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Abstract 

Agroforestry parkland systems, in which a low population density of mature trees occur 

scattered across farmland, are common land use systems in Ethiopia. Parkland trees, including 

Faidherbia albida (Delile) A.Chev, have been associated with improved soil fertility and crop 

productivity and they provide ecological services such as carbon sequestration and biodiversity 

conservation. However, trees can also have detrimental impacts on understory crops because of 

competition for resources such as light, nutrients and water. Thus, it is necessary to select 

suitable tree and crop species as well as management options in order to limit competition and 

maximize synergies. Agroforestry research and modelling can be applied to understand and 

accurately predict the effects of tree management on crop growth.   

This thesis presents research aiming to explore and simulate maize production under different 

tree and crop management factors in a Faidherbia albida parkland agroforestry system of the 

Central Rift Valley, Ethiopia, as well as to estimate its carbon sequestration potential. The 

approach included two field experiments. The first experiment examined how shading affected 

maize growth and development (using a maize-only field trial with artificial shading). The 

second experiment focussed on how maize production was impacted by tree pruning, distance 

from the tree and fertiliser interactions. The APSIM (Agricultural Production Systems 

simulator) model was used to simulate the effect of these interactions on maize yield. Carbon 

sequestration in both tree biomass and soil of F. albida trees was estimated by harvesting three 

average F. albida trees (unpruned trees from the second experiment) and taking soil samples 

under and beyond tree canopies.     

Reduced radiation, caused by artificial shading, had a significant negative effect on maize 

productivity; 50% reduction in incident radiation led to 56% reduction in maize yield, and a 75% 

reduction in radiation resulted in 64% reduction in yield. This highlighted the need to minimise 

light competition (shading) in agroforestry systems by managing trees, for example by crown 

pruning. Soil nutrients and moisture availability were higher under trees than away from tree 

trunks. This resulted in higher biomass and yield of maize under trees (2-6 m radius of tree 

canopies) compared to crop-only plots in both growing seasons, and regardless of pruning and 

fertiliser levels. Overall, there was 56% more grain yield under trees across the two seasons. 

Fertilisation further increased yields by an average of 15% under tree canopies compared to crop-
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only plots in both years, but more so in 2016 (when rainfall was higher). Crop biomass and yield 

were lower under unpruned trees (0–2 m) relative to the totally pruned and 50% pruned trees due 

to reduced light available to crops and in the absence of leaf fall. Faidherbia albida tree density 

is sparse (5.8 trees ha-1) in the study area. It was estimated that trees stored about 2 t C ha-1 in 

their above-ground biomass and 0.76 t C ha-1 below-ground; and there was 34 t C ha-1 more in 

soil (0–80 cm depth) under trees than in crop-only areas. However, this rate is low relative to soil 

C sequestration by other agroforestry systems. This was attributed to the low tree population 

density in the study area, but could be increased by encouraging farmers to protect planted 

seedlings or natural regeneration.   

The APSIM model adequately simulated maize grain yield response to shading (under maize only 

situations), based on field measurements from the first experiment. The model also reasonably 

predicted the response of maize yield in low and high rainfall years to tree pruning and fertiliser 

(N) applications under tree canopies, for which model calibration and validation were based on

the second experiment. A virtual experiment indicated that optimal maize yield could be obtained

at lower rates of fertilisation (<50 kg N ha-1) under trees than away from them, and that under tree

plots (2-6 m) would have the highest yields in most years when fertiliser was not available.  High

yields under trees were due to increased nutrient and water availability. However, modelled

scenarios also highlighted the presence of competition between trees and crops close to tree trunks.

For example, plots near to tree trunks (0-2 m) were simulated to consistently produce less maize

yield than crop-only plots, which (without trees) also had the highest yields in most years when

adequate fertiliser was applied. Thus, we concluded that proper selection and management of

agroforestry systems may provide a sustainable alternative for enhancing crop productivity by

resource poor farmers.  Generally, the study demonstrated that, depending on the extent that trees

can improve soil fertility, incorporating them into farmlands could improve crop productivity and

deliver ecosystem services such as carbon sequestration.  The study also suggested that maize

productivity could be improved by crown pruning, and by preferentially applying fertilisers in

normal (about average rainfall) and wet (above average rainfall) years.

These results need to be considered in a farm-scale livelihood context, which was beyond the

scope of the present research. Further research should employ a whole farm modelling approach,

in order to understand the combined interactions of agroforestry system components, and to

provide recommendations to farmers and policy makers.
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Chapter 1 General introduction 

1.1 Agroforestry as a strategy for enhancing agricultural productivity  
The challenge of food security is more urgent and more complex than ever; because of growing 

population, urbanization, climate change and the decrease of agricultural resources (Horlings 

and Marsden 2011). The problem is particularly important in Sub-Saharan African countries as 

population pressure and food deficits have been increasing at the same time as degradation of 

natural resources (Izac and Swift 1994). Conventional agricultural practices, for example, 

mono-cropping, along with imbalanced use of chemical fertilizers, pesticides, and intensive use 

of land without application of organic fertilizers (Gomiero et al. 2011) have had detrimental 

impacts on the environment and on ecosystem services (Tilman et al. 2002). The need to 

integrate agricultural production, ecosystem conservation and rural livelihoods calls for 

widespread innovations on sustainable agricultural methods (Scherr and McNeely 2008). 

Sustainable agricultural systems integrate biological and ecological processes such as nutrient 

cycling, nitrogen fixation and soil regeneration into food production processes (Pretty 2008; 

Snapp et al. 2018). Agroforestry has been proposed as a more sustainable agricultural system 

compared to conventional agriculture; for enhanced food security, conserving biodiversity and 

enhancing ecosystem service provision and increasing productivity (Mbow et al. 2014; Verchot 

et al. 2007).    

Many smallholder farmers in Sub-Saharan Africa practice agroforestry. Agroforestry was 

recently defined by ICRAF (2016) as ‘the practice and science of the interface and interactions 

between agriculture and forestry, involving farmers, livestock, trees and forests at multiple 

scales’. Examples of agroforestry systems include parklands, where scattered mature trees 

occur as an integral part of crop and livestock production landscapes (Bayala et al. 2004). 

Agroforestry has been shown to provide a number of benefits to farmers. For instance, it can 

increase agricultural productivity (Hadgu et al. 2009); improve soil fertility and water cycling 

(Chirwa et al. 2007; Nguyen et al. 2013); enhance local climate conditions (Sida et al. 2018b); 

provide tree products, and diversify income for households and communities (Bishaw et al. 

2013).    

Agroforestry has also been found to improve regulation of ecosystem services such as nutrient 

retention, erosion control (Nair 2007), biodiversity and carbon sequestration (Cardinael et al. 

2015; Nair et al. 2009). Carbon sequestration involves the removal and storage of carbon from 
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the atmosphere in above-ground biomass, i.e., stems, branches, and foliage, and in belowground 

biomass, i.e. roots, and in the soil (Lorenz and Lal 2014; Nair 2012). Carbon sequestration also 

represents an economic opportunity for subsistence farmers in developing countries if carbon 

sequestered could be sold in carbon credit markets (Nair et al. 2009).    

 

The component combinations in agroforestry systems are trees and crops (or pasture), trees and 

livestock, or trees, crops and livestock. The success of agroforestry depends on the balance of 

facilitation and competition interactions between the components (Vandermeer 1992). Thus, 

adoption of agroforestry depends on many factors (De Souza et al. 2012). For example crop 

farmers are often unwilling or unable to spare land for agroforestry establishment where land 

holdings are small (Franzel et al. 2001; Nkamleu and Manyong 2005). Therefore, it is necessary 

to select proper tree and crop species and management options to enhance the productivity of 

agroforestry systems.    

   

1.2 Simulation of tree- crop interactions in agroforestry systems   
Agroforestry is a complex system that integrates biophysical, environmental, socioeconomic 

and cultural factors. Agroforestry systems have the potential to achieve many of the 

environmental, economic, and social objectives of sustainable agriculture (Mbow et al. 2014). 

However, these systems also exhibit various negative effects on the growth of understory crops 

such as competition for nutrients and moisture, excessive shading and allelopathy (Bayala et al. 

2015; Ong and Kho 2015). Thus, the designing of an agroforestry practice must achieve the 

best balance among competitive and complementarity interactions if the system is to be 

promoted as a viable strategy in enhancing agroecosystem sustainability (Ellis et al. 2004). 

Decision-making in agroforestry systems may involve species selection, components (i.e., trees 

and crops; trees and livestock; trees, crops and livestock) selection and integration, or 

maximization of benefits gained from applying agroforestry techniques (Ong and Kho 2015). 

   Various studies have examined agroforestry practices and tested new innovations at research 

stations and on farms, which has led to the development of many improved agroforestry options. 

However, field experiments, conducted at particular points in time and space, are expensive, 

time consuming and can be of limited value in the quantitative transfer of experiences between 

sites. Alternatively, process-based models can be useful for quantitatively summarising our 

knowledge of a system, conducting virtual experiments that lead to hypothesis about system 

behaviour, and identifying system designs that are worthy of testing in the field. Computer 
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models simulate interspecific interactions, which are key determinants of the structure, the 

dynamics and the productivity of mixed plant communities (Malézieux et al. 2009). These 

models are useful for handling many social, economic, and ecological variables that must be 

considered when dealing with the highly complex systems created by agroforestry (Ellis et al. 

2004).    

   

Several agroforestry models have been developed, including HyPAR (Mobbs et al. 1998) and 

WaNuLCAS (Van Noordwijk and Lusiana 1999). Many of the models  are complex and require 

intensive data collection for calibration (Luedeling et al. 2014). Building agroforestry 

modelling capability into existing crop models such as APSIM (Agricultural 

Productionsystems SIMulator) could allow researchers to avoid duplications and concentrate 

on bridging the gaps that hinder the ability to simulate complex agroforestry system (Holzworth 

et al. 2014; Luedeling et al. 2016). At the plot scale, the APSIM tree-crop daily simulation 

model could potentially be adapted to agroforestry systems as it can integrate a range of 

complex factors including water, nutrient and microclimate interactions (Sida et al. 2018b; 

Smethurst et al. 2017).     

Smallholder farming in sub-Saharan Africa (SSA) is complex, and resources for crop 

production such as land, water, nutrients and labour are often scarce (Tittonell et al. 2010). 

Decisions on resource allocation are often made at farm rather than at field or plot scale (Giller 

et al. 2006). Thus, studies at the farm level are required to exploit the interactions between 

system components such as crop, trees and livestock production (Graves et al. 2011; Rodriguez 

et al. 2014). Farm-scale simulation models are valuable tools in  exploration of alternative farm 

management strategies, as they can quantify benefits and trade-offs from interventions (de Voil 

et al. 2009). Farm-scale models allow better consideration of  packages of several interventions 

and understanding of the synergies and complementarities in mixed agricultural systems 

(Rigolot et al. 2017).    

 

1.3 Agricultural productivity and parkland trees in Ethiopia   
Agriculture is the dominant economic and social activity of Ethiopia, contributing about 50% 

of the country’s gross domestic product (GDP) (Deressa and Hassan 2009). However, the 

agriculture sector in Ethiopia is dominated by small-scale, resource-poor farmers (Kassie et al. 

2013). The problems of small-scale agriculture include the use of traditional technologies with 

a low-input and low-output production systems (Seyoum et al. 1998). Continued decline of soil 



5   

   

fertility, drought, a poor economic base, and over population are major causes of the low 

productivity of the sector (Berry 2003; Pender and Gebremedhin 2007). Better use of local 

resources and natural processes including sustainable agriculture, integrated land-use such as  

agroforestry could make farming more effective and create conditions for efficient and 

profitable use of modern inputs (Ersado et al. 2004; Haileslassie et al. 2005).  

Parkland agroforestry, the practices of growing trees and shrubs in wide spaces in croplands, 

characterize a large part of the Ethiopian agricultural landscape (Bishaw and Abdelkadir 2003). 

Trees play an important role in smallholder farming systems of Ethiopia; providing products  

such as firewood, timber, fodder as well as services  such as shade, erosion control and 

maintenance of soil fertility (Sileshi 2016; Teketay and Tegineh 1991; Yadessa et al. 2009). 

However, impacts of trees on agricultural productivity are often location specific, tree species 

depend on and greatly vary with tree-crop configuration and management (Kassie et al. 2009; 

Siriri et al. 2010). Thus, it is relevant to improve knowledge of how on-farm tree species affect 

crop productivity and designing tree management strategies such as crown pruning, to minimise 

above- ground competition, and fertilisation to overcome  below ground competition 

(GarcíaBarrios and Ong 2004).  

In the Central Rift Valley of Ethiopia, farmers grow annual crops in agroforestry parkland 

systems (Siriri et al. 2010). Farmers practice mixed farming, mainly through the production of 

rain-fed grain, predominantly Tef (Eragrostis tef (Zucc.) Trotter), maize (Zea mays L.) and 

wheat (Triticum sp. L.) as well as livestock, principally cattle, sheep, goats and donkeys 

(Baudron et al 2015, Deressa et al 2009). Faidherbia albida is one of the main tree species in 

these parkland systems. Farmers have retained F.albida for its positive impacts on soil fertility 

and productivity of the crop beneath its crowns. Many studies, in parklands of the CRV, have 

demonstrated the positive effects of F. albida trees on crop yields, soil fertility and 

microclimate (Sida et al 2018b, Hadgu et al 2009). However, no information is available in 

these studies on the effects on crop productivity of farm management practices. Thus, the 

significance of the current study is to improve knowledge on the designing of tree management 

strategies such as pruning of F. albida tree crowns and the application of fertilisers, which are 

two common options currently used by farmers in this parkland system. 
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1.4 Research objectives   
1.4.1 General objective   

Explore and simulate maize production under different tree and crop management options in 

the parkland agroforestry system of the Central Rift Valley, Ethiopia   

1.4.2 Specific objectives   
1. Explore how tree pruning and fertilizer management practices affect maize growth 

and yield.   

2. Determine the potential of the APSIM Next Generation model to simulate the 

effects of different levels of shading and fertiliser rates on maize growth and 

development.   

3. Determine above-ground biomass of F. albida trees and estimate the amount of 

carbon stored in soil and biomass of this parkland system.   

4. Develop recommendations for maximizing productivity of maize grain yield in a 
Faidherbia-maize agroforestry system in the Central Rift Valley of Ethiopia.  

