

and insurance functions, are not to be underestimated. New animals can be seen as deposits, their 

growth as interest, and sale or death as withdrawal or loss. Livestock are also important for social 

dynamics and identity. Moving towards improved dairy for income and food, some farmers would be 

reluctant to accept the trade-offs of losing the savings, cultural and draught functions (Sumberg and 

Landoande, 2013). This is reflected in farmers’ quotes in Babati, mentioning the role of local cattle in 

social status, as well as draught power and asset and insurance function. The last major obstacle to 

adoption would be increased risk (Green, 2017; Sumberg and Landoande, 2013). Farmers reported high 

mortality, low fertility, sensitivity to heat, sun and tropical diseases, and high costs for disease 

prevention and veterinary care.  

4.4 Policy relevance for CSA in Tanzania 

This study confirms what has been reported before: livestock is the main contributor to agricultural 

greenhouse gas emissions in Tanzania (CIAT and World Bank, 2017) and other countries in East Africa 

(Paul et al., 2018; Ortiz-Gonzalo et al., 2017). Per farm emissions in Babati were higher than in other 

sites in the region due to the relatively large livestock herds, ranging from 2.9 t CO2e (SMALLEST) to 16.2 

t CO2e (LARGE LIVESTOCK). In Rwanda, for example, average annual GHG emissions per household only 

lay between 0.4 t and 1.5 t CO2e (Paul et al., 2018). In Central Kenya, whole farm GHG emissions 

amounted to an average of 1.05 kg CO2e kg milk-1 (Ortiz-Gonzalo et al., 2017), while in this study they 

ranged from 2.1 to 15.3 kg 1.05 kg CO2e kg milk-1. However, it needs to be taken into account that 

although the GHG emission estimations in this study are comprehensive, changes in soil organic carbon 

(SOC) and aboveground biomass C were not taken into account. Moreover, calculation of enteric 

fermentation relies on IPCC Tier 1 factors that have been shown to overestimate emissions (Herrero et 

al., 2013), and do not reflect changes in quality of feed.  
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While the developed world has higher total agricultural emissions, the developing world has higher GHG 

emission intensities per livestock output due to poor diets, genetics, health, and husbandry (Herrero et 

al., 2016). In line with this, Tanzania has negligible total and per capita GHG emissions (0.2 t CO2e per 

capita) and taking into account the 48.1 Mio. ha forests, Tanzania is a net carbon sink. Tanzania has 

committed to reducing GHG economy-wide by 10-20% in 2030, although agriculture is not a focus area 

for mitigation (Republic of Tanzania, 2015). This underlines that mitigation cannot be an objective in this 

environment, but only a co-benefit. If financing mechanisms, through carbon credits, for example, 

become available this might become interesting. But if there is synergy with productivity increase and 

improved production coefficients, it would be beneficial.  

 

5. Conclusions 

Five distinct smallholder livestock systems could be identified: SMALLEST represented 45% of the study 

sample, DAIRY 17%, SHOAT 26%, POULTRY 7%, and LARGE LIVESTOCK 5%. Only DAIRY cultivated fodder 

and fed cross-bred cows in zero-grazing units, while the other farm types mainly relied on on-farm and 

off-farm grazing and crop residues for their local cattle. Increasing population pressure and policy 

changes make future moves into dairy systems likely. Farm N balances were positive when large 

amounts of N could be imported with off-farm grazing, but this traditional nutrient transfer system is 

likely to collapse due to increasing population pressure and policy changes. More than 90% of on-farm 

GHG emissions came from livestock, though emissions in Babati (2.9 to 16.2 t CO2e) were higher than in 

other smallholder systems in East Africa due to relatively large herd sizes. Emission intensity per kg milk 

was lowest for DAIRY (2.1 kg CO2e kg-1) when compared to SHOAT (15.3 kg CO2e l-1) and SMALLEST (9.4 

kg CO2e kg-1). DAIRY also showed the lowest trade-offs with other farm performance indicators as it 

resulted in highest income, highest C and N balances, but still had relatively high feed and labor 

demands. All livestock systems had alternatives available to increase income while decreasing GHG 

emissions and increasing N balance, thereby reducing agro-environmental trade-offs. These options 

included reducing ruminant numbers, replacing local cattle with improved dairy breeds, improve feeding 

through on-farm Napier grass (Pennisetum purpureum) cultivation to reach higher milk production 

levels, and reducing crop residue feeding to leave them on the field. However, intensive discussions with 

farmers revealed three main obstacles to adoption of these climate-smart livestock intensification 

technologies: they require a skillful re-organization of the entire production system, resulting in loss of 

some multi-functionality of livestock, and incur higher production risks. Low baseline farm emissions in 
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Tanzania underline that mitigation cannot be a main objective but rather a co-benefit. If climate change 

mitigation is synergetic with much-needed productivity improvements, and if possible opening avenues 

to potential financing options e.g. through C credits, climate-smart livestock intensification options 

should still be an important building block of Tanzania’s climate policies. More research is needed on the 

effects of climate change on smallholder livestock systems, and the potential role of planted forages in 

buffering climate-induced fluctuation in crop production.   
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Chapter 7 

 

General discussion  

 

 

A synthesis of this chapter will be submitted as: 

Paul, B.K, Maass, B.L., Groot, J.C.J., Notenbaert, A.M.O., Herrero, M., Tittonell, P.A. Improved feeding 
and forages at crossroads: farming systems modeling for low emission livestock development in East 
Africa. Outlook on Agriculture.   
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7.1 Introduction 

Sustainable intensification of livestock production systems has been a global research priority. In Sub-

Saharan Africa (SSA), the primary aim is to improve smallholder livelihoods while mitigating negative 

environmental impacts. The main objective of this thesis was to explore potential impacts and trade-offs 

associated with the implementation of improved livestock feeding and forage technologies at farm 

scale, across a diversity of smallholder crop-livestock systems in East Africa. First, I quantified multi-

dimensional benefits of forage technologies in terms of forage productivity and quality, livestock 

productivity, soil quality, economic performance and food crop productivity in SSA from published 

literature. In doing so, it makes the case for the potential contribution of forages to sustainable 

intensification (Chapter 2). Subsequently, the thesis zooms into the challenge by assessing the status 

quo of current feeding systems and feed limitations in smallholder farms of East Africa. Using a relatively 

simple approach to quantify feed gaps in data-scarce smallholder systems, existing feed gaps in various 

smallholder crop-livestock systems were quantified, resulting in low dairy productivity (Chapter 3). 

Based on this understanding, I analyzed current performance and efficiencies of various smallholder 

crop-livestock farming systems. We explored potential impacts and trade-offs of improved livestock 

feeding and forages from different perspectives and scientific disciplines, considering productivity, 

environmental and livelihood dimensions. I loosely coupled an economic model with a livestock 

simulation model to simulate impacts of improved livestock feeding strategies across a household 

population in Lushoto, Tanzania (Chapter 4). Then, I calculated two relatively simple whole-farm indicators 

for food security and greenhouse gas (GHG) emissions across a large household dataset from Rwanda 

(Chapter 5). Lastly, I took a more comprehensive approach studying a variety of productive, 

environmental and socio-economic indicators for a small number of smallholder livestock systems in 

Tanzania using household surveys, semi-structured interviews, on-farm measurements and observations 

to perform multiple-objective optimization modeling (Chapter 6).  

Livestock feeding and forages were shown to be at multiple crossroads: at a point where crucial 

decisions regarding future pathways are made, where productivity and environmental impacts meet, 

and where scientific disciplines including agronomy, soil and animal science intersect. In this general 

discussion chapter, I will bring together main findings of my thesis, and reflect on their implications for 

current societal and scientific debates. First, I explore how improved forages could close the existing 

feed gaps in SSA, and which obstacles to adoption exist. Then, I discuss the importance of fitting forage 
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technologies in agro-ecological and socio-economic context of farming systems, and which agronomic 

research that requires. Third, I discuss the importance of improved feeding and forages for low emission 

livestock development, thus reducing environmental trade-offs. Fourth, I am reflecting on farming 

systems research methods and approaches, and their meaning towards reaching development impact. 

Lastly, I am ending with suggestions and recommendations for further research, and potential 

institutional and policy implications.   

 

7.2 Can planted forages close feed gaps in East Africa?  

Various studies from East Africa have reported inadequate supply of quality feed particularly in the dry 

season(s) or during prolonged dry spells (e.g. Kabirizi et al., 2006; Mtengeti et al., 2008; Lukuyu et al., 

2009; Mutimura et al., 2013). Using a relatively simple approach to quantify feed gaps in data-scarce 

smallholder systems, we quantified that 61% of herds in all sites across Tanzania faced a ME feed gap, 

and 55% a CP feed gap towards locally attainable milk production levels (Chapter 3). Feed gaps have also 

been reported from other areas. In semi-arid Zimbabwe, dry-season feed gaps in terms of energy and 

protein supply were especially severe in farms with high stocking rates (Descheemaeker et al., 2018). In 

seven sites across West and East Africa (Nyando and Wote in Kenya; Hoima in Uganda; Lushoto in 

Tanzania; Borana in Ethiopia; Yatenga in Burkina Faso; Kaffrine in Senegal), livestock yield gaps were 

derived from stochastic frontier analysis. Technical efficiency scores were converted the percentage 

increases required to reach aggregate efficiency scores of 1 in each site. The yield gaps for livestock 

products ranged from 28 – 168%, requiring a doubling of output in some cases. For milk, the yield gap in 

Lushoto was 45%, in Nyando 55%, and in Wote 40% (Henderson et al., 2016). In Mexico, grazing areas 

provided insufficient metabolizable energy, and milk production could only be sustained through 

provision of concentrates and conserved forage. Milk production was 78.4% lower on family-based 

farms, and 57.9% lower on semi-specialized farms when compared to a reference farm with best crop 

production practices and improved herd management (Cortez-Arriola et al., 2014).  

Improved livestock feeding and forages potentially have an important role to play in closing such feed 

gaps (Chapter 2). Tropical forages include a wide variety of sown or planted grasses, herbaceous or dual-

purpose legumes and shrubs (also mostly legumes) that are integrated in agro-pastoral, silvo-pastoral 

and intensive or extensive mixed agricultural systems for grazing or cut-and-carry. Grasses have been 

more popular than legumes amongst farmers due to lower maintenance requirements for planting and 

weeding, less pest and disease pressure, their perennial nature, and soil protection properties (Rao et 
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al., 2015). Napier grass (Pennisetum purpureum) is a C4 grass native to SSA, and widely used in cut-and-

carry systems in East Africa due to its high herbage yields per unit area, and relative tolerance to 

intermittent drought. However, it requires high soil fertility and is subject to disease pressure including 

stunt and smut diseases (Negawo et al., 2017). There are other well-documented forage technologies: 

fodder shrubs including Calliandra calothyrus, Sesbania sesban, Leucaena trichanda in East Africa 

(Franzel et al., 2003; Place et al., 2009), and herbaceous legumes (Stylosanthes guianensis, S. hamata, 

Mucuna pruriens) and dual-purpose legumes such as cowpea (Vigna unguiculata) in West Africa 

(Elbesha et al. 1999; Tarawali et al. 1999; Kristjanson et al. 2005). Increased forage availability 

(Pennisetum purpureum, Brachiaria hybrid cv. Mulato II, Desmodium uncinatum, D. intortum) has been a 

welcomed byproduct of the well-documented push-pull system in SSA (Kassie et al., 2018). Several 

forage grasses, legumes and shrubs have been globally promoted for increased livestock productivity in 

cut-and-carry systems and have reached a point of commercial importance. These include Brachiaria 

hybrid cv. Mulato II and other hybrids such as cvs. Cayman and Cobra, Panicum maximum cv. Mombasa 

and Tanzania, Lablab purpureus cv. Rongai, Desmodium uncinatum and D. intortum, and fodder shrubs 

including Calliandra calothyrsus, Gliricidia sepium and Leucaena leucocephala (Rao et al., 2015). 

Using the feeding system classification and feed gap data presented in Chapter 3, exploratory 

calculations can elucidate how much forage and land would be required to close the existing feed gaps 

across different crop-livestock systems (Table 1).  
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Table 1: Exploratory analysis of forage and land requirements to close feed gaps in metabolizable (ME) and crude protein (CP) across three crop-livestock 
systems. ME and CP gaps refer to the definition provided in Chapter 3. Data from Chapter 3 is used: Mvomero for extensive livestock, Babati for mixed semi-
intensive dairy, and Lushoto for small intensive dairy. Napier refers to Pennisetum purpureum, Brachiaria Cobra to Brachiaria hybrid cv. Cobra, Panicum 
Tanzania to Panicum maximum cv. Tanzania, and Desmodium Silverleaf to Desmodium uncinatum cv. Silverleaf. Parameters used for this calculation include 
ME content of forages in Mj/kg (Napier 9.9, Brachiaria Cobra 7, Pancimum Tanzania 8, Desmodium Silverleaf 7.4 Mj/kg); CP content of forages in % of DM 
content (Napier 11, Brachiaria Cobra 14, Panicum Tanzania 12, Desmodium Silverleaf 18%); and herbage production of forages in t DM/year (Napier 10, 
Brachiaria Cobra 6, Panicum Tanzania 7, Desmodium Silverleaf 4 t DM/ha). A negative feed gap indicates excess feeding, thus resulting forage and land 
requirements are not applicable. Bold numbers indicate the forage and land requirements for the most limiting factor (ME or CP). 

  
    Extensive livestock Mixed semi-intensive dairy Small intensive dairy  

Farming 
system 

Cattle herd   17 local cattle 10 local cattle, 3 improved breeds 1 adult and 1 heifer improved breeds 

Feeding  Grazing on natural pastures Grazing plus maize and bean residues 
Natural vegetation cut-and-carry, some 
Napier grass 

Land availability   18 ha 4 ha 1 ha 

Feed gap 
ME gap (MJ/herd/day) 

 

355 -170 27.6 

CP gap (g/herd/day) 1358 5406 471.9 
 

 Forage option    

Forage 
required 
to fill gap 

Required forage (kg 
DM/day) for filling ME gap 

Napier 44.4 - 3.5 

Brachiaria Cobra 50.8 - 3.9 

Panicum Tanzania 39.5 - 3.1 

Desmodium Silverleaf 48.0 - 3.7 

Required forage (DM/day) 
for filling CP gap 

Napier 13.6 54.1 4.7 

Brachiaria Cobra 9.7 38.6 3.4 

Panicum Tanzania 12.3 49.1 4.3 

Desmodium Silverleaf 7.5 30.0 2.6 

Land 
required 
to fill gap 

Required land to fill ME 
gap (ha) with forage 

Napier 1.6 - 0.1 

Brachiaria Cobra 3.1 - 0.2 

Panicum Tanzania 2.1 - 0.2 

Desmodium Silverleaf 4.4 - 0.3 

Required land to fill CP gap 
(ha) with forage 

Napier 0.5 2.0 0.2 

Brachiaria Cobra 0.6 2.3 0.2 

Panicum Tanzania 0.6 2.6 0.2 

Desmodium Silverleaf 0.7 2.7 0.2 
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Depending on farming system and forage species, between 17 - 68% of the total farmland would need 

to be dedicated to additional forage cultivation to fill the feed gap (Table 1). The results depend on 

assumptions made regarding herbage production and crude protein (CP) and metabolizable energy (ME) 

content of forages, which can be highly variable depending on agro-ecology, season and management. 

Therefore, these calculations can only be viewed as exploratory, but they illustrate the challenge of land 

requirements for sufficiently feeding cattle with on-farm cultivated forages. Especially in areas where 

agro-ecological potential and population pressure is high, farmers need to weigh between various land 

uses and associated opportunity costs. Food crops will often be prioritized to ensure food self-

sufficiency, and cash crops are an attractive income-generating activity, especially if markets are 

available (Makoni et al., 2013). Bosire et al. (2016) confirmed that technically, milk and meat production 

in Kenya could be increased by 51% and 71% respectively, without encroaching natural areas. However, 

competition for land would be intense as the cropland area that needs to be converted to feed crops 

had to increase by 50-300%. Other studies have underlined the challenge of land requirements for 

forage cultivation in densely populated areas such as Rwanda (Umunezero et al., 2016; Klapwijk et al., 

2014b). This points to the importance of spatial and temporal integration of tropical forages into 

cropping systems to reduce competition with food crops (Section 7.3).  

In addition to lack of available land for forage cultivation, other reasons for lack of adoption of forage 

technologies have been discussed in the literature. Adoption has remained below expectation, despite 

proven potential benefits (Pengelly et al., 2003; Owen et al., 2012; Hall et al., 2007; de Haan et al., 

2006).  

1) There is a lack of awareness and knowledge, low support and investment from national and 

local authorities, lack and cost of planting material, and lack of market linkages for inputs and 

outputs (Ndah et al., 2017; Owen et al., 2012; Peters et al., 2003; Romney et al., 2004).  

2) Lack of land tenure has been shown to discourage forage cultivation in Kenya (Njarui et al., 

2017). Different intra-household access to land and division of labor by women and men can 

also influence adoption, especially in pastoral and agro-pastoral systems (Omollo et al., 2018).  

3) Improved feeding needs to go hand in hand with a range of other technological changes, 

otherwise production responses can be disappointing. For example, a farmer would have to 

improve the animal breed, provide drinking water, ensure veterinary services, and improve 

animal husbandry in order to reap benefits of higher milk production from improving the feed 
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(Chapters 3 and 4; Ndah et al., 2017). The adoption of several technologies at the same time is a 

challenge to smallholder farmers lacking investment capacity. 

4) It requires a substantive farming system and cultural shift to replace (parts of) free grazing with 

cut-and-carry feeding of cultivated forages (Chapter 6). Farmers who are unfamiliar with the 

concept of investing labor (planting, management and harvesting) and capital (seeds, land) in 

producing feed that was previously acquired “for free” are more reluctant to start growing 

forages. Such investment is mostly common for food crops but not for feed (Thomas and 

Sumberg, 1995).  

5) Most fundamentally, an obstacle to adoption might be that a farmer’s objective has not been 

well defined (Sumberg, 2002). Farmers manage livestock according to the weighing of their 

functions (Rufino, 2007). Livestock intensification is not the main priority for farmers that 

primarily keep livestock for providing drought power, as assets and risk management strategy, 

or for cultural reasons (Sumberg and Lankoande, 2013; Thomas and Sumberg, 1995). These 

functions provide incentives for keeping large livestock herds at low productivity levels, instead 

of reducing stocking rates and investing in increased productivity (Descheemaeker et al., 2016).   

 

7.3 Where to fit? Tropical forages matching agro-ecological and socio-economic contexts  

Improved forages have been shown to potentially contribute to sustainable intensification in SSA. 

Improved forages had on average a 2.6 times higher biomass production than local controls. Soil losses 

on average almost halved when forages were intercropped with food crops, and food grain yields 

increased by 60%. Milk production increased by an average 35% when forages were part of improved 

feeding regimes (Chapter 2). Forages range from annual and perennial herbaceous and dual-purpose 

legumes to fodder shrubs and grasses, and each can occupy a different spatial and temporal niche and 

fulfill a different objective in a given farming system. Skillful spatial and temporal integration into 

cropping systems, especially with food crops, is key in not compromising smallholders’ food security and 

deliver multiple benefits. Tropical forage technologies can therefore be considered knowledge-intensive 

technologies (Ates et al., 2018; Maass et al., 2015; Rudel et al., 2015). Highly participatory approaches to 

research for development (R4D) have shown higher success in forage adoption, working together with 

farmers to find solutions (Stür et al., 2002). In Rwanda, several cropping system niches for additional 

forage cultivation could be identified. Shade-tolerant grasses and legumes such as Brachiaria spp., 

Desmodium intortum and D. uncinatum, and Mucuna pruriens could be suitable for planting below 

public and private woodlots and bananas. Farm boundaries, roadsides terraces and contours have been 
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popular niches for grasses such as Napier grass fodder shrubs, especially in erosion-prone areas (Figure 

1a). Integration of forage grasses with food legume on cropping land is another niche, such as Napier 

grass with green peas in highland areas (Pisum sativum) (Figure 1b). Suitability of those niches depends 

on bio-physical conditions and tolerance of forage species to e.g. soil acidity, slope, and shade, as well as 

socio-economic factors such as land tenure, distance to farms and policy regulations (Umunezero et al., 

2016). In highland areas in Madagascar, Brachiaria hybrid cv. Mulato has been used as cover crop in 

Conservation Agriculture (CA) systems to improve soil structure and soil organic matter, for example as 

intercrop with cassava (Maass et al., 2015). Further experimentation and model exploration included 

integration of dual-purpose legumes with rice and maize under CA, such as Lablab purpureus, Vetch 

villosa, Arachis pintoi, and Stylosanthes guianensis. A 30-60% residue retention rate was shown to be 

beneficial for soil fertility without compromising dairy cow feeding (Naudin et al., 2012). On-farm 

participatory research from DR Congo has shown that 43% of farmers decided to grow forages 

intercropped with food crops such as maize and cassava, especially legumes such as Stylosanthes 

guianensis, Canavalia brasiliensis and Desmodium uncinatum. Choice of forage species and integration 

into farming systems depended on many factors, including soil fertility, land tenure, safety, and 

predominant livestock management system (Paul et al., 2016). One of the best documented examples of 

successful cropping systems integration is the push-pull system. It integrates forage grasses and legumes 

with maize, sorghum and millet to decrease Striga and stemborer infestation, thereby increasing cereal 

yields. Napier grass, and Brachiaria hybrid cv. Mulato II in drier areas, is planted around the cereal crop 

to attract and trap stemborer moth. Desmodium uncinatum (cv. Silverleaf), and Desmodium intortum 

(cv. Greenleaf) in drier areas, is intercropped with the cereal and causes abortive germination of Striga 

due to root exudates (Khan et al., 2014). Despite the high initial investment especially for Desmodium 

seed and establishment, farmers appreciate higher feed availability and quality, and improved milk 

productivity, especially in areas with a good dairy market (De Groote et al., 2010). Thus, forage 

technologies do not only need to fit cropping systems and agro-ecologies, but also socio-economic 

environments. The concept of socio-ecological niches summarizes this notion, referring to best-fit 

agricultural improvements that are adapted to the agro-ecological, socio-cultural, economic and 

institutional context (Descheemaeker et al., 2016; Ojiem et al., 2017).  
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Figure 1: Napier grass grown on contours and terraces in Butare, Rwanda (a), and Napier intercropped with peas in 
front, and Desmodium distortum with Napier grass in the background in Burera, Rwanda (b). Photos credits: Birthe 
Paul.  

 

However, agronomy research has been criticized as lacking ‘scalability’, emphasizing local relevance of 

research results. Few randomized and researcher-controlled trials, mostly on research stations but 

increasingly farmers’ fields, help in identifying single factors influencing yield and elucidating underlying 

mechanisms. However, they fail to predict realistic performance under farmers’ conditions, as the 

interplay of factors of environment, genotype and management determine yields, not single factors. The 

average yield under experimentation will only be reached by a small proportion of farmers, owing to the 

large variability of agro-ecological conditions and management that affect performance. ‘Agronomy at 

a. 

b. 
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scale’, or a large number of small, un-replicated trials in farmers’ fields under their own management 

could help unravel determining factors that cause variability in crop productivity. Statistical methods 

continue evolving to consider and embrace this variability (Vanlauwe et al., 2016). Moreover, 

participatory on-farm trials can support experiential learning by farmers to adapt and fit forages into 

their own systems (Paul et al., 2014).  

Multi-locational, consistent, high quality and inter-operational data is crucial for forage agronomy to 

keep pace with the challenge of scalability, and the evolution of (big) data science, geospatial analytics 

and decision support tools. However, variability in forage agronomy data from SSA is remarkably high, 

for example in Napier grass as presented in Chapter 2. This can partly be explained by its wide 

adaptation to a range of agro-ecological conditions, and yield variation depending on cultivar and its 

interaction with cutting regime and fertilization. However, there is also a lack of application of 

standardized methods in forage agronomy data collection and analysis, which reduces comparability 

across sites (Chapter 2). Forage agronomy has been less resourced than other field crops, resulting in 

fewer publications and less established evaluation methods. Only few journals are specialized in forage 

agronomy, such as Crop and Pasture Science, Tropical Grasslands – Forrajes Tropicales, Grass and Forage 

Science, and Grassland Science. Some agronomy related journals also accept forage publications, 

although their numbers are comparably low, including Journal of Experimental Agriculture, Field Crop 

Research, and European Journal of Agronomy. Sufficient multi-locational, high-quality data is a main 

bottleneck to calibrate crop simulation models for main forages in East Africa. Until date, adaptation of 

mechanistic crop models to tropical forages have been limited and are mostly location or region specific 

(Andrade et al., 2016). The CROPGRO Perennial Forage Model was brought into the Decision Support 

System for Agrotechnology Transfer (DSSAT) 4.7 release in 2017 by including a storage organ 

(rhizome/stolon) as well as dormancy and partitioning to allow for periodic defoliation and re-growth. It 

has been parameterized and calibrated for Brachiaria brizantha cv. Marandu (Pequeno et al., 2014), 

Brachiaria brizantha cv. Xaraes (Pedreira et al., 2011), Brachiaria hybrid cv. Mulato II (Pequeno et al., 

2017), and Panicum maximum cv. Tanzania (Lara et al., 2012) in Brazil. Other empirical models that 

predict the growth and biomass accumulation of tropical forages include APSIM, ALMANAC, Century and 

Orchidee-GM that have been calibrated to the genera of Paspalum, Cynodon, Brachiaria and Panicum 

(Andrade et al., 2016). To date, no testing or adaptation has been done with data from East Africa. Such 

calibrated perennial forage simulation model could help with targeting and scaling suitable forage 

technologies to various agro-ecological conditions, quantify forage yield gaps and highlight improved 

management strategies, estimate soil organic carbon accumulation, and test adaptability of forage crops 
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to future climate change scnearios. Similar to crop yield gap analysis, calibrated perennial forage models 

could quantify the forage yield gap and highlight improved management strategies.  