 
                          

1.5 Structure of the thesis   

Chapter 2 reviews literatures related to the current study, in order to identify knowledge gaps in 

Faidherbia albida parkland agroforestry systems in the Central Rift Valley of Ethiopia. Chapter 

3 explores the potential of the APSIM model to simulate impacts of shading on maize 

productivity. It quantifies and simulates the impacts of artificial shading, without trees, on maize 

productivity by using field experiments and simulation modelling. Maize productivity under 

different tree and crop management factors in a Faidherbia albida parkland agroforestry system 

of the Central Rift Valley of Ethiopia, is investigated in chapter 4. Chapter 5 estimates carbon 

sequestration potential of F. albida in an agroforestry parkland in the Central Rift Valley of 

Ethiopia. It estimates carbon sequestration in both tree biomass and soil of F. albida trees by 

harvesting trees and taking soil samples under and beyond tree canopies. In chapter 6, the APSIM 

model is used to simulate the effect of tree pruning and fertiliser interactions on maize yield. 

Model calibration and validation is based on the field data collected in chapter 4. Finally, the 

results obtained in the previous chapters are discussed in chapter 7. This chapter also draws 

conclusions based on the findings of the whole study and suggests on further research, in order 

to understand the combined interactions of agroforestry system components. The specific 

research objectives and the associated result chapters of the thesis is presented in table 1.1.     
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Table 1.1 Summary of thesis structure 

Objectives Chapter title/ Paper 
1) Explore how tree pruning and 
fertilizer management practices 
affect maize growth and yield.   
 

Chapter 4 - Tree pruning, zone and fertiliser 
interactions determine maize productivity in the 
Faidherbia albida (Delile) A.Chev parkland 
agroforestry system of Ethiopia  
 

2) Determine the potential of the 
APSIM Next Generation model to 
simulate the effects of different 
levels of shading and fertiliser 
rates on maize growth and 
development.   
 

Chapter 3 – Potential of the APSIM model to 
simulate impacts of shading on maize productivity  
 
Chapter 6 -Plot-scale agroforestry modelling 
explores tree pruning and fertiliser interactions for 
maize production in a Faidherbia parkland 

3) Determine above-ground 
biomass of F. albida trees and 
estimate the amount of carbon 
stored in soil and biomass of this 
parkland system.   
 

Chapter 5 Preliminary estimate of carbon 
sequestration potential of Faidherbia albida (Delile) 
A.Chev in an agroforestry parkland in the Central 
Rift Valley of Ethiopia 

4) Develop recommendations for 
maximizing productivity of maize 
grain yield in a Faidherbia-maize 
agroforestry system in the Central 
Rift Valley of Ethiopia.                          
 

Chapter 7 - General discussion 
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Chapter 2 Literature review  

2.1 Introduction   

While agroforestry is a timeless practice, it is not a conventional practice in modern agriculture 

and scientific research has been limited. In recent decades, research has shifted from description 

of agroforestry systems to a more complex understanding of all components (Beer et al 2005).  

This literature review covers the following areas: definition and classification of agroforestry 

systems; positive and negative effects of trees on understory crops; practices for managing 

treecrop interactions, and systems modelling approaches that can be employed to explore 

interactions in agroforestry systems. The purpose of this literature review is to identify 

knowledge gaps in agroforestry systems, particularly in F. albida parklands in the Central Rift 

Valley of Ethiopia.    

2.1.1 Definition and classification of agroforestry   

Agroforestry has been defined in several ways due to its complexity and spatial specificity (Nair 

2007). Atangana et al. (2013) defined the term as “the introduction, or deliberate retention, of 

trees on farms through either spatial or temporal arrangements”. A definition  widely used in 

the tropics (Gold and Garrett 2009) is “Agroforestry is a farming system that integrates trees 

on farms to diversify and sustain production for increased social, economic, and environmental 

benefits” (Garrity 2005). Specific or comprehensive definitions are necessary in order to 

develop a shared understanding of the term among researchers, policy makers and funding 

agencies (Nuberg et al. 2009). However, the absence of a universally accepted definition has 

not limited the development and wider acceptance of agroforestry practices (Nair 2007; 

Torquebiau 2000).    

Beyond such definitions, it is necessary to categorise particular types of agroforestry, in order 

to understand the systems, and to provide a framework for synthesis and analysis (McAdam et 

al. 2009). Agroforestry classification schemes have been developed based on several criteria 

such as discrete components of agroforestry (trees, crops and animals) and/or the spatial and 

temporal structure of system components and their functions. However, the schemes have been 

limited by lack of clarity and wider acceptance (Torquebiau 2000). Torquebiau (2000) 
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suggested structural classification of agroforestry practices, which allows identification of the 

practices based on what can be seen at a first glance (Table 2.1).    

Table 2.1 Classification of agroforestry into six structural categories (adapted from Torquebiau 
(2000)).   

Category   Characteristics   

1. Crops under tree cover   scattered trees in cropland, shade trees in 
plantation crops, parklands, crops in orchards, 
plantation crops combinations   

2. Agroforests         agroforestry  homegardens,  village  forest 
gardens, mixed woodlots, agroforestry buffer 
zones   

3. Agroforestry in a linear arrangement      windbreaks and shelterbelts, boundary planting, 
live hedges, living fences, soil conservation 
hedgerows, alley cropping, roadside planting, 
woody strips   

4. Animal agroforestry   grazing or browsing in wooded or forested land, 
tree planting in rangeland, animal feeding with 
collected, browse, browse banks   

5. Sequential agroforestry   shifting cultivation, tree-improved fallows   

6. Minor agroforestry techniques   Sericulture (silk farming), lac production, 
apiculture with trees, tree-based aquaculture   

   
2.2 Resource availability and capture by plants in agroforestry systems  

Availability and utilisation of resources such as water, nutrients and light are the primary factors 

that determine both growth and interaction of plants in a system. The capacity to capture and 

use these resources depends on the type of plants involved, i.e., different species have different 

abilities to capture resources (García-Barrios and Ong 2004). Thus, intra- and inter - specific 

interactions in agroforestry systems are much more complex than monoculture cropping or 
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forestry systems due to the complex nature of  the  interactions and varied arrangements of 

components in agroforestry (Suresh and Rao 1998).    

Positive (complementary) and negative (competitive) interactions occur in both simultaneous 

(e.g. parklands and home gardens) and sequential (e.g. shifting cultivation) agroforestry 

systems. For example, below ground complementary interaction occurs when trees increase 

resource use by understory plants (Tanga et al. 2014) and/or when deep rooted trees use 

resources which are far below the reach of crop roots, thereby increasing the resource use by 

the whole system (Schroth 1998).  Competition occurs when growth and productivity of crops 

is hindered by exploitation of limited resources by trees. Complementary interaction also occurs 

in sequential agroforestry. For example, improved fallows, consist of deliberately planted 

legumes (nitrogen fixing plants) as part of a crop–fallow rotation; the food crops grown 

following the legumes could benefit from improved soil conditions by the legumes (Sileshi et 

al. 2008).    

Complementary and competitive interactions are determined based on below ground and/ or 

above ground resource availability, capture and use by plants (Van Noordwijk and Lusiana 

1999). The potential benefits of trees may be reduced by their adverse effects on crops, such as 

allelopathy, competition for limited resources, intensive shading, and harbouring of disease, 

pests and weeds (Jagger and Pender 2003; Kohli and Saini 2003; Rizvi et al. 1999). For example, 

in a semi – arid agroforestry system in Kenya, considerable delay in germination and 

subsequent reduction in maize growth have been observed due to below-ground competition 

for water (Odhiambo et al. 2001). Gao et al. (2013) also identified competition for water as the 

major reason for poor productivity of crops in the apple-soybean and apple-peanut 

intercropping systems of China. Severe shading by overstorey trees could have a negative 

impact on understory crop production. For example, Jonsson et al. (1999) reported that shading 

to 50% could have a negative impact on crop production, particularly for C4 species like maize, 

since C4 species show a curvilinear light response with increasing radiation and photosynthesis 

per second will be less under the tree canopy.    

2.3 Potential effects of trees on food production and livelihoods   

A summary of the effects of trees on food production (crop productivity) and livelihoods is 

shown in Figure 2.1. The relative negative and positive impacts of trees in agroforestry systems 
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depend on type of species and management involved; and can change with tree age, size and 

density (Pardon et al. 2018). These variable effects call for more process – oriented work aiming 

at separating the various impacts (Jonsson et al. 1996) and consequently selecting species and 

management practices that maximise the beneficial impacts of trees on agroforestry system 

(Jonsson et al. 1996; Siriri et al. 2010; Wanvestraut et al. 2004).   

 

 

 

 
 

Fig 2.1. F.albida and maize agroforestry systems conceptual diagram, showing the positive and 

negative interactions and management options.  

 

2.3.1 Soil improvement by trees   

The benefits of trees to improve the soils they are grown on is well documented in some cases 

(Nair 2007; Noumi et al. 2011). The mechanisms by which trees improve soil conditions 

include increased inputs (organic matter by litter and root residue decomposition, nitrogen 

through biological nitrogen fixation by nitrogen-fixing trees) and increased nutrient availability 

by nutrient uptake from below the reach of crop roots by deep-rooted trees. Furthermore, trees 
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enhance soil quality by improving soil physical conditions, increasing soil biological activities 

and reducing soil fertility loss by controlling erosion and nutrient leaching (Buresh and Tian 

1998; Young 2012).   

The importance of trees, to enhance soil organic matter has been demonstrated (Wanvestraut et 

al. 2004). For instance, Lee and Jose (2003) examined soils under pecan (Caryaillinoinensis) – 

cotton (Gossypium hirsutum) alley cropping systems in Southern USA and found that soil 

organic matter and microbial biomass were higher in the alley cropping systems relative to 

monoculture cotton. In a long-term trial in southern Malawi, Gliricidia (Gliricidia sepium)/maize 

intercropping system were associated with increased soil organic matter relative to sole maize 

(Beedy et al. 2010). In another study, Makumba et al. (2007), reported that soil organic matter 

was increased in Gliricidia/maize intercropping systems following twelve years of continuous 

cropping.   

 

Increased soil organic matter under trees plays many significant roles in soil fertility 

improvement including maintaining good soil physical properties such as higher water-holding 

capacity, permeability and aeration (Saxton and Rawls 2006; Smolander et al. 2005). Soil 

organic matter also enhances soil chemical properties through protection of base cations from 

leaching, improvement of ion-exchange capacity and higher recycling and supply of nutrients 

(Jose 2009; Schroth and Sinclair 2003).   

Similarly, nitrogen fixation by trees and herbaceous legumes has long been a recognised way 

of overcoming soil nutrient depletion (Akinnifesi et al. 2011; Nair 2007). Agroforestry systems 

with N fixing trees; such as intercropping and improved fallows, can add 46- 140 kg N ha _1 y 
_1 to the cropping system (Rosenstock et al. 2014). However, the extent of soil N change is 

species and environment dependent (Verchot et al. 2008). Quantifying the amount of nitrogen 

fixed is constrained by factors including varied N2 fixing status of different species, long and 

varied N assimilation pattern of trees, and logistic problems of dealing with older trees (Boddey 

et al. 2000).    

2.3.2 Land rehabilitation    

Agroforestry and other tree – based systems typically reduce soil erosion as they improve soil 

structure, provide soil surface cover and reduce wind and hill-slope erosion (McIvor et al. 2011) 
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and runoff by means of barriers (Nair et al. 1995; Young 2012). The potential of the systems to 

rehabilitate degraded land and conserve soil and water have also been well recognized (Nair 

2011). For example, a watershed study in north eastern Missouri, USA, compared the effect of 

agroforestry and control treatments on runoff, sediment, and nutrient losses (Udawatta et al. 

2002). The agroforestry treatments included trees plus grass buffer strips; and the control 

treatments include; corn, (Zea mays L.) – soybean (Glycine max L.) rotation. The results show 

that the agroforestry treatments were associated with less runoff than the controls. Those 

treatments also reduced total phosphorous loss by 17% and total nitrogen loss by 37%.    

Based on study in central Kenya, Angima et al. (2003), reported significant reduction in soil 

erosion with contour hedgerow systems consisting of calliandra (Calliandra calothyrsus) – 

Napier grass (Pennisetum purpureum). Depending on the slope, the contour hedges conserved 

more soil, ranging from 168 Mg ha−1 – 146 Mg ha−1 compared to the control plots. The 

hedgerow systems also were found to significantly reduce loss of nitrogen and phosphorous, 

particularly in the 20% slope. Similarly, a combination of napier grass with either calliandra or 

leucaena hedgerow systems was reported to reduce soil erosion, improving soil fertility and 

crop yield in arable steep - lands of the central highlands of Kenya (Verchot et al. 2008). Siriri 

et al. (2006) investigated the impact of fallow agroforestry systems (Alnus, Calliandra, and 

Sesbania systems) on infiltration and subsequent runoff on the degraded high land areas of 

southwester Uganda. Results of the study revealed considerably higher infiltration under 

agroforestry systems compared to the control that resulted in reduced runoff.    

2.3.3 Carbon sequestration   

Many studies have demonstrated the potential of agroforestry systems for carbon storage. 

Expected changes in  climatic variables  (such as temperature, radiation and Rainfall), will 

reduce agricultural productivity particularly in sub - Saharan Africa (Di Falco et al. 2011)  

Agroforestry systems have the potential to mitigate climate change through carbon 

sequestration (Kandji et al. 2006b). Agroforestry is also considered to have a higher potential 

to enhance the adaptive capacity of agricultural systems because of the ability to improve soil 

water storage, enhance rainfall use efficiency of associated crops and modify microclimate 

(Jonsson et al. 1999; Kandji et al. 2006b; Smith et al. 1999).   
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The potential for agroforestry systems to sequester carbon depends on a number of factors, such 

as species composition and age, and environmental conditions (Feyisa et al. 2018; Smith et al. 

2013). Studies on Faidherbia albida trees in parkland agroforestry systems of the West African 

Sahel have demonstrated that the parklands can store substantial amounts of carbon in their above 

ground (about 54 Mg C ha-1) and belowground (about 25 Mg C ha-1) biomass (Takimoto et al. 

2008). Similarly, a study by Beedy et al. (2016) show that F. albida trees in parkland agroforestry 

systems of Malawi, can store an average biomass carbon of 6.14 (tC/ha). Moreover, various 

studies found greater soil organic carbon stocks under agroforestry systems than other tree-less 

land use systems (Lorenz and Lal 2014; Soto-Pinto et al. 2010). For example, Demessie et al. 

(2016) reported that soil carbon stocks are higher in the parkland agroforestry system than in 

adjacent farmlands in the Gambo district of Southern Ethiopia.    

Carbon sequestration potential of  gliricidia - maize intercropping systems in southern Malawi  

was studied by Makumba et al. (2007). They found that carbon sequestered in the topsoil (0 – 20 

cm) of this system was 1.6 times more than in sole – maize systems,  following addition of tree 

pruning material for ten consecutive years. Luedeling et al. (2011), reviewed varies studies on 

the biological, technical, economic and practical potential of agroforestry systems to sequester 

carbon for the West African Sahel, East Africa, and Southern Africa. They concluded that above 

- ground carbon sequestration potential of agroforestry systems have been better estimated than 

the soil (below-ground) carbon stocks under the systems. Furthermore, the review suggested the 

need for studies on the economic value of carbon sequestration by agroforestry systems in Africa.   