7.4 Greening the white gold – implications for low emission livestock development  

Livestock and its role in global environmental change has been an actively discussed topic in science and 

policy arenas (e.g. Willett et al. 2019; The Economist 2019). Some argue that the public discussion has 

been simplistic and over-emphasizing the ‘bad’ of livestock, mainly the environmental impact, 

neglecting the ‘good’ of livestock keeping in smallholder systems. The debate needs to differentiate 

between industrialized systems, where consumption levels of animal source foods have exceeded 

boundaries of human and planetary health, and developing countries, where current consumption is 

only a fraction and the role of livestock in agricultural sustainability is more complex. Animal products 

are excellent sources of proteins, iron, zinc, and essential vitamins and minerals that can prevent 

stunting of physical and cognitive development. They are essential for a healthy diet where the variety 

of foods is seasonally and locally determined. In addition, livestock are paramount to nutrient cycling, 

wealth storage and risk management, insurance, draft, and income of smallholder farmers (Ayantunde 

et al., 2018; Herrero et al., 2012; Salmon et al., 2018). In SSA, yield gaps of most products are so large 

that intensification is a necessity, regardless of whether it is conventional, sustainable or ecological 

(Tittonell and Giller, 2013). De-intensification is needed in high-external input, industrial agricultural 

systems, and intensification in low-input systems with large yield gaps. Society needs different 

conceptualizations of sustainable intensification for different parts of the world. There are different 

ways to ‘green’ agriculture, and the term of sustainable intensification is contested and complex (Struik 

and Kuyper, 2017).  

Improved livestock feeding and forages can contribute to a ‘greening’ of livestock. Enteric fermentation 

and manure management are the main contributors to whole-farm GHG emissions in East Africa, which 

makes livestock is a key entry point for climate change mitigation (Chapters 5 and 6; Seebauer, 2014). 

However, baseline emissions are low when compared to industrialized countries, which has been 

confirmed by the results presented in Chapter 5, 6 and 7. In contrast to industrialized countries that 

need to reduce absolute emissions, the focus in East Africa should be on reducing emission intensities 

through efficiency gains (Salmon et al., 2018). Through taking different modeling approaches, this thesis 

has shown that livestock feeding can decrease GHG emission intensities without compromising income 

and food security of smallholder farmers in East Africa. Multi-objective optimization of various 

smallholder livestock systems in Tanzania revealed how reducing ruminant numbers, replacing local 
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cattle with improved dairy breeds, and improving feeding through on-farm Napier grass (Pennisetum 

purpureum) cultivation were synergetic options (Chapter 6). Simulation results illustrated that 

households with improved cattle would be able to achieve higher income and lower methane emission 

intensity with improving quality and quantity of their feed than households with local cattle in Tanzania 

(Chapter 4). The improved livestock feeding scenario in Rwanda increased food security at only a small 

GHG trade-off, although it was the least equitable strategy reaching more well-off farmers (Chapter 5). 

This corresponds to literature that have presented livestock feeding as triple-win climate smart 

technology (Bryan et al. 2013; Thornton & Herrero, 2010). However, GHG emission measurement and 

quantification approaches are continuously evolving, and differences in methods complicate 

comparability of results (Denef et al., 2012; Richards, 2016). Limited data availability is a main constraint 

to GHG emission accounting in SSA, thus most approaches (as employed in this thesis) rely on IPCC Tier 1 

and 2 emission factors which have often been shown to be inaccurate for SSA but remain the best 

available approach (Mushi et al., 2015). Harmonized, low-cost methods are needed to establish locally 

suitable emission factors (EF) (Rosenstock et al., 2013), and empirical measurements have recently been 

published that improve emission factors for East Africa (Goopy et al., 2018; Ndung’u et al., 2019; Pelster 

et al., 2016). 

Improved livestock feeding and forages are therefore key to low emission livestock development, a 

concept that was coined by the CGIAR Research Program on Climate Change, Agriculture and Food 

Security (CCAFS), the Global Research Alliance on Greenhouse Gases (GRA), and the Food and 

Agriculture Organization of the United Nations (FAO). Low emission livestock development aims to avoid 

pathways and pitfalls, ‘leapfrogging’ industrialized countries. It can also open new avenues to finance 

agricultural development. Just over 100 countries refer to agriculture as one domain of action to deliver 

on their Nationally Determined Contributions (NDCs) under the Paris Agreement, the landmark 

agreement signed by the UNFCCC (United Nations Framework Convention on Climate Change) parties 

on 12 December 2015 to accelerate actions and investments needed for a low carbon future. All 54 

African countries have signed the Paris Agreement, and 44 countries have submitted Nationally 

Determined Contributions (NDCs) to the UNFCCC. In general, development and environmental goals 

targeting livestock and dairy are gaining more traction in East Africa. For example, dairy development is 

one of the main mechanisms to reach Rwanda’s vision 2020, and Ethiopia’s Growth and Transformation 

program has dairy anchored in pro-poor development policies (Makoni et al., 2013). Measurement, 

reporting and verification (MRV) approaches are becoming more important to unlock such finance. 

Capacity building is needed to improve countries’ reporting to the UNFCCC, and quantify mitigation 
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contributions from technologies such as livestock feeding and forages towards NDCs. Improving 

collection of high-quality feed data at national level is essential for accurate estimations (Harinder and 

Philippe, 2014). 

Improved forages can also generate other environmental benefits such as soil conservation or 

improvement (Chapter 2). In contrary to grain-based intensification, which has been the dominant 

model in industrializing livestock development, grass-fed livestock intensification might have positive 

impacts in terms of land restoration (Godde et al., 2018). In Colombia, productive pastures were found 

to have higher soil aggregate stability, 20% more soil C and N, and nearly 40% higher organic 

phosphorus than degraded pastures (Fonte et al., 2014). Land degradation includes soil erosion, soil 

compaction, soil sealing, change in soil and nutrient content, salinization, acidification, change in runoff 

and infiltration regimes of water, nutrients and agrochemicals, invasive species, loss of native 

vegetation, loss of net primary productivity (NPP), loss of biotic diversity, and loss of ecosystem services. 

In SSA, the first problem has been reported to be soil erosion, followed by loss of soil organic carbon 

(SOC), nutrient imbalances and loss of soil biodiversity (Montanarella, 2016). Improved tropical forage 

grasses can directly increase SOC and decrease soil erosion (Chapter 2), while indirectly increasing 

organic matter input to soils through decreasing pressure on crop residues for livestock feeding (Chapter 

6). Similar to NDC contributions, developing countries need robust evidence to show contributions to 

Land Degradation Neutrality (LDN) targets under the UNCCD (UN Convention to Combat Desertification) 

to access land restoration finance. Greater policy impact might be achieved if model results of priority 

areas for land restoration are combined with stakeholder prioritization, as areas of overlap can drive 

motivation, commitment and ultimately action (Willemen et al., 2018).  

7.5 Bringing research to impact – reflections on the use of farming systems modeling approaches and 

tools  

Ex-ante impact assessment and prioritization studies are increasingly important to target scarce 

research and development resources, and support decisions for improved adaptation and mitigation of 

mixed crop-livestock systems in SSA (van Wijk et al., 2014; Descheemaeker et al., 2016). This thesis 

aimed to generate results that can inform policy makers, project designers, investors, donors and other 

decision-makers on prioritizing options towards low emission livestock, despite the complexity of 

potential impacts and trade-offs. Different metrics, approaches and tools are needed for ex-ante impact 

assessment, including simulation modeling, optimization modeling, cost-benefit analysis, meta-analysis, 

integrated assessment, and spatial analysis. All approaches and tools satisfy different objectives and 
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have different requirements, functionalities, strengths and disadvantages (Thornton et al., 2018). Meta-

analysis techniques were employed in Chapter 2 to quantify average multi-dimensional impacts of 

forage technologies in SSA. However, meta-analyses are time-consuming, and it is difficult to draw 

conclusions on underlying processes (Thornton et al., 2018). Simulation modeling was used in Chapter 4, 

combining a livestock model (Ruminant) and an economic model (TOA-MD) to assess the impacts of 

improved feeding scenarios on various strata of the household population. Simulation modeling is 

widely used but often complex, calibration and validation are challenging and high uncertainty is 

associated with results, and the models have high data demands (Thornton et al., 2018). Multi-objective 

optimization modeling was employed in Chapter 6 to identify livestock technologies that can maximize 

income while decreasing GHG emissions. Even more so than other modeling, optimization modeling is 

complex, data intensive and time consuming (Thornton et al., 2018) and could only be applied to few 

farming systems for intensive exploration.  

Understanding, considering, capturing and classifying the heterogeneity and diversity of smallholder 

farming systems in SSA is the basis to understanding the dynamics and exploring responses to 

interventions (Giller et al., 2011; Tittonell et al., 2010). Two basic contrasting approaches to whole-farm 

modeling of smallholder systems can be distinguished (Table 2). Firstly, modeling few farming systems, 

types or classes that are considered representative is a well-established approach. Farming system types 

are a population of individual farm systems that have broadly similar resource bases, enterprise 

patterns, household livelihoods and constraints, and for which similar development strategies and 

interventions would be appropriate (Dixon et al., 2001). Methods for constructing farming systems 

typologies include multivariate statistics (e.g. principal component analysis, clustering techniques), 

decision trees, and expert-based and participatory typologies. An integration of qualitative stakeholder 

views and quantitative, statistical analysis of one-off surveys promises to result in typologies that are 

stable and valid in the longer term, despite the rapidly changing and dynamic environment (Alvarez et 

al., 2018). Methods for selecting farming system types for whole-farm modeling can be classified as 

‘real’ farm versus a ‘constructed’ farm. A real representative farm can be identified within a wider 

household dataset through multivariate statistics (e.g. Alary et al., 2016; Cortez-Arriola et al., 2014; 

Rigolot et al., 2017; Waithaka et al., 2006), or through participatory Focus Group Discussions 

(Michalscheck et al., 2018). A farm can also be purposively selected for modeling to test and illustrate 

functionalities of a new model or modules (Ditzler et al., 2019; Parsons et al., 2011). Generic, ‘synthetic’ 

farming systems have been defined for large geographic areas using various data sources including 
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literature, policy documents, census data and expert knowledge (Mayberry et al., 2017; 2018) or from 

mean values of household survey data for each particular type (Descheemaeker et al., 2018). Komarek 

et al. (2012) employed a hybrid method where they selected representative farms for each type, and 

used mean values for each class to calibrate the farms. Between three to nine farming systems were 

modeled in the above-mentioned studies without within-type replication, and only Alary et al. (2016) 

modeled two farms per type to explore impacts of Conservation Agriculture technologies. Secondly, 

modeling entire farm has become increasingly popular. Relatively simple indicators, such as land 

productivity, food availability and self-sufficiency, greenhouse gas emissions (IPCC Tier 1), household 

income, or dietary diversity score can be calculated for all households of a household survey. Although 

not necessary in this approach, results are often presented in strata following the particular research 

question. Strata could be based on research questions (Shikuku et al., 2017), classes identified in the 

outcome variables such as food availability or greenhouse gas emissions (e.g. Frelat et al., 2016; Paul et 

al., 2018; Ritzema et al., 2017), or types identified through multivariate statistics (Douxchamps et al., 

2016; Falconnier et al., 2015; Lopez-Ridaura et al., 2018). Household populations for which this 

approach was implemented ranged from 32 households (Falconnier et al., 2015) to 13,000 (Frelat et al., 

2016) households (Table 2).  
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Table 2: Approaches to whole-farm modeling of smallholder mixed crop-livestock systems, including geographic scope, number of households or farming 

systems modeled, and data source or method. ImpactLite stands for Integrated Modelling Platform for Mixed Animal Crop Systems, a commonly used survey 

tool.  