2.3.4 Microclimate amelioration by trees    

Studies have demonstrated the impacts of agroforestry systems on microclimate conditions 

(temperature, radiation, wind speed and humidity) and growth of understory crops (van 

Noordwijk et al. 2014). For example, Tanga et al. (2014) reported that compared to an open 

control area, the below canopy mean maximum air temperature was reduced by 6.3, 6.7 and 

7.3°C at 2/3 crown radius of Acacia tortolis, 1/3 crown radius of Balanites aegyptlaca and 1/3 

crown radius of Acacia tortilis, respectively. Jonsson et al. (1999), outlined that millet seedlings 

under the canopies of karate and néré trees were less exposed to excessive temperature of above 

40°C with only 1-9 h week–1 compare with 27 h week–1 in the open field. Similarly, a study by 

Kohli and Saini (2003) in northern India showed that air temperature under the canopies of 

Eucalyptus tereticornis was lower compared with the open control. Higher air humidity and 
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lower rate of soil evaporation also are usually observed under tree canopies (Jonsson et al. 1999; 

van Noordwijk et al. 2014).   

Faidherbia albida trees can modify microclimate conditions and influence the growth of crops 

under tree canopies. For instance, Vandenbeldt and Williams (1992b) reported that pearl millet 

(Pennisetum glaucum) production was increased under F. albida trees due to lower 

temperatures beneath tree crowns during seedling establishment. A study in the Central Rift 

Valley of Ethiopia demonstrated that wheat crop yield was greater under F. albida tree canopies 

compared to open crop-only plots due to improved nutrient (N) availability and reduced heat 

stress under trees (Sida et al. 2018b). In contrast, some studies report lower maize (Zea mays) 

and green gram (Phaseolus aureus) crop yields under densely stocked F. albida stands 

compared to crop-only plots, as a result of shading by the tree canopy (Jama and Getahun 1991).   

Microclimate amelioration by shade tree in coffee agroforestry systems, also are explained 

mainly by a reduction of heat-induced stress in the plant and a lengthening of the maturation 

period of coffee berries (Vaast et al. 2006). However, shade effects depend on environmental 

conditions and management (Cerda et al. 2017). Thus, it is necessary to accurately predict the 

relations between shade and coffee productivity (Cerda et al. 2017). For example, a study in 

small-scale Peruvian coffee systems demonstrated that intercropping coffee with shade trees, 

agroforestry systems, could perform equally well or better than unshaded plantations with high 

input levels (Jezeer et al. 2018). They outlined that coffee agroforestry systems enhance 

economic performance of smallholder farmers, as income from other products, e.g., sale of 

timber, could provide an opportunity to increase their economic resilience without 

compromising ecological sustainability such as biodiversity conservation and the associated 

ecosystem services.   

2.3.5 Fuel   

Biomass fuels are a source of energy for the rural people in developing countries (Shwetha et 

al. 2013). Small-scale farmers in Africa remove large quantities of nutrients from their fields; 

a large share of the biomass available to farms, including wood, crop residue and livestock 

dung, is used as fuel (Iiyama et al. 2014; Noulekoun et al. 2017). This situation has resulted in 

a very high depletion of soil fertility and low crop production in Africa (Sanchez 2002). Forest 

degradation has resulted in rising price and decreasing supply of fuel wood which in turn has 
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led to the cultivation of fast growing tree and shrub species in agroforestry systems to 

supplement the availability of fuel wood (Jamnadass et al. 2013). Agroforestry trees and shrubs 

including Calliandra calothyrsus, Gliricidia sepium, Leucaena diversifolia, Senna spp., 

Sesbania sesban and Tephrosia vogelii have been reported to play a vital role in providing fuel 

wood (Ndayambaje and Mohren 2011; Shwetha et al. 2013). Many studies reported that less 

time and money is spent to collect and purchase firewood when smallholder farmers practice 

agroforestry (Jamnadass et al. 2013).   

  
2.3.6 Livestock   

Livestock are an integral part of most agricultural systems in tropical countries. They play 

crucial role to rural livelihoods; including provision of animal products and the cycling of 

nutrients through manure (McDermott et al. 2010; Rufino et al. 2011). However, in many parts 

of the region, livestock depends heavily on crop residue for feed and; livestock production is 

limited by inadequate amounts and low feed quality especially during dry seasons (Mokoboki 

et al. 2005; Van et al. 2005). Trees can positively impact  livestock production by reducing the 

requirement of energy for maintenance due to shelter (as energy expenditure is increased by 

excessive heat or cold); altering grazing behaviour and providing foliage or fruit, which 

supplements livestock intake from pasture (Bird et al. 1992; McArthur 1991). Multipurpose 

trees and shrubs in agroforestry systems play a vital role in providing high quality feed to 

grazing animals (Aganga and Mosase 2001; Sanon et al. 2008) and reduce the gap between 

demand and supply of fodders (Datt et al. 2008).    

Crude protein is important for high quality animal feed. A study in southern Africa estimated 

that leaves from acacia (Acacia karroo, Acacia nilotica, Acacia tortilis, Acacia galpinii, Acacia 

sieberiana, Acacia hebeclada and Acacia rhemniana) contain crude protein content ranging 

from 103 g/kg to 183 g/kg which is sufficient to support maintenance requirements of cattle, 

sheep and goats at low to medium production levels (Mokoboki et al. 2005). Compared to 

commercial livestock feeds, higher crude protein per biomass was observed in leaves of 

Elaeagnus angustifolia (177 g kg-1) and for Gleditsia triacanthos (226 g CP kg-1) (Djumaeva 

et al. 2009). Sanon et al. (2008), found significant variation in the chemical composition of 

leaves and green pods of three browse species including Acacia senegal, Pterocarpus lucens 

and Guiera senegalensis. Combination of A. senegal leaves and pods with high crude protein 
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content, and P. lucens leaves had resulted in good intake characteristics and high nutrient 

digestibility. A study by Kabi and Bareeba (2008), demonstrated that cutting Calliandra 

calothyrsus and Morus alba at a frequency of 2 and 4 months improves the nutritive value of 

the tree. Thus, it can be concluded that it is important to manage and select the most optimal 

tree species in order to enhance their benefits to supplement animal feed (Datt et al. 2008; Kabi 

and Bareeba 2008) as well as improve crop production.    

  
2.3.7 Tree products and Impacts on livelihoods     

The economic potential of tree products derived from smallholder agroforestry systems are not 

adequately quantified (Garrity 2004; Jamnadass et al. 2013) despite their contributions to the 

rural economy, employment and poverty alleviation. Most forest - product markets, market 

institutions and policies seem to support large scale natural and plantation forests (Scherr et al. 

2004). Yet, tree commodity crops including cacao from (Theobroma cacao), coffee primary 

from (Coffea arabica) and tea from (Camellia sinensis) have been playing a vital role in the 

economy of many African and Asian countries (Garrity 2004; Jagoret et al. 2011).    

Agroforestry tree products, timber and non – timber forest products that are sourced from trees 

grown outside forests, have been recognised to improve the livelihood of rural societies (Kalaba 

et al. 2010). Domestication and commercialization of agroforestry tree products can aid in the 

effective utilisation of agroforestry systems, if the local people participate in selecting and 

managing trees (Asaah et al. 2011; Dawson et al. 2009). Furthermore, environmental economic 

analysis aiming at quantifying and facilitating payments for agroforestry  ecosystem services 

such as carbon sequestration and biodiversity conservation (Roshetko et al. 2007) can be 

employed to enhance the livelihood of smallholders (Alavalapati et al. 2004).    

2.4 Soil fertility and crop performance in Faidherbia albida agroforestry systems   

Agroforestry parklands, dominated by scattered mature Faidherbia albida trees, are a common 

land-use in sub-Saharan Africa. Faidherbia albida is adapted to a wide range of soils and 

altitudes ranging from 270 m below sea level to over 2000 m above sea level (Barnes and Fagg 

2003; Hadgu et al. 2009). It has been effectively managed in agroforestry parklands for its 
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numerous provisioning and regulating ecosystem services (Iiyama et al. 2017; Sinare and 

Gordon 2015) and socio-cultural values (Wahl and Bland 2013).    

These Faidherbia systems play an important role in improving soil fertility and crop production 

(Garrity et al. 2010; Sida et al. 2018b). For example, Kamara and Haque (1992) examined the 

lateral and vertical impact of Faidherbia albida on vertisols of Ethiopian highlands. They found 

that soils under the tree canopies had higher organic matter, nitrogen (N), phosphorous (P) and 

potassium (K) than the soils outside the tree canopies for all directions and depths analysed.  

Higher concentration of silt and available water capacity was also observed under the tree 

canopies than outside. Similarly,  Rhoades (1995) reported 1.5 to 3 times higher N availability 

beneath tree canopies than in the open sites and 4 - 50% increase in soil moisture of the top 0 - 

15 cm soil layer under the tree canopy compared to the open site. The mechanisms that improve 

soil nutrient concentrations under F. albida is debatable (Barnes and Fagg 2003). Some studies 

argue that the factors for increased soil fertility under F. albida include deep capture and 

recycling of nutrients, and symbiotic and asymbiotic N fixation (Umar et al. 2013). Other 

authors have argued that improved soil fertility under tree canopies is due to lateral 

redistribution of nutrients, by domestic and wild animals, tree roots, and wind erosion, or due 

to pre-existing greater soil fertility conditions favoured by establishing tree seedlings (Geiger 

et al. 1994).     

A fertilizer and shade experiment in Niger agroforestry system was conducted to separate the 

effect of Faidherbia albida from that of the resources required for crop growth (light, water 

and nutrients). The study demonstrated that radiation was reduced, by about 50%, under the 

canopy of Faidherbia albida relative to the open sites. However, the negative impact of shading 

was offset by the increased availability of water and soil nutrients under the trees compared to 

crops with no trees. Thus, the higher crop yield under Faidherbia albida was attributed to its 

net positive impact on soil moisture and fertility (Kho et al. 2001). In another study, the 

modification of soil temperature at the time of seedling establishment has been reported to 

result in improved millet crop yield under the tree (Vandenbeldt and Williams 1992b).  A study 

in Hararghe highlands of eastern Ethiopia reported that grain yield of sorghum and maize grown 

under Faidherbia albida have been increased by 76 and 36%, respectively, relative to crops 

grown in the open area (Poschen 1986).    
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The apparent positive nutrient effect of F. albida on crop production is more pronounced in 

conditions of low soil fertility (Beedy et al. 2016). A study in Nigeria indicated that the higher 

yields of the plants, sorghum vulgare L. and Leucaena leucocephala L., under Zeziphus 

spinachristi than Faidherbia albida were attributed to the higher level of available P under 

Zeziphus spina - compared to Faidherbia  albida ; as the higher level of N under both trees 

seemed to suggest that N was not limiting factor to soil productivity (Verinumbe 1993).   

Some studies reported negative or no effects of Faidherbia on some crops. Such outcomes of F. 

albida effects on crops can be explained by variations and complex interactions of factors such 

as tree age, soil characteristics, water regime and climate (Barnes and Fagg, 2003). For instance, 

Chamshama et al. (1998) observed that intercropping of maize with Leucaena leucocephala 

and Faidherbia albida did not increased crop yield despite the high mulch production of 

Leucaena leucocephala and the improved soil fertility conditions under the Faidherbia albida 

tree. The study suggested the need to further investigate other suitable species for alley cropping 

in the semi - arid areas of Morogoro, Tanzania. A study in Cameroon, by Harmand and Njiti 

(1992) reported a reduction in yields of groundnut (Arachis hypogaea L.), cotton (Gossypium 

sp.) and sorghum by 34%, 11% and 40%, respectively when grown under Faidherbia. This was 

attributed to the high tree density (500 trees ha-1), which hindered ploughing operations; and 

small tree crowns and low foliar biomass production due to young age of trees (5 years) 

(Harmand and Njiti 1992).    

2.5 Agroforestry practices for managing tree - crop interactions   
2.5.1 Controlling competitive ability   

2.5.1.1 Spatial layout    

The common spatial arrangements of plants in agroforestry includes mixed stands such as in 

home gardens, trees on farmland, hedgerows, and boundary plantings (Table 1; (Nair 1985). 

Knowledge of the various spatial arrangements and their impact on the interactions of system 

components is important for designing and managing agroforestry systems (Sinclair 1999). 

Bertomeu (2003) reported that timber yields on hedgerows with 1 x 10 m spacing were greater 

compare to woodlots with 2 x 2.5 m spacing, the hedgerow systems promote greater diameter 

growth as trees benefit from a better light regime. In Eastern China, intercropping of maize, 

beans and ginger with a 7 - year old plantation of Paulownia elongata at a spacing of 15 m x 5 

m reduced crop yields except ginger (Newman et al. 1997). They concluded that crop yields 
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could be improved by reducing tree population density (i.e. by increasing tree row spacing) and 

by more intensive crown pruning.    

Similarly, a study in Canada, investigated the influence of trees (hybrid poplars) on crop yield 

in intercropping systems. The experiment was designed to compare the combined effects of 

tree clones (TD-3230, DN-3308, NM-3729), orientation of the tree rows (East, West) and 

distance from the trees. The results showed that variations in tree clones and orientation 

considerably affected crop yield; for example, soybean yield with NM-3729 or DN-3308 was 

significantly higher than that with TD-3230, on the east side of the hybrid poplars  row (Rivest 

et al. 2009). Beside species selection and other management practices, tree spacing and tree 

row orientation can be employed to maximise productivity of agroforestry systems (Newman 

et al. 1997; Reynolds et al. 2007).    

2.5.1.2 Crown pruning   

Like spacing, crown pruning is one of the methods to manage amount of light / shading in 

agroforestry systems. These systems exhibit positive and negative interactions among the 

components; competition for light is one of the factors that influence understory crop 

productivity in agroforestry systems (Lott et al. 2009). Shoot pruning can be used as a 

management tool to increase understorey light and thereby maximise the benefit of trees in 

agroforestry systems (Smith et al. 1999).    

Several studies showed that intercepted solar radiation by understory crops is lower compared 

to crops grown in open areas (Bayala et al. 2002). In Central Himalaya, India, Semwal et al. 

(2002) studied the influence of shoot pruning on the productivity of intercropped food crops 

with different trees during winter and warm rainy seasons. The study indicated that only 16 and 

12 % of estimated PAR was available to winter and warm rainy season crops grown under full 

canopy trees respectively. They concluded that pruning of trees to 50 - 75% can be a viable 

option to increase the productivity of the system.    

2.5.1.3 Root pruning    

As well as the aboveground competition for light outlined above (section 2.5.1.2), belowground 

competition and/or complementarity also influences productivity and sustainability of 
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agroforestry systems. These positive and negative interactions between trees and crops depend 

on the root and its associated rhizosphere of the system (Livesley et al. 2004). Facilitation 

benefits of tree roots in agroforestry systems include, nutrient cycling, interception of leached 

nutrients and the physical improvement of soil (Schroth 1998), and forming symbiotic 

associations with soil organisms such as arbuscular mycorrhizal (Bainard et al. 2011), which is 

believed to increase access to mineral nutrients by plants and tolerance to drought (Augé 2001), 

and heavy metals (Joner et al. 2000). On the other hand, belowground competition for nutrients 

and water is most likely to occur when tree and crop roots occupy the same soil strata (Van 

Noordwijk and Lusiana 1999).   

Most plant species tend to concentrate their fine roots in the top 10 – 30 cm, though different 

plant species exhibit different root distribution patterns (Jose et al. 2006). For instance, the root 

systems of Grevillea robusta , Senna spectabilis (senna) and Zea mays L. (maize) in tree row 

agroforestry systems of western Kenya were found to concentrate in topsoil and generally 

decrease exponentially with depth (Livesley et al. 2000). Smaller root length was observed for 

maize grown at 0.75 - 1.5 m from the tree rows than at 4.5-5.5 m, which may be attributed to 

competition for resources among the components or allelopathic growth inhibition by the trees. 

Tree management practices can be utilised to maximise complementarities and reduce 

competition between trees and crops (Schroth 1998). For instance, Wanvestraut et al. (2004) 

observed that pecan (Carya illinoensis) and cotton (Gossypium hirsutum) developed 57 - 58 % 

of  fine roots in the upper stratum (0 - 30 cm) in non-root barrier treatments while the barrier 

treatments had only 30 - 42% of the fine root biomass occupying the same stratum, which led 

to higher (35%) cotton yield in the barrier treatment than the non-barrier treatment. The study 

suggests that below ground competition could be minimised when root barrier was used.    

As well as impacting light, shoot pruning can alter belowground interactions of trees and crops 

in agroforestry systems (Bayala et al. 2004). For instance, a study on water use of a Grevillea 

robusta - based agroforestry system in semi-arid Kenya, demonstrated that heavy shoot pruning 

resulted in improved water availability to crop roots, as tree water demands were reduced 

concomitant with  less tree leaf area (Jackson et al. 2000). Similarly, Bayala et al. (2004), 

reported that crown pruning reduced root length density of néré and karate trees on the upper 0 

- 10 cm soil layer resulting in reduced belowground competitive effect of trees on associated 

crops in a parkland agroforestry system in Sapon´e, Burkina Faso. A study on the effects of 

shoot pruning, fertilization, and root barriers around Leucaena leucocephala trees on 
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intercropped sorghum and cowpea crop yield showed that crop production was higher for crops 

grown with pruned trees compared to unpruned trees. The fact that root barrier treatments did 

not significantly affect crop production signifies the importance of above ground competition 

over below ground in the agri-silviculture system of semi -  arid India (Osman et al. 1998).   

Combined root and shoot pruning may have positive or negative effects on crop production. A 

study in south west Uganda, by Siriri et al. (2010), compared the impact of tree species and 

pruning levels on crops grown on bench terraces. The objectives of the study were to explore 

the impact of trees on the upper terrace on crops grown on adjacent terrace and evaluate the 

role of shoot and or root pruning in reducing the competitive impact of trees on adjacent crops. 

The treatments contained Alnus acuminata (alnus), Calliandra calothyrsus (calliandra), 

Sesbania sesban (sesbania) or a mixture of all species grown on the upper part of bench terraces 

as main plots and various pruning regimes (shoot, root + shoot and  root pruning) as sub plots. 

Beans or maize were grown on the more fertile lower terrace. The results of the study indicated 

that maize yield was improved by the combined impact of root + shoot pruning of all the tree 

species while bean yield had not been significantly affect by shoot or root pruning. This 

highlighted the need to select species and the associated management practices to enhance the 

productivity of agroforestry systems.    

2.5.2 Increasing resource supply   

2.5.2.1 Nutrients   

Declining soil fertility, mainly due to high rate of soil erosion, nutrient removal, leaching and 

continuous cultivation without adequate replenishment of plant nutrients is a major constraint 

to crop production in Sub - Saharan Africa (Drechsel et al. 2001; Koning and Smaling 2005; 

Symeonakis and Drake 2004). As previously outlined in section 2.1.1.1, the role of agroforestry 

in improving soil fertility has long been recognised (Buresh and Tian 1998; Garrity 2004; Nair 

2011). However, studies also indicated that competition of nutrients and water between trees 

and crops could adversely affect crop yield particularly when resources are scarce and trees 

have a well - established root systems (Gao et al. 2013; Jose et al. 2000; Oliver et al. 2005; Rao 

and Mathuva 2000).   

Application of organic inputs from trees and inorganic fertilisers could be an effective 

mechanism to control competition and increase availability of nutrients to plants (Nziguheba et 
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al. 2002; Vanlauwe et al. 2001). Organic fertilisers from grasses, crop residue and animal 

manure compost, combined with chemical fertilisers such as NPK and urea are usually applied 

to enhance productivity of coffee farming in Rwanda (Nzeyimana et al. 2013). A study in the 

central rift valley of Ethiopia found that application of green manure from Croton 

macrostachyus and  Cordia africana in combination with chemical fertiliser (urea) has been 

reported to improve maize yield (Teklay 2005).   

In a maize/ pigeon pea intercropping system in semi – arid Tanzania, increased yield and 

nutrient content of both maize and pigeonpea were observed after the application of fertilisers 

(80 kg N ha_1 and 40 kg P ha_1) compared to the unfertilised treatments (Kimaro et al. 2009). 

Trees and shrubs planted in hedgerows were assumed to provide about 18.4 Mg ha−1 of pruned 

material which is high enough to maintain crop production (Jordan 2004). On the other hand, 

Rao and Mathuva (2000) outlined that despite its benefit to increase crop yield, green manuring 

was not economical due to high labour costs for production and application of pruned material.  

Adoption of agroforestry practices such as intercropping and crop rotation with legumes is also 

constrained by limited land and high cost of leaving land fallow for two years (Mafongoya et 

al. 2006). Thus, combined application of chemical fertilisers and organic matter could provide 

a better alternative to improved crop yields (Mafongoya et al. 2006; Nezomba et al. 2015; 

Vanlauwe et al. 2001).    

    

The positive complementarities between inorganic and organic fertilisers as well as production 

of trees, crops and livestock should be reinforced through integrated resource management 

(Marenya and Barrett 2007).    

   

2.5.2.2 Water   

Water is a major factor that limits plant growth in arid and semi – arid areas. Agroforestry can 

improve both availability and efficiency of water use by a system (Ong and Swallow 2003). 

Greater water use by the system is achieved when trees utilise off - season rainfall, water from 

deeper soil zones and/or when the proportion of rainfall used for transpiration is increased as a 

result of reduced evaporation, runoff and deeper percolation. Trees can also improve water 

productivity (the ratio of biomass or yield over volume of water depleted) of a system (Wallace 

2000) as a result of microclimate modifications such as higher humidity under tree canopies 

(Ong and Swallow 2003).   
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On the other hand, competition for water between trees and crops has been observed which can 

reduce crop yield particularly in arid and semi – arid regions where water is the primary limiting 

factor (McIntyre et al. 1997; Wanvestraut et al. 2004). In order to enhance water availability to 

plants and moisture availability in deeper layers of soil profile, runoff water can be harvested 

and used to supplement rainfall (Droppelmann et al. 2000). Abdelkdair and Schultz (2005) 

reported that soil moisture was greater in agroforestry systems where run – off was harvested 

and channelled into micro - catchments relative to control plots without micro - catchments. A 

study in an alley cropping systems with Acacia saligna and Sorghum bicolor in northern Kenya 

demonstrated that following flood irrigation, water use efficiency was greater in hedgerow 

agroforestry systems than monocultures as trees take up water from deeper soil layers in the 

former systems (Lehmann et al. 1998). Increased water availability following irrigation may 

also facilitate several processes that enhance nutrient availability to plants (Bertomeu 2003; 

Lehmann et al. 1998).    

2.6 Systems modelling   
As seen in the previous sections, there are many factors that impact the productivity of 

agroforestry systems. A process-based modelling approach is useful to predict systems 

performance; this is modeled as a response to factors such as soil, climate or management, 

which affect system processes, such as, nutrient uptake, photosynthesis, or competition for 

resources (Luedeling et al. 2014; Malézieux et al. 2009). However, the nonlinear behaviour of 

agroforestry systems cannot be accounted for by modelling system components (e.g. trees, 

crops and soils) independently (Malézieux et al. 2009). Thus, models for these components 

need to be closely linked to allow simulation of the overall system (Luedeling et al. 2014). As 

outlined in section 5.3, modern crop modelling frameworks can provide a means for integrating 

diverse models into one unified model.     

  

2.6.1 Crops   

Crop models are numerical integrations of the interacting biological and environmental 

components of a plant system to simulate crop growth across a wide range of environmental 

and management conditions with the aid of computers (Hammer et al. 2006; Sinclair and 

Seligman 1996). The increasing need to predict crop production in relation to changing climate, 

genotype and management activities has resulted in the development and utilisation of crop 

models such as cropping systems simulator (CropSyst) (Stöckle et al. 2003), Decision Support 
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System for Agrotechnology Transfer (DSSAT) (Hlavinka et al. 2010), simulation model for 

nitrogen and carbon dynamics in agroecosystems (MONICA) (Nendel et al. 2011) and 

Agricultural Production Systems Simulator (APSIM) (Keating et al. 2003). The models have 

been serving various purposes including assisting crop management activities, providing 

decision making support to policy makers and aid in synthesizing research activities (Boote et 

al. 1996; Hochman et al. 2009; Rötter et al. 2012; Stöckle et al. 2003).   

   

2.6.1.1 Simulation of the response of crops to fertilisers using APSIM   

The Agricultural Production Systems sIMulator (APSIM) is a cropping systems simulation 

model, containing interconnected modules (Fig 2.2) to simulate the dynamics of soil, crop, tree, 

pasture and livestock biophysical processes of a system in response to environmental and 

management factors (Keating et al. 2003). The model has been widely applied in many areas 

ranging from genetic trait evaluation and crop choice to farming system designs in response to 

climate change (Sun et al. 2018) and socioeconomic constraints (MacCarthy et al. 2009).   

Various studies have evaluated the capability of APSIM to simulate crop growth and 

development in response to organic and inorganic fertiliser applications (Fang et al. 2007; 

MacCarthy et al. 2009; Shamudzarira and Robertson 2002). For instance, MacCarthy et al. 

(2009) tested the performance of APSIM to capture the response of sorghum yield to chemical 

fertilisers (nitrogen and phosphorous) and residue applications in homestead fields and bush 

farms of semi - arid Ghana. The results indicated that APSIM adequately predicted grain yield, 

total biomass and tissue N and P contents of total biomass. However, the model exaggerated 

the influence of low nitrogen input on crop penology (delayed time to flowering), which 

suggested the need to improve the models’ Nitrogen and Phosphorous stress factors affecting 

phenology. A study in sub-humid Ghana, Fosu-Mensah et al. (2012), evaluated the performance 

of APSIM to simulate the response of maize to various rates of nitrogen and phosphorous 

fertiliser applications under various climate conditions. The results demonstrated that APSIM 

model sufficiently simulated total biomass, grain yield and N and P uptake. The APSIM model 

can be employed in the planning of water and nitrogen management practices aiming at 

maximising crop production (Shamudzarira and Robertson 2002).    
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Fig 2.2: Conceptual representation of an APSIM simulation.  
  

2.6.1.2 Simulation of the response of crops to shading using APSIM   

Competition for solar radiation is one of the factors that limit understory crop production in 

agroforestry systems; as the amount of radiation reaching understory crops is reduced due to 

shade casted by trees (Semwal et al 2002; Siriri et al 2010). The APSIM model can be utilised 

to simulate competition interactions, including light, in agroforestry systems (Luedeling et al. 

2016). A study in  Australia by Robertson et al. (2001) demonstrated the reliable performance 

of APSIM in simulating the competition for light, nutrient and water between canola and wild 

radish species. Conversely, Knörzer et al. (2011) reported low maize yield prediction by 

APSIM in intercropping systems, wheat/maize or field pea/maize relay intercropping systems. 

They suggested that the CANOPY model used in APSIM may require further improvements to 

simulate the responses of crops to higher reductions in incident radiation.    

2.6.2 Trees   

Analysis of forest experiments have been made more accessible to researchers with the advent 

of modelling environments such as forest growth models. These models have been employed 

for forest research or management, but need continuous improvements by monitoring 

predictions and realisations (Vanclay 2006). Empirical models have been developed to estimate 
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forest growth based on historical measurements of forest (Fontes et al. 2006). However, they 

lack flexibility in their applications as they are site specific, provide accurate results to areas 

where sampling and measurements were taken and do not have the capacity to capture change 

in environmental conditions (such as climate and water availability) and management activities 

(Landsberg 2003; Monserud 2003).    

In order to overcome limitation of empirical models, process – based models have been utilised 

to predict forest growth and understand the factors that determine productivity such as 

photosynthesis, respiration, nutrient cycles, climate variabilities and water stress (Gaucherel et 

al. 2008; Monserud 2003). However, wider use of the models have been limited as calibration 

of the models require large amount of data and may produce output values which are of little 

interest to end – users including managers and policy makers (Battaglia et al. 2004; Jakeman et 

al. 2006). Thus, 3 – PG model, a simple process – based model which requires few data for 

calibration and can produce values of direct interest to end – users, has been developed and 

employed over a wider range of regions and climatic conditions  (Dye et al. 2004; Landsberg 

2003; Palma et al. 2007). A tree production modelling capability, eucalypt growth modelling 

framework (Huth et al. 2001) has been developed to APSIM (Agricultural Production Systems 

Simulator, http://www.apsim.info/). The model has been used to study, the impacts of effluent 

irrigation and saline water tables on eucalyptus plantations (Paydar et al. 2005) managing 

drought risk in eucalypt seedling establishment (Huth et al. 2008), and habitat value of eucalypt 

woodlots of varying design (Huth and Possingham 2007).     