           

    Geographic scope 

Number of 
households/ 
farming 
systems Data source/method Reference 

Farming system population 
modeling  

Mali: Koutiala 30 

Dataset of 17 years by Malian Institute for Rural 
Economy (IER), participants purposively selected 
according to oxen endowment typology Falconnier et al. 2015 

India: Uttarakhand 42 

Household survey, participants purposively 
selected to reflect various nutrient management 
systems Ditzler et al. 2018 

Tanzania: Lushoto district 164 CCAFS ImpactLite data Chapter 4: Shikuku et al. 2017 

India: Bihar  269 
Cereal Systems Initiative for South Asia (CSISA) 
survey, random sampling Lopez-Ridaura et al. 2018 

Burkina Faso, Ghana, Senegal 600 CCAFS ImpactLite data, stratified sampling Douxchamps et al. 2016 

Rwanda: different districts 884 CIALCA baseline survey Chapter 5: Paul et al. 2018 

Kenya, Tanzania, Uganda, 
Ethiopia, Senegal, Burkina 
Faso 1019 CCAFS ImpactLite data, stratified sampling Henderson et al. 2016  

East and West Africa: 7 
countries 1800 CCAFS ImpactLite data, stratified sampling Ritzema et al. 2017 

Sub-Saharan Africa 13000 Collated dataset of various household surveys Frelat et al. 2018 

Farming system 
type modeling 

Constructed 
India, Ethiopia 4 

Constructed from ImpactLite survey, government 
census, OPEC database and other databases and 
expert knowledge and policy documents Mayberry et al. 2018 

India, Ethiopia 5 

Constructed from ImpactLite survey, government 
census, OPEC database and other databases and 
expert knowledge and policy documents Mayberry et al. 2017 
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Mexico: Yucatan 1 Constructed for model testing Parsons et al. 2011 

Zimbabwe: Nkayi 6 

Constructed from averages from household 
survey (n=91) for 2 types (poor and non-poor, 3 
stocking densities)  Descheemaeker et al. 2018 

Real  

Tanzania: Babati 4 
Multvariate statistics typology on household 
survey data (n=94) Chapter 6: Paul et al. in review 

Burkina Faso: Yatenga 2 

Real farms selected from CCAFS baseline 
(n=200); selected two contrasting systems (small 
and large) based on previously published 
multivariate statistics typology  Rigolot et al. 2017 

China: Gansu  3 

Real farms selected with PCA and clustering from 
household survey (n=90). A representative for 
each cluster was then calibrated with 
average/means from the cluster.  Komarek et al. 2012 

Kenya: Vihiga 9 

Real farms, pilot farms chosen to be 
representative for subsistence, semi-subsistence, 
semi-commercial Waithaka et al. 2006 

Mexico: Michoacan 6 
Real farms identified by multi-variate statistics 
from survey data of around 90 households Cortez-Arriola et al. 2014 

Ghana: three regions 9 

3 types in 3 regions (low, medium, high 
resources) - Focus Group Discussions to identify 
types and representative households for visits Michaelscheck et al. 2018 

Vietnam: Son La 2 

Purposively selected from ImpactLite survey of 
17 hhs (but this is also a paper that presents new 
model modules) Ditzler et al. 2019  

Brazil: Cerrados 6 
3 types, 2 farms for each. Typology based on 
multivariate statistics in a separate study Alary et al. 2016 
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This thesis has employed different ways to deal with farming systems complexity – working with 

populations of households (Chapters 4 and 5), and modeling few representative farming systems 

derived from participatory and multivariate statistics typologies (Chapters 3 and 6). Both approaches 

have their inherent advantages and disadvantages: Modeling entire farm populations can analyze 

variability and spread across many households and is not challenged with representativeness when 

selecting farming systems for modeling. Approaches tend to me more rapid as only one-off household 

data is required. Often, results are perceived as being more widely applicable, more ‘scientific’ and more 

relevant to decision and policy makers. However, calculations have to be relatively simple to be applied 

to household survey data, and can only deliver a first picture or snapshot of the situation that can pave 

the way for more detailed, nuanced and fine-grained household analysis, as well as experimentation and 

monitoring/evaluation (Hammond et al., 2017). Moreover, quality of outputs entirely depends on the 

quality of survey data which has often been questioned (Carletto et al., 2013a; Fraval et al., 2018). 

Household surveys are one of the most commonly used data sources for farming system modeling, and 

were employed in Chapters 4, 5 and 6. Surveys rely on farmer recall instead of more time and resource 

intensive monitoring and measurement. Carletto et al. (2013b) compared farmer-reported farm sizes 

with empirical measurements. They showed that farmers with small land holdings (<5 acres) tended to 

overestimate their land size, while farmers with larger land holdings (>5 acres) underestimated the 

same. Fraval et al. (2018) compared standard data derived from three multi-purpose farming systems 

survey tools – Integrated Modelling Platform for Mixed Animal Crop Systems (ImpactLite), the Rural 

Household Multiple Indicator Survey (RHoMIS) and the Living Standards Measurement Survey program 

(LSMS). Yields and land areas were found to be less reliable than other variables, although they are key 

to any productivity and poverty estimations. Farmer reported data has its inherent weaknesses, and 

validation and triangulation with mixed data collection methods is essential (e.g. Chapter 6). Modeling 

few farming systems on the other hand enables more in-depth understanding of complexities, 

underlying dynamics and relationships between farming systems components. Working with real farms 

allows for feedback loops and participatory modeling that can improve modeling quality and outputs, 

and allows mutual learning processes. However, selecting few farms to represent types risks to lose the 

unavoidable intra-type variability or heterogeneity (Alvarez et al., 2018). Extrapolation of results from 

analyzing case study farms to farming systems and types might become difficult as there are many 

factors at play including land sizes, management, off-farm activities and farmers’ objectives (Ripoll-

Bosch et al., 2012). The outscaling potential of results, underpinning analysis with changes in policy, 

institutions and markets, and the science-policy interface are areas that need more future attention 
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(Groot et al., 2017). Mixed methods data collection and modeling can also be more time and resource 

intensive. It is a balancing act to obtain a sufficiently accurate picture without being overly simplifying, 

using the least resource-intensive approach available. Perfectly representing the system reality is not 

desirable, but appropriate imprecision and simplification of realities’ complexity is needed (Chambers, 

2017).  

The increased pressure for more impact by research funders has intensified the identity crisis the 

international R4D community is facing. Some argue that research should not try to do development, but 

try and produce results that are relevant to development. More than the number of farmers that 

research reaches directly, it is about the uptake of research products which happens in partnership with 

development actors and funders (Leeuwis et al., 2017a, 2017b). CCAFS recently published a framework 

(Thornton et al., 2017) and case studies (Dinesh et al., 2018; Westermann et al., 2018) on making 

agricultural research for development outcome based. They illustrate three different scaling pathways – 

value chains and private sector, information and communication technologies and agro-advisory 

services, and policy engagement (Westernmann et al., 2018). Dinesh et al. (2018) analyze 34 case 

studies of science-policy engagement, explaining the three/thirds principle of allocating resources in 

equal proportions to not only evidence but also outreach and engagement. Another way of how 

research can make impact is influencing and shaping public discourse, yet it is much more difficult to 

document, and has therefore often been overlooked. The question of how evidence is, can or should be 

translated to inform policy and decision making is not new. Access to research results seems to not be 

the decisive factor, but Sutherland and Wordley (2017) argued that “evidence complacency” is at play. 

Practitioners prefer anecdotes over evidence, leading to poor practice and inefficiencies. Reasons 

include that policy makers or practitioners think they already have enough knowledge, evidence is not 

relevant to their context, too much effort is needed to check evidence, reliance on evidence reduces 

professional autonomy in decision making, people are more accessible and useful information sources 

than evidence, inadequate training in using evidence, competing demands on their time, and short-term 

pressure to deliver strong policy/project independent of its success (Sutherland and Wordley, 2017). 

There is also an inherent tension between the complexity of smallholders’ realities, and simplicity of 

guidance that decision makers require. Re-defining the balance between doing justice to complexity of 

farming systems and translating results into simplicity and ‘digestibility’ requested by decision-makers is 

an area that deserves future research attention. 
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7.6 At a crossroads – the way forward 

In this thesis, we have quantified the crucial importance of livestock for food security and income, but 

also livestock’s major contribution to total agricultural GHG emissions across a diversity of crop-livestock 

systems in East Africa. We showed how feed gaps in quantity and quality currently result in low dairy 

productivity. Improved livestock feeding practices can affect farming systems in various key ways, 

closing feed gaps and increasing livestock productivity, food availability and household income, while 

reducing GHG emission intensities and improving soil quality. This thesis argues that improved livestock 

feeding and forages are at a crossroad: they link crop, livestock and soil components of farming systems, 

and are a potentially crucial entry point to low emission livestock, mitigating agro-environmental trade-

offs. Data-scarce environments such as East Africa pose special challenges to research, necessitating the 

development of minimum-data approaches. Triangulation with methods from different scientific 

disciplines, and on-farm participatory research, improves data quality as well as local relevance and 

experiential learning of research. 

Suggestions and recommendations for future research include the following three broad areas: First, 

research in this thesis calls for next-level forage agronomy. Agronomy is challenged to develop ‘scalable’ 

approaches and results that can be translated into targeting and decision support tools. Agronomy at 

scale can identify factors influencing site-year variability and adaptability of forages in farmers’ fields. 

Forage crop modeling, as well as big data approaches could support this, including data mining, meta-

analysis and geospatial analytics. However, high-quality, multi-locational, inter-operable, standardized 

and consistent forage agronomic data has to become available. Systems agronomy approaches and the 

socio-ecological niche concept can further our understanding of spatial and temporal integration of 

forages into complex cropping and farming systems to reduce land requirements and deliver multiple 

benefits. Second, this thesis made a step, but also highlights an urgent need for further multi-disciplinary 

and systems-level approaches to quantify synergies and trade-offs between different productivity, 

environmental and livelihood dimensions. Low emission livestock for smallholder systems in East Africa 

is only viable if it does not come with livelihood trade-offs. Validation has been a tricky area in farming 

systems modeling, and linking ex-ante estimations to on-farm measurements and ex-post impact 

assessment could improve model predictions. Re-defining the balance between doing justice to 

complexity of farming systems and translating results into simplicity and ‘digestibility’ requested by 

decision-makers is another area that deserves future research attention. Third, potential country-level 

contributions of improved feeding and forages to GHG mitigation and land restoration policy targets is 

an emerging research demand. The current methods often rely on coarse estimations, and can be 
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improved with better feeding data and locally derived parameters. Only little research is available from 

SSA that reports the contribution of improved forages to soil quality and restoration, including soil 

organic carbon and physical soil quality.  

Improved livestock feeding practices could play a key role towards low emission livestock development 

and potentially land restoration at scale. More investment in research and capacity building is needed to 

quantify and synthesize potential contributions of livestock feeding and forages to NDC and LDN 

commitments by countries without risking trade-offs in smallholder livelihoods. If linked to such policy 

processes, funding avenues for implementing these practices at scale could be unlocked. Ex-ante impact 

estimations can assist in policy dialogue and stakeholder engagement to better select and prioritize 

policies and development programs, despite the complexity of its impacts and trade-offs.   
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Chapter 5 

Appendix 1 

Greenhouse gas calculations 

Total greenhouse gas emissions (in kg CO2-eq. household and per year) were computed as follows: 

GHG emission =  𝐶𝐻4𝑒𝑛𝑡𝑒𝑟𝑖𝑐 +  𝐶𝐻4𝑚𝑎𝑛𝑢𝑟𝑒 + 𝑁2𝑂𝑚𝑎𝑛,𝑑𝑖𝑟 +  𝑁2𝑂𝑚𝑎𝑛,𝑖𝑛𝑑 + 𝑁2𝑂𝑠𝑜𝑖𝑙,𝑑𝑖𝑟 +

 𝑁2𝑂𝑠𝑜𝑖𝑙,𝑖𝑛𝑑   (1) 

The methane emissions from enteric fermentation of the entire herd were derived from the sum of the 

methane emissions from enteric fermentation of each animal species present on the farm (equation 2). 

Tier 2 calculations were used to calculate the emission factor from enteric fermentation for cattle, 

taking into account the milk production and body weight of the animals. For other livestock (goat, 

sheep), Tier 1 emission factors were used. 

𝐶𝐻4𝑒𝑛𝑡𝑒𝑟𝑖𝑐 = ∑ 𝐸𝐹𝑔 × 𝑁𝑔

𝑔

 (2) 

𝐶𝐻4𝑒𝑛𝑡𝑒𝑟𝑖𝑐 are the methane emissions from enteric fermentation (kg CH4 yr-1)  

EFg is the emission factor for the defined livestock species per category (kg CH4 head-1 yr-1). The 

value is based on Tier 2 calculation for cattle, and assuming baseline milk production (340 l year-1 

for local breed and 680 l year-1 for improved) resulted in 20 kg CH4 head-1 year-1 for local cows and 

26 kg CH4 head-1 year-1 for improved cows. Tier 1 default emission factors were used for other 

animals: 5 kg CH4 head-1 year-1 for sheep and goats, 1 kg CH4 head-1 year-1 for pigs and no emission 

for poultry. 

Ng is the number of head of livestock species g on the farm.  

The Emission Factor Tier 2 from enteric fermentation is only computed for cattle: 

𝐸𝐹𝑔 =
𝐺𝐸𝑔 × 365 × 𝑌𝑚𝑔

55.65
 (3) 

𝐸𝐹𝑔 is the emission factor of the cattle categories (improved, local, etc…), in kg CH4.head-1.yr-1.  

𝐺𝐸𝑔 is the daily gross energy intake of livestock species g, in MJ head-1.day-1. It is calculated from 

the equation below (equation 4) . 
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𝑌𝑚𝑔 is the methane conversion factor of livestock species g, i.e. the percentage of gross energy in 

feed converted to methane.  

The factor 55.65 is the energy content of methane in MJ.kg CH4
-1.  

𝐺𝐸𝑔 = (𝐵𝑊𝑔 × 0.1) +
5.5 × 𝑀𝑖𝑙𝑘𝑔 

365
 (4)  

  

𝐵𝑊𝑔 is the body weight of livestock species g, in kg.  

𝑀𝑖𝑙𝑘𝑔 is the average milk production of livestock species g, in l. head-1.yr-1.  

 

The methane emissions from manure of the entire herd were derived from the sum of the methane 

emissions from manure from each animal species present on the farm:  

 

𝐶𝐻4𝑚𝑎𝑛𝑢𝑟𝑒 = ∑ 𝐸𝐹𝑔 × 𝑁𝑔

𝑔

 (5) 

𝐶𝐻4𝑚𝑎𝑛𝑢𝑟𝑒 is the methane emissions from manure management, in kg CH4 yr-1 

𝐸𝐹𝑔 is the emission factor for the defined livestock species g, in kg CH4 head-1 yr-1 

𝑁𝑔 is the number of head of livestock from species g 

Nitrogen excretion from manure was calculated as follows (Tier 1): 

𝑁𝑒𝑥𝑔 = 𝑁𝑟𝑎𝑡𝑒 𝑔 ×
𝐵𝑊𝑔

1000
×  365 

(6) 

𝑁𝑒𝑥𝑔 is the annual N excretion for livestock species g (kg N head-1 yr-1) 

𝑁𝑟𝑎𝑡𝑒 𝑔 is the default N excretion rate for livestock species g, in kg N t animal-1 day-1 

𝐵𝑊𝑔 is the body weight for livestock species g, in kg 

For calculating direct N2O emissions from manure, we assumed that 80% of the manure is collected 

across all regions in solid form and was stored for several months before further use.  
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𝑁2𝑂𝑑𝑖𝑟 = ∑(𝑁𝑔 × 𝑁𝑒𝑥𝑔 × 𝑀𝑆𝑔)

𝑔

× 𝐸𝐹3𝑠 ×
44

28
 

(7) 

𝑁2𝑂𝑑𝑖𝑟  is direct N2O emissions from manure management (kg N2O yr-1 ) 

𝑁𝑔 is the number of head of livestock from species g 

𝑁𝑒𝑥𝑔 is the annual average N excretion rate per head of livestock species g at the farm (in kg N 

head-1 yr-1 ). It is calculated following equation (6).  

𝑀𝑆𝑔 is the percentage of the total manure excreted collected by the household. It is derived from 

the time animals spend in the stables throughout the year and by the percentage the household 

collects to be stored. 

𝐸𝐹3𝑠 is the default emission factor for direct N2O emissions from manure management system S 

(kg N2O-N kg N -1 in manure management system).  

44/28 is the conversion of (N2O-N) emissions to N2O emissions. 

Indirect N2O emissions from manure follow this equation: 

𝑁2𝑂𝑀𝑀 = 𝑁𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛−𝑀𝑀𝑆 × 𝐸𝐹4 ×
44

28
 

(8) 

𝑁2𝑂𝑀𝑀  is the indirect N2O emissions due to volatilization of N from manure management on the 

farm (kg N2O yr-1)
  

𝑁𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛−𝑀𝑀𝑆 is the amount of manure nitrogen that is lost due to volatilization of NH3 and 

NOx (in kg N.yr-1). It is calculated from Eq. 9 

EF4  is the default emission factor for N2O emissions from atmospheric deposition of nitrogen on 

soils and water surfaces, in kg N2O-N (kg NH3-N + NOx-N volatilized)-1 found in the tables of IPCC. 

44/28 is the conversion of (N2O-N) emissions to N2O emissions.  

𝑁𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛−𝑀𝑀𝑆 = ∑ [(𝑁𝑔 × 𝑁𝑒𝑥𝑔 × 𝑀𝑆𝑔) × (
𝐹𝑟𝑎𝑐𝑔𝑎𝑠𝑠

100
)

𝑔
]

𝑔
 

(9) 

 

𝑁𝑔 is the number of head of livestock from species g.  
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𝑁𝑒𝑥𝑔 is the annual average N excretion rate per head of livestock species g at the farm (in kg N . 

head-1 .yr-1 ). It is calculated following equation (6). 

𝑀𝑆𝑔 is the percentage of the total manure excreted collected by the household. It is derived from 

the time animals spend in the stables throughout the year and by the percentage the household 

collects to be stored. 

𝐹𝑟𝑎𝑐𝑔𝑎𝑠𝑠 is the percent of managed manure nitrogen for livestock level g that volatilizes as NH3 

and NOx in the manure management system s.  

Direct N2O-N emissions were calculated from managed soils following the Tier 1 calculations.  

𝑁2𝑂𝑑𝑖𝑟𝑒𝑐𝑡 − 𝑁 = 𝑁2𝑂 − 𝑁 𝑁 𝑖𝑛𝑝𝑢𝑡𝑠 + 𝑁2𝑂 − 𝑁 𝑔𝑟𝑎𝑧𝑒𝑑 (10) 

𝑁2𝑂𝑑𝑖𝑟𝑒𝑐𝑡 − 𝑁 is the annual direct N2O–N emissions produced from managed soils, in kg N2O-

N.yr-1. 

𝑁2𝑂 − 𝑁 𝑁 𝑖𝑛𝑝𝑢𝑡𝑠 is the annual direct N2O–N emissions from N inputs to managed soils, in kg N2O-

N.yr-1. It is calculated following equation (11). 

𝑁2𝑂 − 𝑁 𝑔𝑟𝑎𝑧𝑒𝑑 is the annual direct N2O–N emissions from urine and dung inputs to grazed soils, 

in kg N2O-N.yr-1. It is calculated following equation (12). 

𝑁2𝑂 − 𝑁 𝑁 𝑖𝑛𝑝𝑢𝑡𝑠 = ∑(𝐹𝑆𝑁 + 𝐹𝑂𝑁 + 𝐹𝐶𝑅) × 𝐸𝐹1𝑐

𝑐

 (11) 

𝐹𝑆𝑁   is the annual amount of synthetic fertilizer N applied to soils, in kg N.yr-1  

𝐹𝑂𝑁 is the annual amount of animal manure, compost, sewage sludge and other organic N 

additions applied to soils, in kg N.yr-1. It is calculated from equation (13). 

𝐹𝐶𝑅 is the annual amount of N in crop residues (above-ground and below-ground), including N-

fixing crops, and from forage/pasture renewal, returned to soils, in kg N yr-1. In this study it is 

assumed that it is 0 because all residues are fed to livestock.  

𝐸𝐹1𝑐 is the default emission factor for N2O emissions from N inputs, in kg N2O–N.(kg N.input)
-1 

extracted from the IPCC guidelines  
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𝑁2𝑂 − 𝑁 𝑔𝑟𝑎𝑧𝑒𝑑 = ∑ 𝑁𝑒𝑥𝑔  × 𝑁𝑔 × 𝑡𝑖𝑚𝑒𝑓𝑖𝑒𝑙𝑑,𝑔  × (1 − 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑𝑓𝑖𝑒𝑙𝑑) × 𝐸𝐹3𝑔

𝑔

 (12) 

𝑁𝑒𝑥𝑔 is the annual average N excretion rate per head of livestock species g at the farm (in kg N . 

head-1 .yr-1 ). It is calculated following equation (6). 

𝑁𝑔 is the number of head of livestock species g.  

𝑡𝑖𝑚𝑒𝑓𝑖𝑒𝑙𝑑,𝑔 is percentage of time spent by species g on the field. 

𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑𝑓𝑖𝑒𝑙𝑑is the percentage of manure collected from the field. In this study, this is assumed 

to be 0 as it not common practice in Rwanda.  

𝐸𝐹3𝑔is the default emission factor for N2O emissions from urine and dung N deposited on 

pasture, range and paddock by grazing animals, in kg N2O–N.(kg N input)-1, found in the IPCC 

emission factors table. The values are different for cattle, poultry and pigs (and Sheep and Other 

animals  

𝐹𝑂𝑁 =  ∑(𝑁𝑒𝑥𝑔  × 𝑁𝑔  × 𝑀𝑆𝑔)

𝑔

× %𝑓𝑒𝑟𝑡  

(13) 

 

%𝑓𝑒𝑟𝑡 is the percentage of manure collected used on the field. 

Indirect N2O-N emissions were calculated from managed soils following the Tier 1 calculations (equation 

14) 

𝑁2𝑂(𝐴𝑇𝐷) − 𝑁 = [(𝐹𝑆𝑁 × 𝐹𝑟𝑎𝑐𝐺𝐴𝑆 𝐹) + ((𝐹𝑂𝑁 + 𝐹𝑃𝑅𝑃) × 𝐹𝑟𝑎𝑐𝐺𝐴𝑆 𝑀)] × 𝐸𝐹4 (14) 

  

𝑁2𝑂(𝐴𝑇𝐷) − 𝑁 is the annual amount of N2O–N produced from atmospheric deposition of N 

volatilized from managed soils (in kg N2O-N yr-1).  

𝐹𝑆𝑁   is the annual amount of synthetic fertilizer N applied to soils, in kg N yr-1.  

𝐹𝑟𝑎𝑐𝐺𝐴𝑆 𝐹 is the fraction of synthetic fertilizer N that volatilizes as NH3 and NOx, expressed in kg 

N volatilized (kg of N applied)-1. It is a default value found in the IPCC guidelines. 

𝐹𝑂𝑁 is the annual amount of animal manure, applied to soils, in kg N yr-1. It is calculated from 

equation (13). 
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𝐹𝑃𝑅𝑃 is the annual amount of urine and dung N deposited by grazing animals on pasture, range 

and paddock (in kg N.yr-1). It is similar to  𝑁2𝑂 − 𝑁 𝑔𝑟𝑎𝑧𝑒𝑑 calculated from equation (12) but 

without multiplying by EF3.𝐹𝑟𝑎𝑐𝐺𝐴𝑆 𝑀is the fraction of applied organic N fertilizer materials and 

of urine and dung N deposited by grazing animals that volatilize as NH3 and NOx,, expressed in kg 

N volatilized.(kg of N applied or deposited)-1.  

𝐸𝐹4 is the default emission factor for N2O emissions from atmospheric deposition of N on soils 

and water surfaces, expressed in kg N–N2O (kg NH3–N + NOx–N volatilized)-1extracted from the 

emission factors table in the IPCC. 

 

Appendix 2 

Figure 1: FA in kcal MAE-1 day-1 in log scale plotted against crop land in ha in log scale.  
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Appendix 3 

Figure 2: GHG in CO2-eq hh-1 year-1 plotted against herd size in TLU.  

 

 

Chapter 6 

Appendix 1 

Farming systems characterization 
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Figure A1: Farm size and crop areas by village. a) Total farm size; b) maize area; c) bean area; d) pigeon pea area. 

Farm sizes ranged from median 0.81 ha in Long to 4.05 ha in Hallu. Roughly half of the farming land was 

cultivated with maize, with lower areas in Long and Matufa. Bean and pigeon pea areas occupied 

roughly one third of the farming land, with up to half of the land in Matufa and Seloto. Pigeon pea 

cultivation was dominant in Hallu and Shaurimoyo, and bean cultivation in Long (Figure A1, Appendix 1). 

Other crops cultivated included rice in Matufa and Shaurimoyo, sunflower in Hallu and Sabilo, sorghum 

in Matufa, Sabilo and Shaurimoyo, and wheat and chickpea in Sabilo (results not presented).  
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Figure A2: Livestock numbers by villages. a) Local cattle; b) improved cattle; c) small ruminants; d) poultry. 

Local cattle holdings per household were generally high, ranging between median one head in 

Shaurimoyo and three heads in Long to 7.5 in Sabilo and 10 heads in Hallu. Improved cattle was not 

common, but more found in Hallu and Long than in the other villages. Small ruminants and poultry 

ranged from 1.5 and 5.5 heads in Shaurimoyo to 14 and 10 heads in Sabilo respectively (Figure A2, 

Appendix 1). 
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Figure A3: Feed across the study villages. a) Cereal residues fed (excluding farms with >10,000 kg); b) legume 
residues fed (excluding farms with >2,500 kg); c) purchased feed (excluding farms with >400 kg); d) grazing time.  

Grazing was dominant in all villages with median time around 8 hours day-1. Higher cereal and legume 

residues were fed in Hallu, and least in Long and Shaurimoyo. Feeding purchased feed was not common 

practice, with few farms across villages engaging in it (Figure A3, Appendix 1).  
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Figure A4: Correlations between farm area, herd size and residue feeding. a) Farm area vs. TLU R2 0.262, 
P<0.001; b) Farm area vs. cereal residue feeding R2 0.65, P<0.001; c) Farm area vs. legume residue feeding R2 
0.53, P<0.001; d) TLU vs. total residue feeding R2 0.53, P<0.001. 