2.6.3 Agroforestry models    

Agroforestry systems are more complex than monocultures of either a crop or a production 

forest. Thus, a combination of detailed field experiments with mathematical modelling is 

required to better understand the complex interactions between the components of agroforestry 

systems (Mobbs et al. 1998). Agroforestry models such as WaNulCAS (Van Noordwijk and 

Lusiana 1999) and HYPAR (Mobbs et al. 1998) have been developed and employed  to 

quantitatively predict the possible consequences of management practices and gradient in 

resources such as water, nutrient and light on systems’ performance (García-Barrios and Ong 

2004). Luedeling et al. (2014), outline that complex interactions that occur in agroforestry 

systems; high diversity and high data requirements to calibrate the models are the major 

challenges of current process – based agroforestry models. Building agroforestry modelling 

http://www.apsim.info/
http://www.apsim.info/
http://www.apsim.info/
http://www.apsim.info/
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capability into existing crop models such as APSIM would allow researchers to avoid 

duplications and concentrate on bridging the gap that hinder the ability to simulate complex 

agroforestry system (Luedeling et al. 2016). The APSIM Next Generation modelling 

framework (Holzworth et al. 2015) has been used to predict maize yield in gliricidia-maize 

agroforestry, in Kenya and Malawi (Smethurst et al. 2017). The study show that observations 

were well-simulated, indicating that this agroforestry model adequately represented tree-crop 

interactions in these agroforestry systems. They suggested that further testing of the model is 

warranted to explore tree-crop interactions under a wider range of environmental conditions.    

2.7 Maize production under F. albida trees and simulation in semi-arid areas of  

Ethiopia: knowledge gaps and research focus   

Maize is grown across a wide range of agro - ecological zones of Ethiopia. The crop is among 

the major crops grown by smallholder farmers in the semi – arid low rainfall areas of the country 

(Abebe et al. 2005). However, maize production in such semi – arid areas is constrained by low 

soil fertility (Bacha et al. 2001) and moisture stress, especially when a dry period coincides 

with the flowering period (Tilahun 1995). In these systems, farmers deliberately preserve 

several tree/shrub species, including F. albida trees,  for a variety of purposes such as fodder 

and wood production, soil fertility improvement and microclimate amelioration (Gindaba et al. 

2005; Mekonnen et al. 2009). Crop production can also be improved by the application of 

chemical fertilisers (Kho et al. 2001; Sileshi 2016). Di-ammonium phosphate (DAP) and urea 

are the two fertilizers most widely promoted by extension programs in Ethiopia (Fufa and 

Hassan 2006).   

Scattered F. albida trees found in cereal- based farming systems are characteristics of a large 

part of the Ethiopian agriculture landscape. The trees are deliberately associated with the 

agricultural environment because of their specific use. Studies on F. albida trees, in parklands 

of the CRV, have demonstrated positive effects of trees on crop yields, soil fertility, and 

microclimate (Kamara and Haque 1992; Sida et al. 2017). As shown in figure 2.2, crown pruning 

and application of fertilisers are common management options currently used by farmers in this 

parkland system. However, studies on the effects on crop productivity of those management 

practices are scarce.   
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The lack of understanding of the balance of positive and negative interactions between the ‘tree’ 

and ‘crop’ components, and their management options limits the ability to fully evaluate and 

assist farmers to improve farmland management practices (Bayala et al. 2008). Therefore, 

investigation of the effects of farm management practices such as pruning of F. albida tree 

crowns and the application of fertilisers on crop productivity is required to enhance the 

productivity of the systems. Researchers in the agroforestry systems of Ethiopia may use 

models such as, the APSIM tree-crop daily simulation model, in order to simulate tree-crop 

interactions and fertilizers, manures, wood, fuel, livestock, labour, and other socio-economic 

factors (Smethurst et al. 2017).    
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Chapter 3 Potential of the APSIM model to simulate impacts of 
shading on maize productivity   
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Abstract   

A number of agroforestry models have been developed to simulate growth outcomes based on 

the interactions between components of agroforestry systems. A major component of this 

interaction is the impact of shade from trees on crop growth and yield. Capability in the APSIM 

(Agricultural Production Systems Simulator) model to simulate the impacts of shading on crop 

performance could be particularly useful, as the model is already widely used to simulate 

agricultural crop production. To quantify and simulate the impacts of shading on maize 

performance without trees, a field experiment was conducted at Melkassa Agricultural 

Research Centre, Ethiopia. The treatments contained three levels of shading intensity that 

reduced incident radiation by 0 (control), 50 and 75% using shade cloth. Data from a similar 

field experiment at Machakos Research Station, Kenya, with 0, 25 and 50% shading were also 

used for simulation. APSIM adequately simulated maize grain yield (r2 = 0.97) and total 

aboveground biomass (r2 = 0.95) in the control and in the 50% treatments at Melkassa, and 

likewise in the control (r2 = 0.99), 25% (r2 = 0.90) and 50% (r2 = 0.98) treatments at Machakos. 

Similarly, APSIM effectively predicted the maize Leaf Area Index attained at the flowering (r2 

= 0.90) and maturity (r2 = 0.94) stages. However, APSIM under-estimated maize biomass and 

yield at 75% shading.  In conclusion, the model can be reliably employed to simulate maize 

productivity in agroforestry systems with up to 50% shading, but caution is required at higher 

levels of shading.   

Key words: Agroforestry, Leaf Area Index, Light, Modelling   
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3.1 Introduction   

Ensuring sustainable agricultural production through improved management and utilization of 

resources is a global interest that is particularly important in Africa. Declining soil fertility is 

the main cause of marginal agricultural productivity in smallholder farms in Africa (Greenland 

and Nabhan 2001), and productivity is vulnerable to climate change impacts. Agroforestry, 

which is deliberate integration of trees with food crop production (Atangana et al. 2014b), 

provides options to enhance agricultural productivity, as trees can improve soil fertility, 

moisture availability, and crop microclimate in some situations (Beedy et al. 2010; Nair 2007).   

Maize is one of the major crops grown by smallholder farmers in the semi – arid low rainfall 

areas of Ethiopia (Abebe et al. 2005). However, maize production in semi – arid areas is 

constrained by moisture deficit, especially when a dry period coincides with tasseling and 

silking stages (Tilahun 1995). In these systems, farmers deliberately preserve large numbers of 

trees or shrubs for a variety of benefits including soil and microclimate amelioration, firewood, 

fodder, fencing and cash income.    

Microclimate amelioration by trees can increase growth and productivity of understory crops 

(van Noordwijk et al. 2014), especially when meristem temperature persistently exceeds the 

optimum during periods of drought (Lott et al. 2009; Verchot et al. 2007). For example, study 

of the effects of trees on microclimate and soil fertility in the central Rift Valley of Ethiopia 

concluded that crop failure under some circumstances was due to extreme microclimatic 

conditions and can be prevented by incorporating trees into farm lands (Atangana et al. 2014b). 

Similarly, a study by Jonsson et al. (1999) showed that millet seedlings grown under Parkia 

biglobosa (Nere) and Vitellaria paradoxa (Karite) tree canopies were less exposed to excessive 

temperature (> 40℃ for only 1-9 h week-1) compared to crops grown in the open fields (27 h 

week-1). Conversely, excessive shading by tree canopies may have negative impacts on 

understory crops, especially C4 crops, like maize and sorghum. Kessler (1992) found that shade 

by scattered Parkia biglobossa (Nere) and Vitellaria paradoxa (Karite) trees reduced sorghum 

yield by 70 and 50%, respectively, compared to crop yields in open fields. Jonsson et al. (1999) 

assert that reduction of incident radiation, for example by 25%, could adversely affect crop 

production.   
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Predictive models, when combined with field experiments, provide the capacity to 

quantitatively synthesise our understanding of the complex interactions among various 

components of a production system. Various agroforestry models such as WaNuLCAS (Van 

Noordwijk and Lusiana 1999) and HYPAR (Mobbs et al. 1998) have attempted to simulate the 

impacts of management practices and gradients in resources such as water, nutrients and light 

on system performance (García-Barrios and Ong 2004). However, Luedeling et al. (2014) 

outline that the major challenges of these agroforestry models are the complex interactions that 

occur in these systems and high data requirements to calibrate the models. Incorporating an 

agroforestry modelling ability into existing crop models like APSIM (Agricultural Production 

Systems Simulator) (Holzworth et al. 2014) could provide an alternative for simulating 

complex agroforestry systems.  Doing so would allow researchers to avoid duplication of crop 

modelling efforts, and instead concentrate on bridging the knowledge gaps that hinder our 

ability to simulate systems which include trees  (Luedeling et al. 2014).   

The ability of APSIM to simulate crop performance in response to various management 

decisions such as irrigation and fertilization has been tested in many contexts (Holzworth et al. 

2014). Results of those studies show generally good agreement between predictions and 

observations (Fosu-Mensah et al. 2012; Holzworth et al. 2014; Shamudzarira and Robertson 

2002). However, the ability of the APSIM model to simulate competition for light in complex 

agroforestry systems has not been evaluated. This study aims to investigate the effects of 

shading on maize growth and development (under maize-only situations using artificial shading 

without trees) and to determine the extent to which the APSIM model adequately simulates 

those effects. The hypotheses of the study were; (a) proportional reduction in maize 

productivity would result from 0-75% shading, and (b) APSIM could adequately simulate these 

impacts on maize performance. Although there is ample evidence that crops and trees interact 

for water, nutrients and light, the focus of this research was to isolate the light effect by using 

data from only high water and nutrient availability conditions.   

   
3.2 Materials and methods   
3.2.1 Field experiment description: Melkassa, Ethiopia   

A field experiment was conducted in the Central Rift Valley of Ethiopia at Melkassa Agricultural 

Research Centre (MARC), located 115 km south-east of Addis Ababa. The Centre is located at 
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8° 24'N latitude 39° 12'E longitude, and is at an elevation of 1550 m above sea level. The location 

has a bimodal rainfall distribution, with mean annual rainfall of 763 mm. The short rainy season 

extends from March to May and the long rainy season from June to October. Annual mean 

minimum and maximum temperatures range between 14-28oC (Shenkut et al. 2013).  The soil is 

a deep and well-drained silty clay loam; classified as Haplic Andosol developed from volcanic 

parent material. Surface soil (0-30 cm depth) had approximately 0.31% organic carbon, 0.08% 

available nitrogen, pH 7.4 (1:2.5 soil:water ratio) and bulk density 1.3 g cm-3, 50% silt, 18% sand 

and 32% clay (Abebe et al. 2005; Araya et al. 2015). The experiment was conducted to investigate 

the effect of shading on maize productivity. It was set up as a randomised complete block design 

with six replications. The treatments were 0, 50 and 75% shading, i.e. unshaded or reduced 

incident radiation by 50% or 75% using spectrally neutral shade cloth, respectively. Plots were 3 

m by 4 m containing 4 inter-rows of maize with a spacing of 0.3 m within rows and 0.75 m 

between rows. The long side and row direction of the plot was in an east-west orientation. Shade 

cloth 3 m wide was erected at 2 m height over the plot and extended at 45o to 20 cm above ground 

at both the east and west ends of the plot to provide shade throughout the day. Shade cloth did 

not extend north or south beyond the 3 m plot boundary. Sidelight was measured using a light 

meter (AccuPAR LP-80, Decagon Devices) in the centre of one plot of an additional maize-free 

100% shade treatment at the perimeter of the experiment using black plastic; the measurements 

were taken for three consecutive days at 9:00 am, 10:30 pm, 12:00 pm, 1:30 pm, 3:00 pm and 

4:00 pm. Gravimetric water content of soil was determined by taking soil samples, using an auger. 

Soil samples were taken from two randomly selected locations in each plot at depths of 0–15, 

15–30, 30–60, 60-90 and 90-120 cm; at sowing, and flowering and physiological maturity stages. 

Samples for each plot and depth were bulked; and oven dried for 24h at 105⁰C.    

The maize variety “Melkassa-2” was planted on June 15, 2015, by placing seeds in a handmade 

furrow at a depth of 60 mm. Recommended rates of nitrogen and phosphorus fertilisers were 

applied (by broadcasting) to each plot. Nitrogen fertiliser (Urea, 100 kg N ha-1) was applied at 

sowing and half the rate of N was applied 10 days after sowing; while phosphorus 

(diammonium phosphate, 23 kg P ha-1 and 9 kg N ha-1) was applied at sowing only. Plots were 

irrigated (approx. 50 mm) weekly to prevent water stress and weeding was done manually.    

Dates for phenological stages were recorded when 50% of the plant population per plot attained 

emergence, anthesis and physiological maturity stages. Plant above ground biomass and grain 

yield of the crops in each plot were determined by hand harvesting all plants from the central 
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two rows of maize, each having row length of 4 m. Leaf area of plants was measured by 

harvesting three plants from each plot using a leaf area meter (LI-3100C, Biosciences) at 

flowering and physiological maturity stages. Leaf area index (LAI) was then calculated by 

dividing the total leaf area of the harvested plants by the ground surface area available for their 

growth (Bavec and Bavec 2002).     

3.2.2 Field experiment description: Machakos, Kenya   

Data on the response of maize to reduced radiation were taken from the literature for a similar 

experiment at Machakos Research Station, Kenya. The station is located about 80 km southeast 

of Nairobi (1⁰33‘S, 37⁰8‘E, 1560 m). The location has a bimodal rainfall distribution with 

annual mean rainfall of 782 mm; long rainy seasons extend from March to June, and short 

seasons from October to December. Annual mean daily minimum and maximum temperatures 

are 13.8 and 23.2 ⁰C respectively. The soil is a well-drained, shallow to moderately deep sandy 

clay loam classified as luvisols, based on FAO classification (Lott et al. 2009).    

The experiment had three treatments with four replicates, in which incident radiation in the 

maize-only plots (cv. Katumani composite) was reduced by 0%, 25% or 50% using spectrally 

neutral shade cloth. The size of each plot was 3 m x 4 m, and each plot was enclosed by a shade 

cloth supported initially 80 cm above the ground and raised as the maize grew taller. Maize was 

sown in the maize-only plots at a spacing of 1 m between and 0.3 m with in rows during the 

long 1994 and 1995 and short 1994 and 1995 cropping seasons. Sowing was assumed to occur 

within a sowing window of 1st to 5th March for long, and 1st to 5th November for short seasons 

each year. Maize biomass and yield were measured by harvesting four randomly selected plants 

in the central three rows of the plots at each cropping season (Lott et al. 2009).    

3.2.3 Model set-up   

The APSIM Next Generation model (Holzworth et al. 2014) was used to evaluate the impacts 

of shading on maize yield. Datasets for daily temperature and rainfall were obtained from the 

weather stations at Melkassa and Machakos research centers, and solar radiation data for 

Melkassa were obtained from a NASA (National Aeronautics and Space Administration) 

database. Soil and management in the model were based on measurements of organic matter, 

total nitrogen, pH, moisture, and bulk density; and management data included sowing date, 
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plant density, planting depth, irrigation and fertiliser. Plant phenology coefficients were 

obtained from local cultivar information (Table 3.1).    

The data on soil properties and management were used to parameterise APSIM. Soil properties 

such as initial available water and initial nitrogen concentrations were tuned for both sites 

(Table 3.2) at the 0% shading level to match observed and simulated yield, biomass and LAI. 

Ability of the model to simulate the response of maize to reduced radiation was then evaluated 

by reducing 25%, 50% or 75% of the total amount of radiation received per day provided in the 

meteorological data file of the APSIM model.    

Tuning of the model was required only for soil water (DUL and LL) and nitrogen parameters (NO3 

and NH4), which was justified as the values of several parameters were not provided in the 

literature. An iterative process of parameter adjustment was used for maize in unshaded treatments 

of each site. Parameters were adjusted within reasonable limits based on previous experience to 

achieve an approximate match between observed and predicted grain yield. Values provided in 

Table 3.2 are those arrived at by calibration (DUL, LL, NO3 and NH4) or as provided in the 

literature (Jama et al. 1995; Madegwa 2015; Nair 1986). The release version of the maize model 

was used, and therefore not recalibrated for plant parameters.  

 
Table 3.1: Genetic coefficients used for modelling maize at Melkassa (Melkassa-2) and 
Machakos (Katumani) that are provided in APSIM.   

  
Coefficient   

Definition   Values     

Melkassa   
(Melkassa- 2)   

Machakos   
(Katumani)   

tt_emerg_to_endjuv   Thermal time accumulation from seedling 
emergence to end of juvenile phase (℃ days)   

230   150   

tt_endjuv_to_init   Thermal time accumulation from end of 
juvenile to floral initiation (℃ days)   

0   0   

tt_flower_to_maturity   Thermal time accumulation from flowering to 
maturity (℃ days)   

710   660   

tt_flag_to_flower   Thermal time accumulation from flag stage to 
flowering (℃ days)   

10   10   

tt_flower_to_start_grain   Thermal time accumulation from flowering to 
start of grain filling (℃ days)   

160   120   
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Table 3.2: Soil properties used for modelling maize in Mekassa (Ethiopia) and Machakos (Kenya) 

sites.   

 Soil  Soil depth  
properties*  0-20  20-40  40-60  60-80  80-100  100-120  120-160  160-180  
Melkassa    

BD (g cm-3)  1.11  1.11  1.13  1.17  1.17  1.17  1.17  1.17  
SAT (mm mm-1)  0.54  0.45  0.45  0.45  0.45  0.45  0.45  0.45  
DUL (mm mm-1)  0.24  0.29  0.3  0.33  0.33  0.33  0.33  0.33  
LL (mm mm-1)  0.11  0.15  0.16  0.18  0.21  0.21  0.21  0.21  
OC (%)  0.85  0.83  0.81  0.76  0.74  0.74  0.74  0.74  
NO3 (ug g-1)  12.47  12.61  7.81  5.05  2.11  2.86  2.05  2.22  
NH4 (ug g-1) 
Machakos  

12.82  12.71  7.16  2.79  2.43  3.16  2.77  2.43  

BD (g cm-3)  1.35  1.35  1.4  1.4  1.4  1.4  1.4  1.4  
SAT(mm mm-1)  0.25  0.37  0.37  0.38  0.38  0.38  0.38  0.38  
DUL(mm mm-1)  0.19  0.2  0.22  0.24  0.24  0.24  0.24  0.24  
LL (mm mm-1)  0.05  0.08  0.08  0.15  0.17  0.17  0.17  0.17  
OC (%)  1.2  1.1  0.8  0.6  0.2  0.1  0.1  0.1  
NO3 (ug g-1)  5  2  0.5  0.5  0.2  0.2  0.1  0.1  
NH4 (ug g-1)  0.1  0.1  0.1  0.1  0.1  0.1  0.1  0.1  

  
*bulk density (BD), saturation (SAT), organic carbon (OC), drained upper limit (DUL), crop lower limit (LL), 
ammonium (NH4) and nitrate (NO3)  
 

3.2.4 Statistical analysis and model testing   

Field observations were analysed by analysis of variance (ANOVA) using the mixed procedure 

of SAS 9.4 (SAS Institute, 2013). Soil moisture, which was measured three times and leaf area 

measured twice, were analysed separately as repeated measurements. Significant differences 

(P< 0.05) between treatment means were determined by LSD (Least Significant Difference). 

Performance of the APSIM model in predicting grain yield, biomass and LAI was evaluated 

using the square of the correlation coefficient (R2) and graphically using 95% confidence 

intervals of prediction (SigmaPlot©). Relative biomass and yield were calculated as a fraction 

of the maximum simulated biomass or yield, i.e. under 0% shade. Data used for calibration 

were not included when calculating evaluation statistics for a combined comparison of both 

sites.    
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3.3 Results   
3.3.1 Biomass and grain yield   

There were no significant treatment difference in soil moisture at any depth when sampled, i.e.  

at planting and flowering (Fig.3.1, data shown for soil moisture measured at flowering) 

regardless of shading level. Light measurements under black plastic (100% shading) indicated 

that the amount of side light experienced under each treatment was a maximum of 19.4% of 

incident radiation, which occurred at ground level at 3:00 PM in the centre of the plot (Fig.3.2). 

Integrated over a full day, the value was 18.5% at ground level, 6.1% at 1.3 m height and 5.3% 

at 2 m height (Fig. 3.3).   

   
Fig. 3.1 Soil moisture contents measured at flowering under 0%, 50% and 75% shade  

treatments at five soil depths (treatment differences not significant at any depth).  

 

   

  

 

 

 

 

Fig. 3.2 Light measured under the centre of black plastic shade and outside the shade at different 
times of a day at 30 cm, 1.3 m and 2m height. ‘Inside shade’ is for light measured under the black 
plastic shade and ‘outside shade’ is for light measured outside  
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Fig. 3.3 Daily integrated radiation measured at different height, under and 

outside black plastic shade at Melkassa (Ethiopia)   

Shading significantly reduced both maize grain yield (P<0.0001) and biomass (grain + stover + 

cores, p<0.0001) productivity of maize plants. Shading of 50% led to 44% reduction in biomass 

and 56% in yield compared to no shading, but there was no significant difference between 50 

and 75% shading treatments in either maize yield or biomass production (Table 3.3).    

APSIM simulated biomass (r2 = 0.95, Fig.3.4) and maize yield (r2 = 0.97, Fig.3.4) well in the 

control and 50% treatments; with a quadratic regression being more significant than a linear 

trend. However, the model underestimated yield and biomass under 75% shade (Fig. 3.4), 

particularly when sidelight, which might have accounted for about 10% of the incident radiation 

in all the shaded plots (Fig.3.2), was not included into the simulations. Simulated relative maize 

yield was also slightly less than for biomass at high reductions in light (Fig.3.5).   
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Table 3.3: Measured and simulated biomass (t ha-1) and grain yield (t ha-1) for maize grown 

under different shade treatments at Melkassa (Ethiopia).   

Shade  Biomass (t ha-1 treatment   )     Yield (t ha-1)     

   Observed   Predicted   

(without side 
light)   

Predicted   

(with side 
light)   

Observed   Predicted   

(without side 
light)   

Predicted   

(with side 
light)   

0%    15.1a   16.0a   16.0a   6.6a   6.7a   6.7a   
50%     8.5b          6.1b   9.0b   2.9b   2.7b   2.7b   

 75%     7.3b   0.3c   1.6c   2.4b   0.0c   0.3c   
  
Values for in the same column with different letters differ significantly at p<0.05.      
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Fig. 3.4 Comparison of measured and simulated maize biomass, without sidelight (a) and 

with sidelight (10% radiation added for each shade levels) (b), and maize yield, without 

sidelight (c) and with sidelight (10% radiation added for each shade levels) (d), for 

different levels of shading at Melkassa (Ethiopia) 

 

 

 

 

Fig. 3.5 Simulated relative maize biomass and yield at different shading levels. Relative yield 

is defined as yield or biomass as a fraction of the maximum simulated, i.e. under 0% shade   

At Machakos, there was a strong correlation between simulated and observed values of maize 

yield in the control (0%), 25% and 50% shading treatments (Fig.3.6). Combining the data from 

both sites, but excluding the poorly predicted 75% shading treatment at Melkassa, and the 0% 

shading treatment at both sites (as they were used for calibration), a strong relationship is shown 

for predicted vs observed values that is valid for up to 50% shading and up to 3 t ha-1 yield 

(Fig.3.6).    
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Fig. 3.6 Comparison of predicted and observed maize yields at Machakos (Kenya) and   

Melkassa (Ethiopia) with 50% shade and at Machakos with 25% shade   

   

3.3.2 Leaf area index   

Reduced incident radiation had a significant effect on LAI (P<0.01). The highest value of LAI 

(4.2) at Melkassa was recorded in the control (0 % shading intensity) treatment at the flowering 

stage. There were a strong relationships between predicted and observed values of LAI at both 

the flowering and physiological maturity stages (Fig. 3.7). The number of days to attain 

tasseling and physiological maturity was also well simulated by the model, with three days 

difference between simulated and observed for both stages (data not presented).   
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Fig. 3.7 Simulated and observed LAI for different levels of shading at Melkassa (Ethiopia), at 

flowering (a) and physiological maturity (b) stages   

   

3.4 Discussion    

As expected, reduced radiation caused by shading had a significant and reduced effect on maize 

productivity, as solar radiation is the primary limiting factor when growth is not constrained by 

the availability of water or nutrients. For 0-50% shading, results at Melkassa were in general 

agreement with those of Lott et al. (2009) at Machakos. Their work in a Grevillea robusta 

agroforestry system in Kenya showed that 25% reduction in incident radiation led to significant 

reductions in maize biomass (29%) and yield (42%), while a 50% reduction in radiation resulted 

in reductions in biomass (29%) and yield (58%). Similarly, Bayala et al. (2002) argued that a 

38-50% reduction in incident radiation is enough to result in significant reductions in crop yield. 

In the current study, about 50% of the plants attained the flowering and maturity stages in a 
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similar number of days in both the control (0 % shading) and in the 50 % shading intensity 

treatments. Lott et al. (2009) also reported that delayed time to flowering due to artificial 

shading was insignificant (less than five days). Hence, shading appears not to greatly affect the 

timing of maize development stages, but up to 50% shading reduces light capture and plant 

development by approximately a similar percentage.    

The present study showed that APSIM adequately simulated the impacts of 0-50% shading on 

maize performance as there was a strong correlation between simulated and observed yield (r2  

= 0.97, Fig.3.4) and biomass (r2 = 0.95, Fig. 3.4) values. However, reduction of yield and 

biomass under the 75% shade treatments were over-estimated by the model. Simulated relative 

maize yield was also more underestimated than biomass at more reductions in light (Fig.3.5). 

This could be attributed to sidelight which may have become an important growth factor at very 

low radiation levels, meaning that the plants in the 75% shade treatment actually experienced 

65% reduction. Moreover, the light measurements at the Melkassa field experiment might not 

have fully detected side light as they were taken only for three consecutive days and in the 

centre of the plot.    

Low maize yield prediction by APSIM in intercropping systems, wheat/maize or fieldpea/maize 

relay intercropping systems, was also reported by Knörzer et al. (2011), in which case the model 

assumed the radiation fraction received by the intercropped maize was only 0.2% of the incident 

radiation. However, in that study it was unclear what the actual gradients in shade and yield were 

in relation to distance from a neighbouring taller plot. In addition, the version of APSIM used 

included the CANOPY model for calculating shade, which was shown to be flawed; as the model 

assumes competing canopies are well mixed in the horizontal dimension, it could not deal with 

one crop occurring in the relay intercropping (i.e. adjacent to) wheat or maize and was in need of 

a 2D model to adequately simulate such systems. Our results, however, confirm that further 

development and validation of the APSIM maize model is needed at shade levels greater than 

50%.  This result suggests that there is probably a need to improve the mechanistic processes 

simulated in APSIM governing the responses to >50% shade. Key processes to consider would 

be radiation-use efficiency (RUE) and biomass allocation. For example, APSIM uses the RUE of 

maize to calculate daily biomass production; the model uses an RUE value of 1.6 g MJ-1 from 

emergence to the start of grainfilling, and 1.06  
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g MJ-1 from the start of grain filling. Lott et al. (2009) estimated RUE in a shaded and unshaded 

treatment at Machakos (separate to the experiment reported here) to be 1.04 and 0.88 g MJ-1, 

respectively. However, the low precision with which RUE can be estimated may cause 

uncertainty about the accuracy of model simulations (Lindquist et al. 2005).    

In contrast, where other species have been shaded, several studies have revealed the reliable 

performance of APSIM to capture the impacts of competition for light, water and nutrients in 

row-intercropped systems. For instance, Robertson et al. (2001) reported reasonable 

performance of APSIM model in simulating the competition for light, nutrient and water 

between canola and wild radish species in an experiment conducted in  New South Wales, 

Australia. APSIM has also been reported to have performed creditably in predicting yield, 

biomass and LAI of maize and intercropped Stylosanthes in Maize/Stylosanthes intercropping 

systems in Northern Australia (Carberry et al. 1996). This implies good performance by the 

model in predicting the effects of competition for light, nutrients and water on crop growth. 

Nevertheless, the present study showed that maize yield was underestimated at very low 

radiation levels.    

Competition for solar radiation is one of the key components in agroforestry systems; as shade 

cast by trees reduces the amount of radiation reaching understory crops. The modular frame 

work of APSIM could be utilised to simulate such competition interactions in those systems 

(Luedeling et al. 2016). However, the present study suggests the need to consider the low 

predictive capability of APSIM to simulate the responses of crops to higher reductions in 

incident radiation. Unlike most agroforestry systems, Faidherbia albida parklands are reported 

to exhibit less competition for light because of the reverse phenology (falling of leaves during 

wet seasons) (Barnes and Fagg 2003; Kho et al. 2001). Study conducted by Suresh and Rao 

(1998) showed that reductions in incident radiation under Faidherbia albida was less than 28% 

during the cropping season of 1993 (June to September). Light competition could also be 

minimised by pruning (Osman et al. 1998; Semwal et al. 2002; Siriri et al. 2010). Thus, APSIM 

could be employed to simulate impacts of light competition on understory crop production, in 

agroforestry systems where low-medium competition for light occurs, e.g. in much of the 

Faidherbia albida parkland of Ethiopia. However, this study did not explore the effects of 

competition for water and nutrients and the CANOPY model used in APSIM may require 

further improvements to accommodate the competition effects (Knörzer et al. 2011) that occur 

in agroforestry systems.   
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3.5 Conclusion   

The present study concludes that APSIM was able to simulate grain yield and biomass of maize 

adequately, when incident radiation was reduced by 50% or less. These results show promise 

that the model could be used to simulate agroforestry systems such as Faidherbia albida 

parklands where incident radiation is reduced by less than 50%. However, the model may 

require further improvement for higher levels of shading, before it can be used to simulate 

agroforestry systems with higher competition for light due to shading of understory crops by 

trees. Similar experiments in the future should eliminate side light as a source of measurement 

error. The ability to model agroforestry crop productivity will enable many climate scenarios 

to be explored, which can inform management of these agroforestry systems.    