Farm area and the amount of cereal and legume residue fed were strongly correlated, and farm area 

and livestock holdings to a lesser degree (Figure A4, Appendix 1). 
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Table A1: Soil characteristics and tree C stocks from different land uses of 12 farmers across the four study villages and livestock systems. Soil texture refers 
to sandy clay (SC), sandy clay loam (SCL), clay (C), and clay loam (CL). Villages are separated by horizontal lines. 

Village Type Land use 
Clay + 
silt  

Soil 
texture Bray P K  pH 

Total 
soil N  

Total 
soil C  

Total 
tree C 
stock 

Total 
tree C 
stock  

      % class mg kg-1 cmol+ kg-1 in H2O g N kg-1 g C kg-1 t C farm-1 t C ha-1 

Hallu LARGE LIVESTOCK 1 Cropland 53 SC 1.6 0.8 7.3 1.6 20.4 22.1 2.0 

Hallu LARGE LIVESTOCK 1 Woodland 45 SC 1.1 0.6 7.6 1.7 20.0   
Hallu SMALLEST 1 Cropland 53 SC 4.7 0.8 7.8 1.8 23.3 3.5 2.9 

Hallu LARGE LIVESTOCK 2 Cropland 43 SC 1.7 0.6 7.9 1.4 16.3 0.0 0.0 

Hallu LARGE LIVESTOCK 2 Grassland 41 SCL 0.5 0.1 9.1 0.9 14.3   
Hallu SMALLEST 2 Cropland 65 C 5.9 1.1 7.2 1.8 21.2 1.8 0.4 

Long SMALLEST 3 Cropland 54 SCL 45.1 2.2 6.1 3.4 39.6 3.1 1.9 

Long SMALLEST 3 Grassland 48 SCL 49.8 2.1 6.4 4.1 46.0   
Long SMALLEST 4 Cropland 52 SC 24.3 0.8 5.9 2.4 23.0 2.2 1.4 

Long SMALLEST 4 Grassland 60 CL 1.7 0.1 5.2 2.7 31.3   
Long SMALLEST 4 Woodland 52 SC 7.8 0.1 4.6 2.1 21.0     

Sabilo DAIRY 1 Cropland 73 C 8.6 0.6 6.1 1.5 14.7 1.1 0.3 

Sabilo SHOAT 1 Cropland 73 C 31.8 0.9 6.3 2.1 26.0 334.8 39.8 

Sabilo SHOAT 1 Fallow 74 C 23.2 0.7 6.4 1.8 17.0   
Sabilo SHOAT 1 Grassland 68 CL 10.6 0.7 6.4 2.1 19.7   
Sabilo SMALLEST 5 Cropland 70 C 33.9 2.5 6.8 2.2 21.4 6.4 2.2 

Sabilo SMALLEST 5 Grassland 69 C 2.0 0.3 7.4 1.6 16.9   
Sabilo DAIRY 2 Cropland 70 C 26.7 0.8 7.0 2.2 22.1 17.6 2.4 

Sabilo DAIRY 2 Grassland 72 C 35.6 1.2 7.0 1.9 22.3     

Seloto SMALLEST 6 Cropland 53 SC 7.1 1.0 7.0 1.5 15.6 2.0 1.7 

Seloto SHOAT 2 Cropland 51 SC 10.0 0.5 6.1 1.3 13.6 1.1 1.0 

Seloto SHOAT 2 Cropland 55 C 11.0 0.9 6.5 1.6 15.8     
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In general, soils exhibited a moderate to good level of fertility. Carbon and nitrogen contents were 

moderate (>15 g C kg-1, >1.5 g N kg-1), soil pH was moderate to good (>5.5) and Bray-P was variable but 

mostly sufficient (>10 mg kg-1). Differences between villages were apparent, reflecting varying agro-

ecologies. Hallu displayed the lowest soil fertility of all villages in terms of high pH (7.8), and lowest C 

(19.3 g C kg-1), N (1.5 g N kg-1), and especially Bray-P (2.6 mg kg-1). Long had the highest average soil 

fertility with good pH (5.6), and high C (32.2 g C kg-1), N (2.9 g N kg-1), and Bray-P (25.7 mg kg-1). C stocks 

in trees greatly varied, depending on the age of the trees and their total amount on each farm. 

Differences between farming systems or land uses were not apparent (Table A1, Appendix 1).  

 

Appendix 2 

Typology construction 

   

 

Figure A5: Visual presentation of eigenvalues which are used to limit the number of explanatory variables or 

principal components. The first five axes have eigenvalues of 3.59, 1.56, 1.39, 1.12 and 1.04. 
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Figure A6: Dendogram, the visual presentation of the hierarchical clustering of individual farms into types as 
homogenous as possible. 

 

 

Figure A7: Interpretation of the clusters by mapping them on top of PC1 and PC2.  

Cluster number 5: more residue, higher farm area, higher TLU; Cluster number 4: small farm size, low 

time grazing and labor. 
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Figure A8: Interpretation of the clusters by mapping them on top of PC1 and PC3. 

 

Figure A9: Interpretation of the clusters by mapping them on top of PC1 and PC

Appendix 3 

Model input data 
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Table A2: Household and farm sizes, fertilizer and manure application, and family and hired labor hours per various crop activities. 

  
Household 
members  

Plot 
size 

Fertilizer 
application 

Manure 
application 

Land 
prep Planting  Weeding 

Manure 
appl Harvesting  

Threshing, 
shelling, 
drying 

Total 
labor 

Total 
regular 
labor 

Total 
hired 
labor 

  number ha kg N ha-1 kg DM ha-1 labor hours ha-1 yr-1 

SMALLEST 7 1.60            

Potato / potato  0.30 0 1800 120 48 160 12 21 0 361 241 120 

Maize + bean  1.00 0 1079 60 32 80 12 21 85 290 230 60 

Eucalyptus  0.10 0 0 6 1 0 0 5 0 12 9 2 

On-farm pasture   0.20 0 147 0 0 0 0 0 0 0 0 0 

DAIRY 7 3.65            

Maize + bean + pigeon pea / bean  1.62 0 3076 3 36 160 40 64 179 482 399 83 

On-farm pasture  1.50 0 655 0 0 0 0 0 0 0 0 0 

Napier   0.53 0 0 5 2 0 0 0 0 7 7 0 

SHOAT 9 8.42            

Maize + bean + pigeon pea + sunflower  3.10 0 1421 1 90 80 40 64 88 363 260 103 

Wheat  1.62 0 100 1 60 120 40 80 120 421 180 241 

On-farm pasture   3.70 0 286 0 0 0 0 0 0 0 0 0 

LARGE LIVESTOCK 7 11.12            

Acacia + Senna trees  1.00 0 0 0 0 0 0 104 0 104 104 0 

Maize + pigeon pea + sunflower   10.12 0 589 1 32 80 10 48 89 260 157 104 
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Table A3: Livestock species numbers, and livestock labor required 

  
Livestock 
heads Grazing 

Fetching 
feed  Watering  Milking  Cleaning  

Vet 
services  

Total 
labor 

Total 
labor 

Total 
regular 
labor 

Total 
hired 
labor 

  number labor hours yr-1 labor hours animal-1 yr-1 

SMALLEST            

Chicken 3 0 0 0 0 61 2 63 21 21 0 

Local cows 2 438 0 34 68 73 2 615 307 307 0 

Local goat 4 876 0 68 0 146 1 1091 273 273 0 

Local young male cattle 1 219 0 17 0 37 2 275 275 275 0 

Sheep  3 657 0 51 0 110 1 819 273 273 0 

DAIRY            

Improved cows 3 0 900 150 53 274 4 1380 460 310 150 

Improved heifer 1 0 210 50 0 91 1 352 352 247 105 

Local bulls 3 665 0 83 0 183 3 933 311 311 0 

Chicken 10 0 0 0 0 60 6 66 7 7 0 

Local cows 3 665 0 83 53 183 3 986 329 329 0 

Local goat 5 1108 0 138 0 261 12 1519 304 304 0 

Sheep  2 443 0 55 0 104 5 607 304 304 0 

SHOAT            

Chicken 33 0 0 0 0 180 1 181 5 5 0 

Goats 20 1906 0 159 0 270 12 2347 117 70 48 

Local bulls 3 286 0 24 0 156 4 470 157 109 48 

Local cows 3 286 0 24 68 156 6 540 180 132 48 

Local heifer 1 95 0 8 0 52 1 156 156 109 48 

Sheep 7 667 0 56 0 95 3 821 117 70 48 

LARGE LIVESTOCK            

Improved cow 1 0 1080 140 53 360 2 1635 1635 1635 0 

Local bulls 4 576 0 51 0 97 4 728 182 38 144 

Local calves 5 720 0 64 0 274 5 1063 213 69 144 

Chicken 6 0 0 0 0 61 3.6 64 11 11 0 

Local cows 11 1584 0 140 53 268 11 2055 187 43 144 

 

Table A4: Available on-farm labor livestock system 

  
Household 
member Age 

Available days 
for on-farm 
labor 

Available hours 
per day for on-
farm labor 

Total available 
hours for on-
farm labor 

    years days year-1 hours day-1 hours year-1 

SMALLEST Father 49 261 6 1566 

 Mother 38 261 4 1044 

 Daughter 1 21 261 4 1044 
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 Daughter 2 12 261 2 522 

 Daughter 3 8 261 2 522 

 Son 1 19 261 6 1566 

  Son 2 11 261 2 522 

DAIRY Father 47 261 6 1566 

 Mother 45 261 4 1044 

 Son 1 20 261 6 1566 

 Son 2 18 131 6 786 

 Son 3 15 261 2 522 

 Daughter 1 16 131 4 524 

  Daughter 2 13 261 2 522 

SHOAT Father 38 50 4 200 

 Mother 37 261 4 1044 

 Daughter 1 16 261 3 783 

 Daughter 2 12 261 2 522 

 Daughter 3 11 261 2 522 

 Daughter 4 9 261 2 522 

 Son 1 14 261 2 522 

 Son 2 8 261 2 522 

  Son 3 7 261 2 522 

LARGE LIVESTOCK Father 79 261 3 783 

 Mother 68 261 3 783 

 Daughter 1 45 261 3 783 

 Daughter 2 41 261 3 783 

 Daughter 3 39 261 3 783 

 Son 1 43 261 4 1044 

  Son 2 35 261 4 1044 

 

Table A5: Animal products, productivity and sales per livestock system 

  Livestock 
Livestock 
product 

Livestock 
productivity Sale 

      kg FW animal-1 day-1 % 

SMALLEST 
Chicken 

Eggs 0.0 100 

Whole chicken 0.0 78 

Local cows Cow milk  0.4 0 

Local goat 
Goat milk  0.0 0 

Whole goat 0.5 100 

Sheep  Whole sheep 0.1 100 

DAIRY Improved cows Cow milk  3.4 67 

Chicken Eggs 0.0 40 
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Whole chicken 0.0 66 

Local cows 
Cow milk  0.7 15 

Whole cow 0.7 100 

Local goat Whole goat 0.1 51 

SHOAT 
Chicken 

Eggs 0.0 50 

Whole chicken 0.0 80 

Goats Whole goat 0.1 71 

Local bulls Whole bull 0.2 100 

Local cows Cow milk  0.6 86 

Sheep Whole sheep 0.1 100 

LARGE 
LIVESTOCK 

Improved cows Cow milk  3.4 72 

Local bulls Whole bull 0.2 100 

Chicken 
Eggs 0.0 0 

Whole chicken 0.0 27 

Local cows 
Cow milk  0.8 0 

Whole cow 0.2 100 

 

Table A6: Crop products, productivity and sales per livestock system  

Crop Crop product 

Intercropped 
with other 
crops  Seasons 

Fresh crop 
productivity  

Dry crop 
productivity  Sale  

Residue 
retained 

    number number kg FW ha-1 kg DW ha-1 % % 

Maize 
Maize grain 

1 1 
700 609 0 - 

Maize residues 789 734 0 5 

Beans 
Bean grain 

1 1 
500 440 0 - 

Bean residues 500 465 0 5 

Potato 
Potatoes 

0 2 
2000 320 92 - 

Potatoe residue 1333 307 0 100 

On-farm pasture Grass 0 - 12000 3000 0 0 

Napier Napier grass - - - - 0 0 

Eucalyptus Timber 0 - 7500 6750 100 - 

Maize 
Maize grain 

2 1 
900 783 0 - 

Maize residues 1050 977 0 0 

Beans 
Bean grain 

2 2 
800 704 82 - 

Bean residues 800 744 0 0 

Pigeon pea 
Pigeon pea 

2 1 
25 23 100 - 

Pigeon pea residue 59 55 0 0 

On-farm pasture Grass 0 - 10000 2500 0 0 

Napier Napier grass 0 - 26680 4749 0 0 

Maize Maize grain 3 1 800 696 63 - 
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Maize residues 902 839 0 0 

Beans 
Bean grain 

3 1 
500 440 90 - 

Bean residues 500 465 0 0 

Pigeon pea 
Pigeon pea 

3 1 
200 180 93 - 

Pigeon pea residue 472 439 0 0 

Wheat 
Wheat grain 

1 1 
1625 1414 100 - 

Wheat residues 1907 1774 0 0 

Sunflower 

Sunflower seeds 

3 1 

150 105 0 - 

Sunflower cake 200 190 0 - 

Sunflower residues 350 333 0 0 

On-farm pasture Grass 0 - 10000 2800 0 0 

Napier Napier grass 0 - - - - 0 

Maize 
Maize grain 

2 1 
800 696 86 - 

Maize residues 902 839 0 60 

Pigeon pea 
Pigeon pea 

2 1 
250 225 91 - 

Pigeon pea residue 591 550 0 0 

Sunflower 
Sunflower seeds 

2 1 
100 70 81 - 

Sunflower residues 233 221 0 60 

Acacia/Senna Wood 0 - 1111 1000 0 0 

Napier Napier grass 0 - - - - 0 

 

Appendix 4 

Model parameters 

Table A7: Animal body weight, saturation, structure and energy requirement parameters. DMI = dry matter 
intake, VEM = feed unit milk, MW = metabolic weight. Metabolic weight = 0.75^BW. 