Based on this study, we make the following recommendations for improving experimentation 

and modelling of heavily shaded conditions, with negligible competition for other resources 

such as soil nutrients and water:   
1. Use large buffers of shade cloth to avoid sidelight affecting growth in the inner 

measurement plots;   

2. Conduct diurnal light measurements in a 2D vertical grid to potentially detect sidelight 

and characterise the light conditions of the plot;   

3. Estimate RUE and biomass allocation in relation to shade level; and   

4. Modify APSIM where necessary.   
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Chapter 4 Tree pruning, zone and fertiliser interactions determine 
maize productivity in the Faidherbia albida (Delile) A.Chev parkland 

agroforestry system of Ethiopia   
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Abstract   

Faidherbia albida is an important tree species in the parkland agroforestry system of the Rift 

Valley region, central and south-eastern Ethiopia. Positive effects of F. albida on crop 

production are widely recognised. However, the effects of tree pruning, zone and fertiliser 

interactions on crop growth have not been addressed in earlier studies. A field experiment 

containing three levels of tree pruning (100% pruned, 50% pruned, and unpruned) as main plots, 

and application of recommended rates of N and P fertilisers as sub-plots, was conducted during 

the 2015 and 2016 growing seasons. Maize total above-ground biomass and grain yield, light 

intensity, and soil nutrients and moisture were measured at different positions from each F. 

albida tree trunk (0-2, 2-4 and 4-6 m) and in crop-only plots. Biomass and yield of maize were 

significantly greater under tree canopies compared to crop-only plots in both the 2015 and 2016 

growing seasons, regardless of pruning levels. Fertilisation significantly increased yields under 

tree canopies compared to crop-only plots in both years. Light intensity increased with distance 

from trees and with greater pruning levels. Soil organic carbon and nutrient concentrations and 

moisture content decreased with increasing distance from tree, and with soil depth. These 

results suggest that maize production could be maintained or improved through only partial 

pruning of F. albida rather than pollarding, and by preferentially applying fertilisers in normal 

and wet years. Recommendations need to be evaluated in a total system context including other 

rotational crops, fuel, livestock and other socio-economic factors.   

Key Words: Biomass; Light; Nutrients; Soil; Yield    
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4.1 Introduction   

Increasing demand for food has caused natural resource degradation in many regions of the 

world as intensive farming practices often reduce soil quality, biodiversity and ecosystem 

services (Power 2010). The problem is particularly important in Sub-Saharan African countries 

due to the high dependency on natural resources and limited access to mechanised farming, 

fertiliser, and irrigation. This calls for viable alternative to sustain or increase agricultural 

productivity of smallholder farms in those countries (Jose 2009; Nair 2007).    

In the Central Rift Valley (CRV) of Ethiopia, farmers grow annual crops in agroforestry 

parkland systems where naturally regenerated and scattered trees occur along with crops (Siriri 

et al. 2010). Faidherbia albida is one of the main tree species in these parkland systems. 

Farmers have retained F. albida in order to improve soil fertility, microclimate, and crop yield, 

and to provide branches for fencing and firewood. Competition for light, water, and nutrients 

can be minimised under F. albida trees that exhibit reverse phenology, i.e. when the tree sheds 

its leaves during the wetter crop growing season and regrows them between seasons during 

drier conditions. However, this phenomenon can be disrupted by factors such as climatic 

conditions in areas that have transitional single and double rainfall seasons, by drought (Boffa 

1999b) and by pruning.    

Above- and below-ground competition in agroforestry systems can be minimised by crown 

pruning (Semwal et al. 2002). For example, crown pruning of alnus (Alnus acuminate) and 

calliandra (Calliandra calothyrsus) was required to sustain bean and maize production in 

agroforestry systems of Uganda (Siriri et al. 2010). Either under or at a distance from trees, 

crop production can be improved by the application of fertilisers.    

Studies that involve field experiments on F. albida trees in parklands of the CRV have 

demonstrated positive effects of trees on crop yields, soil fertility, and microclimate. For 

instance, F. albida trees scattered in crop fields improved some soil properties under their 

canopy as compared to adjacent open plots (Kamara and Haque 1992). However, no 

information is available in these studies on the effects on crop productivity of farm management 

practices such as pruning of F. albida tree crowns and the application of fertilisers, which are 

two common options currently used by farmers in this parkland system. The objective of this 

study was to determine the impacts of crown pruning and fertiliser application on maize 
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production under F. albida in a parkland agroforestry system in Ethiopia. Research questions 

addressed in the study were (a) are there interactive effects of tree shade and fertiliser 

applications on maize yield, and (b) how are these interactions affected by crown pruning?     

4.2 Materials and method    
4.2.1 Study site description   

The study was carried out in the parklands of the CRV of Ethiopia at Adulala watershed (Fig. 

4.1), which is located approximately 104 km south-east of the capital city, Addis Ababa. 

Adulala watershed is situated at 8° 29.5' N latitude, 39° 20.5' E longitude and has an average 

elevation of 1,688 m above sea level.    

The climate of the area is characterized by a bimodal rainfall distribution with a mean annual 

rainfall of 820 mm. The short rainy season lasts from March to May and the long rainy season 

extends from June to October. During the field study, the annual rainfall was 482 mm for 2015 

and 1103 mm for 2016, which included the two cropping seasons (approximately June and 

November) used in this research. Annual mean monthly minimum and maximum temperatures 

were 13.9°C and 28.5°C.   

Soil in the study area is classified as a Fluvisol (Goma 2005). The top 20 cm layer of the 

cultivated soil is characterised by a pH of 7.6 with total N 0.056%, available P 19 ppm (Olsen 

method), organic matter 4.3%, and available water holding capacity 155 mg g-1 (Goma 2015).   

Natural vegetation type of the Adulala watershed is Acacia woodland, dominated by tree 

species such as Acacia tortilis, A. seyal and Faidherbia albida (Argaw et al. 1999; Endale et al. 

2017). Crop production is mainly rainfed, and F. albida is the main agroforestry tree species in 

the fields of major crops such as teff (Eragrostis teff), maize (Zea mays) and wheat (Triticum 

aestivum L. var aestivum). Diammonium phosphate and urea fertilisers are usually applied to 

teff, whereas compost and manure are applied to other crops.    
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Fig.4.1. Location of Adulala watershed in East Shoa Zone, CRV, Ethiopia.  

4.2.2 Experimental design and crop establishment   

A total of eighteen F. albida trees were randomly selected in farmers’ fields in the Adulala 

watershed. The trees were scattered across several adjacent farms; within a total area of 

approximately 91 ha. An on-farm experiment was conducted during the growing seasons of 

2015 and 2016 as a split-plot design with six replications. Main plot treatments in each replicate 

included three levels of tree crown pruning, i.e., unpruned, 50% pruned and 100% pruned (Fig. 

4.1), and a crop-only plot that was located about 30 m from any tree trunk. Applications of N 

and P fertiliser were included as sub-plot treatments. Tree crown pruning was done by cutting 

tree branches at 15-20 cm from their base. The 50% pruning was done by removing branches 

in the bottom half of the crown length, and the 100 % pruning was done by cutting all the 

branches (Fig. 4.2). Pruning of the experimental trees was done in May 2015 during the start 

of the experiment and newly grown branches after the first pruning were removed prior to the 

second season (May 2016).   
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Fig. 4.2 Examples of tree crown pruning levels of F. albida used in the experiment at Adulala, 

CRV, Ethiopia    

A circular plot of 12-m diameter under each experimental tree was divided into four sub-plots 

(four quarters of the main plot that were oriented randomly). Urea (69 kg N ha-1) was added to 

one sub-plot, di-ammonium phosphate (23 kg P ha-1 and 9 kg N ha-1) to the second sub-plot, 

both urea and di-ammonium phosphate were added to the third sub-plot (78kg N ha-1 and 23 kg 

P ha-1) and the fourth sub-plot was left as a control (no fertiliser applied). The four fertiliser 

treatments (Table 4.1) were allocated at random to the sub-plots under each tree and crop only 

plots. Fertilizers were applied by broadcasting either at sowing or after sowing (refer to table 

4.1). Maize (Melkasa-2 variety) was sown in the third week of May during the 2015 and 2016 

cropping seasons. Seeds were sown at a spacing of 0.75 m between and 0.30 m within rows in 

each subplot under each tree (a total of 18 trees, six trees per pruning level) and in the croponly 

plots. DAP was applied only at sowing while urea was applied in two stages with different rates; 

the full rate (46kg N ha-1) first at sowing and half the rate (23 kg N ha-1) 10 days after sowing 

(Table 4.1). Weeding was done manually in all the sub-plots every two weeks.   
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Table 4.1. Rates and timing of urea and DAP fertilisation in the four fertiliser treatments.    
Treatment code   Treatment levels   N    

(kg ha-1)   
P   
(kg  ha-1)   

Stages of 
application   

Urea   69 N    46   0   At sowing   

      23   0      
10 days after 
sowing    

DAP   9 N + 23 P    9   23   At sowing   

Urea+DAP   78 N + 23 P    55   23   At sowing (DAP  
and Urea)   
   

      23   0   
10  days  after  
sowing (urea)   

Control   Control   0   0      

   

4.2.3 Measurements and data collection    

4.2.3.1 Tree phenology    

In order to estimate the relative amounts of leaves retained by tree crowns during the growing 

seasons, foliation (as a proportion of maximum foliation) of the unpruned trees of each 

treatment was observed and recorded. Maximum foliation was subjectively estimated as how 

much foliation there would be in a 100% foliated tree. The observation was made twice per 

month (May to October), in the first and third week of each month.    

4.2.3.2 Light    

Photosynthetically active radiation (PAR, µmol s−1 m−2) was measured under a total of nine trees 

(3 randomly selected trees from each of the unpruned, 50% pruned and 100% pruned trees) at 

different positions from the tree trunks (positions): 1, 3 and 5 m for the 0-2, 2-4, and 4-6 m 

positions, respectively, and in each crop-only plot. Measurements were located at the centre of 

each crop-only plot; and at four aspects (north, south, east and west) around each tree to provide 

an average value for each position. Measurements were taken after sowing at different times of 

the day:  approximately 9:00 AM, 10:30 AM, 12:00 PM, 1:30 PM, 3:00 PM and 4:00 PM using 

a PAR sensor (AccuPAR model LP-80, Decagon Devices). PAR under each tree was measured 
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for three consecutive days; the measurement under all trees was carried out between 1st June 

and 1st July 2016.    

4.2.3.3 Soil nutrients analysis   

In May 2015 prior to sowing, soil samples were taken under six randomly selected trees at two 

points in each tree position at depths of 0-20 cm, 20-40 cm, 40-60 cm and 60-80 cm using a 

core sampler. The two samples for each combination of tree position and depth were mixed to 

make a total of 12 composite soil samples from under each tree. At the same depths, soil 

samples were also taken at two randomly selected points from each of the six crop-only plots  

and combined  to make a total of four composite samples per crop-only plot. Soil samples were 

air dried and analysed for organic carbon (Walkley & Black), total nitrogen (Kjeldahl) and 

available phosphorus (Olsen).    

   
4.2.3.4 Soil moisture    

Gravimetric water content was measured in the soil that had been sampled from three randomly 

selected trees from each pruning treatment (unpruned, 50% and 100% pruned trees) and 

croponly plots during the growing season of 2015 at the flowering stage and in 2016 at the 

sowing, flowering, and physiological maturity stages. The soil samples were collected at two 

points in each tree position and at randomly selected two points in the crop-only plots at depths 

of 020cm, 20-40cm, 40-60cm and 60-80cm. The two soil samples for each tree position and 

depth as well as the samples for each crop-only plot and depth were bulked and oven dried for 

24 h at 105oC.    

4.2.3.5 Crop yield and biomass    

Maize total above-ground biomass (grain + stover + cores) and grain yield were determined by 

manual harvesting of all the plants from 1-m2 quadrats located randomly in all replicates of 

sub-plots under each tree position and crop-only plot. Harvesting was done at physiological 

maturity, between the first and the third weeks of November 2015 and 2016. Grain moisture 

was measured using an electronic moisture tester, and grain yield was adjusted to 12% moisture 

content.    
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4.2.4 Statistical analysis    

Differences between treatments for each parameter measured (light intensity, soil properties, 

crop biomass and yield) were analysed using the mixed procedure of SAS 9.4 (SAS Institute, 

2013). Using a split-plot design, pruning intensity, position from tree trunk and fertiliser 

applications were considered as fixed treatment effects while individual trees and open-plots 

were treated as random effects. Years were analysed separately. Significant differences (at 

P<0.050) between treatment means were determined by the Tukey multiple range test.    

   
4.3 Results    
4.3.1 Tree phenology   

Unpruned trees maintained 35-60% of maximum foliation during each growing season 

(Fig.4.3). The pattern was similar between seasons, increasing from May until a peak of foliage 

maintained in August, which then declined. Thus, foliation followed a similar pattern to rainfall 

in the region.   

 

Fig. 4.3 Relative foliation of unpruned trees in 2015 and 2016 growing seasons in parklands at 

Adulala, CRV, Ethiopia (n = 6). Relative foliation is defined as the leaves retained by trees 

relative to those when fully foliated.  Bars indicate standard error    

  

  
4.3.2 Light transmission    
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The amount of PAR received in the open (control) plots (52.7 ± 0.04 mol m-2 day-1) was 

significantly greater (P=0.001) compared to PAR under tree crowns, which was reduced by 

34%, 23% and 13% under unpruned, 50% and 100% pruned trees, respectively (Fig. 4.4). The 

amount of PAR increased with distance from the base of trees to the outside. For example, there 

was an increase of PAR from 30.0 mol m-2 d-1 at the 0-2 m position of unpruned trees to 47.1 

mol m-2 d-1 at the 4-6 m position of the 100% pruned trees (Fig. 4.4).    

   

Fig. 4.4 Daily integrated radiation as affected by pruning and position from tree, and in the 

control (crop-only) plots in the parkland at Adulula. The LSD bar is based on the pruning by 

position interaction    

4.3.3 Soil nutrient status under tree canopies   

The effect of position from F. albida trees on soil properties was significant for organic carbon, 

available P, and total N (P=0.001), with greater values in at least one position under trees 

relative to open areas down to 60 cm depth (Table 4.2). The difference in soil nutrient properties 

in the upper 0–20 cm depth among tree positions was not significant for N or P; however 

organic carbon was significantly greater under the 0-2 m position (1.7± 0.06) relative to the 24 

and 4-6 m positions. All soil nutrients at this soil depth were greater under tree canopies 

compared to open areas (Table 4.2).   
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Table 4.2. Mean (n = 6) soil total nitrogen (N), extractable phosphorous (P), and organic carbon 

(OC) concentrations in relation to position from F. albida trees and soil depth in the parkland 

agroforestry system at Adulula.   