 
Body weight 
(BW) 

Saturation 
factor 

Structure 
factor 

Energy 
maintenance 

  kg per kg BW per kg DMI VEM kg MW-1 

Improved cows 250 2.65 1 38.9 

Local cow 200 2.65 1 38.3 

Local bull 220 2.65 1 38.6 

Young cattle 150 2.65 1 37.7 

Improved heifer 170 2.65 1 38.0 

Local heifer 150 2.65 1 37.7 

Calves 100 2.65 1 37.0 

Goats 60 2.65 1 36.5 

Sheep 55 2 1 36.4 

Chicken 1.2 4 1 35.2 
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Table A8: Environment and climate parameters. Active organic matter (OM) is the fraction of organic matter 
that is subject to mineralization; soil depth is where mineralization happens. 

 
Active 
OM 

OM 
degradation 

Mean 
temperature 

Soil 
depth 

Period with 
pF <3.5 

 % % year-1 ˚C m days 

SMALLEST 0.472 2.01 13 0.29 275 

DAIRY 0.38 2.35 17 0.3 250 

SHOAT 0.366 2.3 17 0.22 230 

LARGE LIVESTOCK 0.36 2 19 0.29 200 

 

Table A9: Feed parameters 

Feed saturation value 

Feed item SMALLEST DAIRY SHOAT 
LARGE 
LIVESTOCK 

Bean residues 2 2 2 - 

Cow milk - - - - 

Goat milk  - - - - 

Maize grain - - 0.25 - 

Maize residues 2 2 2 2 

Maize bran - - 0.8 - 

Napier 1.5 1.5 1.5 1.5 

Off-farm pasture 1.2 1.1 - 1.2 

On-farm pasture 1.4 1.3 1.1 - 

Pigeon pea pods - 1 1 1 

Sunflower cake 0.5 0.5 0.5 0.5 

Sunflower residues - - 2 2 

Wheat residues - - 2 - 

Feed structure value 

Feed item SMALLEST DAIRY SHOAT 
LARGE 
LIVESTOCK 

Bean residues 1 1 1 - 

Cow milk - - - - 

Goat milk  - - - - 

Maize Grain - - 0.15 - 

Maize residues 2 2 2 2 

Maize bran - - 0.8 - 

Napier 1.8 1.8 1.8 1.8 

Off-farm pasture 3.5 3.5 - - 

On-farm pasture 3.5 3.5 3.5 3.5 

Pigeon pea pods - 4 4 4 
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Sunflower cake 0.5 0.5 0.5 0.5 

Sunflower residues - - 1 1 

Wheat residues - - 4 - 

Energy contents (per kg DM) 

Feed item SMALLEST DAIRY SHOAT 
LARGE 
LIVESTOCK 

Bean residues 641 641 641 - 

Cow milk 1000 1000 1000 1000 

Goat milk  1000 - - - 

Maize grain - - 1103 - 

Maize residues 613 613 613 613 

Maize bran - - 900 - 

Napier 700 700 700 700 

Off-farm pasture 630 630 - - 

On-farm pasture 680 650 650 650 

Pigeon pea pods - 703 703 703 

Sunflower cake 623 623 623 623 

Sunflower residues - - 479 479 

Wheat residues - - 700 - 

Protein contents (g kg-1 DM) 

Feed item SMALLEST DAIRY SHOAT 
LARGE 
LIVESTOCK 

Bean residues 35.7 35.7 35.7 - 

Cow milk 100 100 100 100 

Goat milk  100 - - - 

Maize grain - - 102 - 

Maize residues 21.1 21.1 21.1 21.1 

Maize bran - - 33 - 

Napier 37.2 37.2 37.2 37.2 

Off-farm pasture 30 30 - 25 

On-farm pasture 35 30 25 - 

Pigeon pea pods - 49.3 49.3 49.3 

Sunflower cake 66 66 66 66 

Sunflower residues - - 8.1 8.1 

Wheat residues - - 28.8 - 

 

Table A10: Manure parameters 

  Stable  Yard Pasture 

Mineral N loss from excretion (fraction) 0.05 0.15 0.15 

Mineral N loss from application (fraction) 0.05 0.05 0.1 
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Portion degraded in aerobic conditions (fraction) 0.6 0.7 0.9 

Mineral N loss from aerobic storage (fraction) 0.3 0.3 0.35 

Degradation rate aerobic conditions 0.52 0.52 0.52 

Microbial efficiency aerobic (g g-1) 0.3 0.3 0.3 

Microbial CN ratio aerobic conditions 8 8 8 

Mineral N loss from anaerobic storage (fraction) 0.1 0.1 0.15 

Degradation rate anaerobic conditions 0.1 0.1 0.1 

Microbial efficiency anaerobic (g g-1) 0.25 0.25 0.25 

Microbial CN ratio anaerobic conditions 5 5 5 

Humification coefficient (proportion) 0.2 0.2 0.2 

Direct N2O emissions manure (kg N2O kg-1 N) 0.01 0.01 0.01 

Indirect N2O emissions from volatilization (kg N2O kg NH3-N-1) 0.01 0.01 0.01 

N2O emissions from manure application (kg N2O kg N-1) 0.01 0.01 0.01 

 

Table A11: Nitrogen and dry matter content as used in crop parameters of the model  

Nitrogen (g 100 g DM-1) SMALLEST DAIRY SHOAT 
LARGE 
LIVESTOCK 

Acacia/Senna - - 0.5 - 

Bean grain  2.7 2.7 2.7 - 

Bean residues 0.7 0.7 0.7 - 

Eucalyptus 0.3 - - - 

Maize grain 1.5 1.5 1.5 1.5 

Maize residues 0.6 0.6 0.6 0.6 

Maize bran - - 1.9 - 

Napier 1 1 1 1 

Off-farm pasture 0.8 0.8 - 0.8 

On-farm pasture 0.8 0.8 0.8 - 

Pigeon pea grain - 4.1 4.1 4.1 

Pigeon pea pods - 2.5 2.5 2.5 

Pigeon pea stems - 1.2 1.2 1.2 

Potato 1.7 - - - 

Potato residues 0.7 - - - 

Sunflower cake 3.7 3.7 3.7 3.7 

Sunflower residues - - 0.9 0.9 

Sunflower seed - - 2.7 2.7 

Wheat grain - - 1.6 - 

Wheat residues - - 0.67 - 

Dry matter (%) SMALLEST DAIRY SHOAT 
LARGE 
LIVESTOCK 

Acacia/Senna - - - 90 

Bean grain  88 88 88 - 
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Bean residues 93 93 93 - 

Eucalyptus 90 - - - 

Maize grain 87 87 87 87 

Maize residues 93 93 93 93 

Maize bran - - 89 - 

Napier 17.8 17.8 17.8 17.8 

Off-farm pasture 28 28 - 28 

On-farm pasture 25 25 28 - 

Pigeon pea grain - 90 90 90 

Pigeon pea pods - 93 93 93 

Pigeon pea stems - 92 92 92 

Potato 16 - - - 

Potato residues 23 - - - 

Sunflower cake 95 95 95 95 

Sunflower residues - - 95 95 

Sunflower seed - - 70 70 

Wheat grain - - 87 - 

Wheat residues - - 93 - 

 

Appendix 5  

Model optimization variables and constraints 

Table A12: Decision variables with current value and minimum and maximum settings, and current value and 
minimum and maximum for constraints.  

SMALLEST       

Decision variables Minimum Maximum Value 

Off-farm grazing (kg DM year-1) 0 3850 3850 

Improved cow milk production (kg day-1 cow-1) 2 6 3.37 

Local cow milk production (kg day-1 cow-1) 0.4 2 0.43 

On-farm pasture grass fed (fraction) 0 1 1 

On-farm pasture grass retained (fraction) 0 1 0 

Napier grass fed (fraction) 0 1 1 

Napier grass retained (fraction) 0 1 0 

Bean residues fed (fraction) 0 1 0.95 

Bean residues retained (fraction) 0 1 0.05 

Maize residues fed (fraction) 0 1 0.95 

Maize residues retained (fraction) 0 1 0.05 

Sunflower cake fed (kg DM year-1) 0 500 0 

Napier field (ha) 0 1 0 

On-farm pasture (ha) 0 0.5 0.2 

Maize + bean field (ha) 0 1 1 
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Potato field (ha) 0 0.3 0.3 

Local cows (number) 0 2 2 

Improved cows (number) 0 5 0 

Local young male cattle (number) 0 1 1 

Local goat (number) 0 4 4 

Sheep (number) 0 3 3 

Constraint variables Minimum Maximum Value 

Organic matter balance (kg farm-1) -1 1000 -0.25 

Labor balance (hours year-1) 0 6000 3619.8 

Farm area (ha) 0 1.6 1.6 

Feed balance deviation dry matter intake (%) -999 0 -0.24 

Feed balance deviation energy required (%) -5 5 -4.72 

Feed balance deviation CP (%) -10 30 -8.84 

DAIRY    

Decision variables Minimum Maximum Value 

Off-farm cut/carry grasses fed (kg DM year-1) 0 10000 10000 

Improved cow milk production (kg day-1 cow-1) 2 6 3.37 

Local cow milk production (kg day-1 cow-1) 0.4 2 0.66 

On-farm pasture grass fed (fraction) 0 1 1 

On-farm pasture grass retained (fraction) 0 1 0 

Napier grass fed (fraction) 0 1 0 

Napier grass retained (fraction) 0 1 1 

Sunflower residues fed (fraction) 0 2000 900 

Bean residues fed (fraction) 0 1 1 

Bean residues retained (fraction) 0 1 0 

Maize residues fed (fraction) 0 1 1 

Maize residues retained (fraction) 0 1 0 

Napier field (ha) 0 2 0.53 

On-farm pasture (ha) 0 2 1.5 

Maize + bean + pigeon pea field (ha) 0.5 1.62 1.62 

Local cows (number) 0 3 3 

Improved cows (number) 0 8 3 

Local bulls (number) 0 3 3 

Local goat (number) 0 5 5 

Constraint variables Minimum Maximum Value 

Organic matter balance (kg farm-1) -1 1000 0.05 

Labor balance (hours year-1) 0 5000 584.91 

Farm area (ha) 0.5 3.66 3.65 

Feed balance deviation dry matter intake (%) -15 0 -0.35 

Feed balance deviation energy required (%) -5 5 -4.56 

Feed balance deviation CP (%) -10 10 0 

SHOAT    
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Decision variables Minimum Maximum Value 

Improved cow milk production (kg day-1 cow-1) 2 6 3.37 

Local cow milk production (kg day-1 cow-1) 0.4 2 0.57 

On-farm pasture grass fed (fraction) 0 1 1 

On-farm pasture grass retained (fraction) 0 1 0 

Napier grass fed (fraction) 0 1 1 

Napier grass retained (fraction) 0 1 0 

Bean residues fed (fraction) 0 1 1 

Bean residues retained (fraction) 0 1 0 

Maize residues fed (fraction) 0 1 1 

Maize residues retained (fraction) 0 1 0 

Sunflower residues fed (fraction) 0 1 1 

Sunflower residues retained (fraction) 0 1 0 

Wheat residue fed (fraction) 0 1 1 

Wheat residue retained (fraction) 0 1 0 

Napier field (ha) 0 5 0 

On-farm pasture (ha) 0 5 3.7 

Maize + bean + pigeon pea + sunflower field (ha) 0 5 3.1 

Wheat field (ha) 0 5 1.62 

Local cows (number) 0 6 3 

Improved cows (number) 0 10 0 

Local bulls (number) 2 4 3 

Local goat (number) 0 35 20 

Sheep (number) 0 10 7 

Constraint variables Minimum Maximum Value 

Organic matter balance (kg farm-1) -1 1000 0.07 

Labor balance (hours year-1) 0 5000 1174.4 

Farm area (ha) 2 8.421 8.42 

Feed balance deviation dry matter intake (%) -15 0.04 0.03 

Feed balance deviation energy required (%) -7.43 5 -7.42 

Feed balance deviation CP (%) -10 10 -4.38 

LARGE LIVESTOCK    

Decision variables Minimum Maximum Value 

Off-farm grazing (kg DM year-1) 0 13350 13350 

Improved cow milk production (kg day-1 cow-1) 2 6 3.37 

Local cow milk production (kg day-1 cow-1) 0.4 2 0.77 

Napier grass fed (fraction) 0 1 1 

Napier grass retained (fraction) 0 1 0 

Maize residues fed (fraction) 0 1 0.4 

Maize residues retained (fraction) 0 1 0.6 

Sunflower residues fed (fraction) 0 1 0.4 

Sunflower residues retained (fraction) 0 1 0.6 
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Sunflower cake fed (kg DM year-1) 0 2000 0 

Purchased maize residues fed (kg DM year-1) 0 1000 1000 

Napier field (ha) 0 5 0 

Maize + pigeon pea + sunflower field (ha) 0 10.12 10.12 

Tree plot (ha) 0 2 1 

Local cows (number) 0 11 11 

Improved cows (number) 0 10 1 

Local bulls (number) 2 4 4 

Constraint variables Minimum Maximum Value 

Organic matter balance (kg farm-1) -1 1000 0.26 

Labor balance (hours year-1) 0 5000 1639.16 

Farm area (ha) 5 11.12 11.12 

Feed balance deviation dry matter intake (%) -20 0 -0.01 

Feed balance deviation energy required (%) -5 5 -0.95 

Feed balance deviation CP (%) -10.4 10 -10.34 
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Summary 

Livestock are a resource of significant benefit to society in the form of food, income, nutrients, 

employment, insurance, traction, and clothing. By 2050, the total demand for meat, milk and eggs is 

projected to almost double, mostly in the developing world, due to population growth, urbanization, 

income increase and change in dietary preferences. Dairy development provides substantial potential 

economic opportunities for smallholder farmers in East Africa, but productivity is constrained by scarcity 

of quantity and quality feed. Livestock is also associated with negative environmental impacts, including 

greenhouse gas (GHG) emissions, air pollution, high water consumption, loss of biodiversity and land 

degradation. Livestock in Sub-Saharan Africa (SSA) has one of the lowest feed use efficiencies and highest 

GHG emission intensities per unit of product worldwide. Improved livestock feeding and forages have 

been highlighted as a triple-win strategy towards achieving climate-smart agriculture, increasing food 

security and climate change adaptation, and decreasing GHG intensities. Improved tropical forages 

include a wide variety of sown or planted annual and perennial grasses, herbaceous or dual-purpose 

legumes and shrubs developed for increasing productivity of grazed and cut-and-carry fed livestock. They 

link crop, livestock and soil components of farming systems, and can deliver other benefits including soil 

improvements and associated higher food crop yields. Livestock feeding and forages are thus at multiple 

crossroads: at a point where crucial decisions regarding future pathways are taken, where productivity 

and environmental impacts meet, and where scientific disciplines including agronomy, soil and animal 

science intersect. However, knowledge on quantity and quality of feed gaps, and the potential impacts 

and trade-offs of improved livestock feeding practices on productivity, environment and livelihood 

dimensions across various crop-livestock systems is limited and fragmented. The main objective of this 

research was to explore potential impacts and trade-offs associated with the implementation of improved 

livestock feeding and forage technologies at farm scale, across a diversity of smallholder crop-livestock 

systems in East Africa. Impacts and trade-offs were explored from different perspectives and scientific 

disciplines, considering productivity, environmental and livelihood dimensions. Results aim to inform 

policy makers, project designers, investors, donors and other decision-makers on prioritizing options 

towards low emission livestock development.  

Chapter 2 took stock of published evidence on tropical forage technologies and their multi-dimensional 

agronomic, livestock, environmental and economic impacts in SSA. We reviewed for the first time 73 

studies covering 113 research sites, and calculated average response ratios from 963 pairs of 

comparisons. Forage technologies were classified in the following four groups: i) germplasm, ii) 
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management, iii) cropping system integration, and iv) feeding regime. Major findings include the 

following: 1) Most studies focused on only one impact dimension, most frequently forage or livestock 

production; 2) Improved forage germplasm had on average 2.65 higher herbage production than local 

controls, with the strongest effect in grasses; 3) Crude protein of the overall forage doubled when 

grasses and legumes were intercropped; 4) Feeding regimes that include improved forages increased 

milk yield by on average 35%, dry matter intake by 25%, and manure production by 24%; and 5) When 

forage technologies were integrated with food crops, soil loss was almost halved, soil organic carbon 

increased on average by 10%, and grain and stover yields by 60% and 33%, respectively; 6) Variability in 

the findings from forage agronomy was high.  

In Chapter 3, I characterized current feeding systems and quantify feed gaps of East African smallholder 

farms. The study introduces and provides proof-of concept for a relatively simple approach to quantify 

feeding systems and feed gaps in data-scarce smallholder systems. Feed gap here is defined as the 

difference between livestock feed demand for an attainable milk production level (attainable feed 

demand) and actual feed supply at individual herd level. The approach is illustrated with pilot evidence 

from crop-livestock production systems across three agro-ecological zones in Tanzania, which broadly 

represent the diversity found in East Africa. Data was collected during the rainy season of 2016 and 

included on-farm feed and milk measurements, household surveys and farm observations. A diversity of 

livestock and feeding systems along an intensification gradient were found, ranging from exclusively 

zero-grazing of few cross-bred cows on small land sizes to mostly grazing of larger local cattle herds and 

a mix of both systems. Native vegetation formed the bulk of feed resources everywhere while planted 

forages were only common in the cut-and-carry site. Grazing systems were more labor intensive per 

tropical livestock unit than cut-and-carry systems, and most feeding-related labor was provided by men. 

61% of all herds faced an ME feed gap, and 55% a CP gap between actually supplied feed and calculated 

requirements at attainable milk production levels. Feed gaps were more prevalent in the grazing than in 

the cut-and-carry site, although feed losses are likely to be high (up to 30-50%) in cut-and-carry systems. 

24% of herds did not experience a feed gap, and other yield limiting and reducing factors might explain 

the low milk production levels. Possible causes for persisting feed gaps include that farmers might 

prioritize other functions of livestock such as risk management and wealth storage over productivity.  

Chapters 4, 5 and 6 analyzed multi-dimensional baseline performance and efficiencies of various crop-

livestock systems in Tanzania and Rwanda, and explored ex-ante impacts and trade-offs of improved 

livestock feeding practices, using differing approaches. In Chapter 4, we used the Ruminant model and 
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the Trade-offs Analysis model for Multi-Dimensional Impact Assessment (TOA-MD) to assess how 

improved livestock management options affect the three pillars of Climate Smart Agriculture (CSA): 

increased productivity, improved food security, and reduced GHG emissions. Our sample was stratified 

into: 1) households with local cow breeds (n=28); 2) households with improved dairy cow breeds (n=70); 

and 3) households without dairy cows (n=66). Results showed that the predicted adoption rates for 

improved livestock feeding among households with improved dairy cows (stratum 2) were likely to be 

higher compared to households with only local cows (stratum 1). Both households with local cows and 

those with improved cows had increased income and food security. However, overall poverty reduction 

was only modest for households with local cows. Expected methane emissions intensity declined with 

adoption of improved livestock feeding strategies both in stratum 1 and stratum 2, and greater impacts 

were observed when households in stratum 2 received an additional improved cow breed.  Providing a 

cow to households that were not keeping cows showed substantial economic gains.  

In Chapter 5, we assessed the potential impact of selected policy programs in Rwanda on food availability 

and GHG emissions of 884 households across different agro-ecologies and farming systems. The 

Government of Rwanda has initiated ambitious policies and programs aiming at low emission agricultural 

development. Crop focused policies include the Crop Intensification Program (CIP) which facilitates access 

to inorganic fertilizer and improved seeds. In the livestock subsector, zero-grazing and improved livestock 

feeding are encouraged, and the Girinka program provides poor farm households with a crossbred dairy 

cow. Household level calculations were used to assess the contribution of current crops, livestock and off-

farm activities to food availability (FA) and GHG emissions. Across all sites, 46% of households were below 

the 2500 kcal MAE-1 yr-1 line, and livestock and off-farm income were the most important pathways to 

higher FA. Baseline GHG emissions were low, ranging between 395 - 1506 kg CO2e hh-1 yr-1 per site, and 

livestock related emissions from enteric fermentation (47.6 – 48.9%) and manure (26.7 – 31.8%) were the 

largest contributors to total GHG emissions across sites and FA classes. GHG emissions increased with FA, 

with 50% of the total GHG emitted by 22% of the households with the highest FA scores. Scenario 

assessment of three policy options showed strong differences in potential impacts: Girinka only reached 

one-third of the household population but acted highly pro-poor by decreasing the households below the 

2,500 kcal MAE-1 yr-1 line from 46% to 35%. However, Girinka also increased GHG by 1174 kg CO2e hh-1 yr-

1. Improved livestock feeding was the least equitable strategy, decreasing food insufficient households by 

only 3%. However, it increased median FA by 755 kcal MAE-1 yr-1 at a small GHG increase (50 kg CO2e hh-1 

yr-1). Therefore, it is a promising option to reach the CSA triple win.  
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In Chapter 6, we combine a wide variety of data sources and approaches to study productivity, 

environment and livelihood performance and trade-offs of smallholder livestock production systems in 

Babati, Northern Tanzania. Using multivariate statistics, a smallholder livestock system typology was 

constructed from a household survey dataset: SMALLEST represented 45% of the study sample, DAIRY 

17%, SHOAT 26%, POULTRY 7%, and LARGE LIVESTOCK 5%. Representative farms were selected and 

their bio-economic performance assessed with the whole farm multi-objective optimization model 

FarmDESIGN. Only DAIRY cultivated fodder and fed cross-bred cows in zero-grazing units, while the 

other farm types mainly relied on on-farm and off-farm grazing and crop residues for their local cattle. 

More than 90% of on-farm GHG emissions came from livestock, though emissions in Babati (2.9 to 16.2 t 

CO2e) were higher than in other smallholder systems in East Africa. Emission intensity per kg of milk was 

lowest for DAIRY (2.1 kg CO2e kg-1), which also showed the lowest trade-offs with other farm 

performance indicators such as income, and carbon (C) and nitrogen (N) balances. All livestock systems 

had alternatives available to increase income while decreasing GHG emissions and increasing N balance, 

thereby reducing agro-environmental trade-offs. These options included reducing ruminant numbers, 

replacing local cattle with improved dairy breeds, improve feeding through on-farm Napier grass 

(Pennisetum purpureum) cultivation to reach higher milk production levels, and reducing crop residue 

feeding to leave them on the field. However, three main obstacles to adoption of these technologies 

became apparent: they require a skillful re-organization of the entire production system, resulting in loss 

of some multi-functionality of livestock, and incur higher production risks. Low baseline farm emissions 

in Tanzania underline that mitigation cannot be a main objective but rather a co-benefit. If climate 

change mitigation is synergetic with much needed productivity improvements, and if possible opening 

avenues to potential financing options e.g. through C credits, climate-smart livestock intensification 

options should still be a building block of Tanzania’s climate policies.  

Suggestions and recommendations for future research include the following three broad areas: First, 

research in this thesis calls for next-level forage agronomy. Agronomy is challenged to develop ‘scalable’ 

approaches and results that can be translated into targeting and decision support tools. High-quality, 

multi-locational, inter-operable, standardized and consistent forage agronomic data has to become 

available. Systems agronomy approaches and the socio-ecological niche concept can further our 

understanding of spatial and temporal integration of forages into complex cropping and farming systems 

to reduce land requirements and deliver multiple benefits. Second, this thesis made a step, but also 

highlights an urgent need for further multi-disciplinary and systems-level approaches to quantify 

synergies and trade-offs between different productivity, environmental and livelihood dimensions. Low 
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emission livestock for smallholder systems in East Africa is only viable if it does not come with livelihood 

trade-offs. Validation has been a tricky area in farming systems modeling, and linking ex-ante estimations 

to on-farm measurements and ex-post impact assessments could improve model predictions. Re-defining 

the balance between doing justice to the complexity of farming systems, and translating results into 

simplicity and ‘digestibility’ requested by decision-makers is another area that deserves further research 

attention. Third, potential country-level contributions of improved feeding and forages to GHG mitigation 

and land restoration policy targets is an emerging research demand which can also open potential funding 

avenues for implementation. This points to policy and institutional implications of this research. Improved 

livestock feeding practices could play a key role towards low emission livestock development and 

potentially land restoration at scale. More investment in research and capacity building is needed to 

quantify and synthesize potential contributions of livestock feeding and forages to mitigation and land 

restoration commitments by countries without risking trade-offs in smallholder livelihoods. If linked to 

such policy processes, funding avenues for implementing these practices at scale could be unlocked. Ex-

ante impact estimations can assist in policy dialogue and stakeholder engagement to better select and 

prioritize policies and development programs, despite the complexity of its impacts and trade-offs. 
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