   
      Tree Position (m)           
Depth  
(cm)   

Soil Properties   0-2   2-4   4-6   Crop-only plots  
(control)   

0-20   N (%)   0.12 a    0.11 a   0.11 a   0.09 b   
  P (ppm)   23.1 a   23.24 a   23.18 a   18.03 b   

  
OC (%)   1.7 a    1.48 b   1.33 b   1.07 c   

20-40   N (%)   0.06 ab   0.07 a   0.06 b   0.05 b   
  P (ppm)   20.5 a   19.53 a   18.67 ab   17.04 b   

  
OC (%)   1.4 a   1.46 a   1.12 b   0.86 c   

40-60   N (%)   0.05 ab   0.06 a   0.05 bc   0.04 c   
  P (ppm)   17.9 a   17.94 a   17.25 a   16.42 b   

  OC (%)   1.3 a   1.42 a   0.90 b   0.79 b   

60-80   N (%)   0.03 b   0.05 a   0.03 b   0.04 b   
   P (ppm)   16.5 a   15.41 ab   14.05 b   15.14 ab   
   OC (%)   1.2 a   1.35 a   0.76 b   0.7 b   

Different letters in the same row (same soil property) indicate significant difference at p<0.05.   

   

4.3.4 Soil moisture    

Soil moisture content ranged from 10 to 20% and generally decreased with depth (Fig. 4.5). 

Soil moisture content at the flowering stage (in 2015 and 2016) and at harvest in 2016 was 

significantly greater under trees compared to open areas, regardless of pruning levels for the 

040 cm soil depth (Fig.4.5, data shown for soil moisture at flowering stage in 2015 and 2016). 

There was no significant difference at 40-80 cm soil depth. Pruning did not significantly affect 

soil moisture content at any depth when measured during either growing season.    
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*The error bars are standard error bars   

Fig. 4.5 Gravimetric soil moisture content in relation to tree position and depth at flowering in 

2015 (a) and 2016 (b)     

   

4.3.5 Crop yield and biomass production   

Crop yield and biomass were significantly greater under trees (2-4 and 4-6 m positions, p=0.001) 

compared to crop-only plots (Fig.4.6, Table 4.3) in both growing seasons, regardless of pruning 

level. Yield increases in the outer position (4-6 m) were relatively larger (45-51% in 2015 and 

75-76% in 2016) than the innermost positions (0-2 m) (2% in 2015 and 12% in 2016). Tree 

pruning significantly increased crop yield only under the 2-4 m tree position in   

2015 (Fig. 4.5c). However, pruning significantly increased crop yield under all positions (0-2, 

2-4 and 4-6 m) in 2016 (Fig. 4.6d), with the lowest yield (2253 kg ha-1) obtained under unpruned 

trees (0-2 m position).    

Fertilisation with urea and DAP significantly increased yields under trees (2-4 and 4-6 m) 

relative to crop only-plots in both 2015 (p=0.055) and 2016 (p=0.001). The highest yield was 

obtained in 2016 from the Urea+DAP fertiliser combination (78kg N/ha and 23 kg P/ha) under 

the 4-6 m tree position (Fig. 4.7).    

  

  

  

a)  Soil moisture (%)  b)  Soil moisture (%)   
  0   4   8   12   16   
  0     5   10   15 20   
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Fig. 4.6 Crop biomass as affected by pruning and position from tree trunk in 2015 (a) and 2016  

(b), and crop yield under those trees in 2015 (c) and 2016 (d)   

*Different letters on the bars indicate significant difference at p<0.05.  
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Table 4.3. Tests of ANOVA fixed effects on maize yield for 2015 and 2016 growing seasons.   
   

   

Crop yield   
(2015)      

      

Crop yield   
(2016)      

      

Effect   

 Num  
DF   Den   DF   

F    
Value   

Pr > F   

Num  
DF   

Den  
DF   

F   
Value   

Pr > F   
Pruning   2   10   3.16   0.086   2   10   14.18   0.001   
Fert   3   45   2.49   0.073   3   45   53   <0.001   
Pruning*Fert   6   45   1.21   0.319   6   45   1.1   0.380   

Position   3   180   71.23   <.001   3   180   645.87   <.0.001   

Pruning*Position   6   180   7.1   <.001   6   180   35.3   <0.001   

Fert*Position   9   180   1.9   0.055   9   180   3.46   0.001   

Pruning*Fert*Position   18   180   0.69   0.818   18   180   0.82   0.672   

   
Pruning is tree pruning level; Fert is different type and rate of fertiliser application level; Position is distance from 

F. albida tree trunk, Num DF is Numerator Degrees of Freedom, Den DF is Denominator Degrees of Freedom.  

 
Position from tree trunk (m) 

    

Fig. 4.7 Crop yield under trees as affected by fertiliser treatment and position from tree trunk in 2016.   

*Different letters on the bars indicate significant difference at p<0.05.   
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4.4 Discussion   

Reverse phenology of F. albida trees is promoted as a major advantage of growing this tree 

species with crops (Hadgu et al. 2009; Kho et al. 2001). However, close observation of their 

canopies during this study indicated that trees did not totally defoliate during the cropping 

season, maintaining 35-60% of maximum foliation. Lack of defoliation during the cropping 

season can be attributed to phenological disruption due to canopy pruning (Barnes and Fagg, 

2003). Farmers in the study area totally prune tree branches (pollarding) at intervals of 3-4 years 

such as recommended by Orwa et al. (2009). Reducing total canopy volume by about 35% 

before the onset of the rainy season, i.e. moderate pruning, might not appreciably reduce tree 

growth (Boffa 1999).    

Results of this study demonstrate that canopy pruning results in increased PAR transmitted 

under trees. Lower crop biomass and yield recorded under unpruned trees (particularly under 

0-2 m position) relative to the totally pruned and 50% pruned trees could partially be attributed 

to reduced PAR available to crops in the absence of leaf fall during the cropping seasons. The 

result is in agreement with Jama and Getahun (1991), who speculated that low maize yields 

under F. albida trees compared to crop-only plots could be the result of shading by the trees. 

However, the trees in that study were much younger (five years old) than those studied in the 

present research (probably 35-45 years old), suggesting that the benefits associated with mature 

trees may take decades to develop. Faidherbia albida trees need 20-40 years to grow to a size 

that can significantly improve yields of understory crops (Poschen 1986). A study conducted 

by Suresh and Rao (1998) in a semiarid India region showed that PAR intercepted under  F. 

albida trees was facilitated by leaf shedding (defoliation) during the crop growing period that 

in-turn led to the highest sorghum (Sorghum bicolor) yield being obtained under this tree 

species compared to other nitrogen fixing trees that retained leaves during the cropping season 

such as Acacia ferruginea and Albizia lebbeck.   

Significantly greater maize total biomass and yield were found under F. albida tree crowns 26 

m from the trunk compared to crop-only plots (Fig. 4.6). Lower or lack of yield benefit near to 

tree trunks (under 0-2 m positions) may be attributed to competition for resources between 

crops and trees in that position (Jose et al. 2000). Greater yield under trees, particularly in the 

2-6 m positions could be attributed to improved soil nutrient concentrations and moisture levels 

associated with greater organic matter concentrations under tree canopies than in the open fields 
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away from trees that outweighed any negative effects of shading. A similar study in the 

Hararghe highlands of eastern Ethiopia reported that grain yields of sorghum and maize grown 

under F. albida trees were increased by 76% and 36%, respectively, compared to crops grown 

in the open fields away from trees (Poschen 1986).  The study asserted that the increase in crop 

yield was a result of improved soil chemical and physical conditions under tree canopies 

(Poschen 1986). In West Africa, a study in Niger showed that millet yield under the F. albida 

tree canopy was about 36% greater than the yield obtained from open fields (Kho et al. 2001). 

Although such cases of positive effects of F. albida tree on crop yields and biomass are well 

documented (Chamshama et al. 1998; Vandenbeldt and Williams 1992a), some studies reported 

negative or no effects on some crops. In Cameroon for instance, Harmand and Njiti (1992) 

reported a reduction in yields of groundnut (Arachis hypogaea L.), cotton (Gossypium sp.) and 

sorghum by 34%, 11% and 40%, respectively. Such differences in F. albida effects on crops 

can be expected because of the variations and complex interactions of factors such as tree age, 

soil characteristics, water regime and climate (Barnes and Fagg 2003).   

Fertilizer application increased crop yield on plots under tree canopies and on crop-only fields; 

maize yield increase in 2016 (with high rainfall) was bigger than the increase in yield in 2015 

(with low rainfall). This result is consistent with nutrients being relatively less limiting than 

water during dry seasons (Kho et al. 2001).  In the same study, Kho and colleagues reported a 

36% increase in dry matter production of pearl millet (Pennisetum glaucum) under tree 

canopies compared to open crop-only plots. However, no increase due to trees was observed 

with a high rate of N fertiliser (180 N kg ha-1, Kho et al., 2001). This result suggested that the 

effect of F. albida on crop production is more pronounced in conditions of low soil fertility 

(Beedy et al. 2016) as nutrients are less limiting to crops at greater fertility levels. In the present 

study, recommended rates of fertilisers under tree canopies led to greater yield increase in 2016 

(with high or average rainfall) and maize response to fertiliser was larger under the trees than 

in the crop-only plots. This result could be due to greater availability of water and soil nutrients 

other than N and P (e.g. K) under F. albida trees that were therefore less limiting to growth and 

thereby enabled a larger response to N and P fertiliser (Hadgu et al. 2009; Kamara and Haque 

1992). This complexity is symptomatic of the response of crops to fertilisers being determined 

by a range of soil physical and chemical conditions (Baligar et al. 2001; Tittonell et al. 2008).  

Also in the present study, we note that low N and P availability limited maize growth, and it is 

unlikely that the N and P fertiliser rates used would have maximised growth.   
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Studies in Ethiopia report that concentrations of organic carbon, available P and total N 

decrease with increasing distance from F. albida trees and with increasing soil depth (Hadgu et 

al. 2009; Kamara and Haque 1992). The present study indicated that the values for those soil 

parameters were greater for 0-40 cm depth under trees relative to open plots and the differences 

for deeper 40-80 cm depth were not significant, with the exception of organic carbon, which 

was significantly greater under trees to a depth of 60 cm. These results are in agreement with 

Saka et al. (1994), who found greater levels of surface (0-15 cm) organic matter, N and Ca 

under tree canopies than in open areas, and no significant difference at the 30-45 cm depth. 

Similarly, in the Ethiopian highland Vertsols, Kamara and Haque (1992) reported greater 

concentrations of soil organic matter, total N, available P and exchangeable K under F. albida 

trees than in open fields away from trees. A study on other F.albida based systems of northern 

Ethiopia also revealed that soil organic matter, total N and available P were greater under tree 

canopies than outside canopies (Hadgu et al. 2009). Comparable results were also reported in 

other studies (Kho et al. 2001; Rhoades 1995; Umar et al. 2013). The mechanisms that improve 

soil nutrient concentrations under F. albida have been widely debated (Rhoades, 1997; Barnes 

and Fagg, 2003). Some studies suggest that the factors for increased soil fertility under F.albida 

include deep capture and recycling of nutrients, improvement in soil biological activity, and 

symbiotic and asymbiotic N fixation (Rao et al. 1997; Rhoades 1995; Umar et al. 2013). Other 

authors have argued that improved soil fertility under tree canopies is due to lateral 

redistribution of nutrients, by domestic and wild animals including birds, tree roots, and wind 

erosion, or due to pre-existing greater soil fertility conditions favoured by establishing tree 

seedlings (Geiger et al. 1994).   

An important effect of trees relates to soil moisture. This study show that at the flowering and 

maturity stages of maize, soil moisture in the top 40 cm depth was 22% and 24% greater than 

in the open field, respectively. Similarly, Rhoades (1995) reported increased soil moisture to a 

depth of 15 cm under F. albida trees compared to open areas but found no significant difference 

at 15-30 cm depth. Increased levels of soil moisture under tree canopies compared to open 

fields can be attributed several processes: (1) F. albida tree roots can take up water from deep 

in some soil profiles (Dupuy and Dreyfus 1992; Roupsard et al. 1999) resulting in hydraulic lift 

(movement of water from deeper to shallower soil layers) (van Noordwijk et al. 2014); (2) 

reduced evapotranspiration compared to crop-only conditions; and (3) increases in soil organic 

matter that improve soil water holding capacity and moisture availability (Beedy et al. 2016; 

Lal 2006). For example, Makumba et al. (2006) reported greater (50%) soil moisture retention 
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in gliricidia–maize than in sole maize because of a 65% increase in soil organic matter in the 

gliricidia–maize intercropping system in Southern Malawi.    

Tree density in the CRV of Ethiopia is sparse, about 4.2 trees per hectare (Sida et al. 2018b), 

due to browsing by free-grazing livestock that limits growth of  naturally regenerated or planted 

tree seedlings (Endale et al. 2017). In addition, there is a preference by small-holder farmers to 

allocate their land to food crops in order to maximise food production for home consumption 

or sale (Abebe et al. 2013). Increasing tree population density in the study area could be a viable 

tree management strategy to enhance crop production in the long-term, as maize yield and 

biomass were greater under tree crowns compared to crop only plots. The results of the present 

study suggest that maize productivity under F. albida trees could be further improved by 

pruning and the application of fertilisers, particularly during high or average rainfall seasons. 

However, use of chemical fertilisers for smallholder maize production is limited by the high 

cost of fertilisers and the associated financial risk (Bacha et al. 2001).   

Field experiments, conducted at particular points in time and space, can provide valuable 

information on system performance, but they are expensive, time consuming and can be of 

limited value in the quantitative transfer of experiences between sites. Alternatively, simulation 

models offer a means of quantitatively integrating complexity to evaluate system performance 

(Kassie et al. 2014; Smethurst et al. 2017) and to conduct virtual experiments (Luedeling et al. 

2016). Therefore, we recommend that further agroforestry research in the parklands of Ethiopia 

includes simulation of biophysical productivity and socio-economic factors, e.g. tree-crop 

interactions at the plot scale, and fertilizers, manures, wood, fuel, livestock, labour, and other 

socio-economic factors at the farm scale. At the plot scale, the APSIM (Agricultural Production 

Systems sIMulator) tree-crop daily simulation model could potentially be adapted to parkland 

systems as it can integrate a range of biophysical factors including water, N and microclimate 

(Dilla et al. 2018a; Sida et al. 2018b; Smethurst et al. 2017). The biophysical outputs of APSIM 

could then be used as inputs to farm-scale livelihood modelling options such as Simile 

(Muetzelfeldt and Massheder 2003), APSFarm (Rodriguez et al. 2006) and Farm-Safe (Graves 

et al. 2011).    
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Chapter 5 Preliminary estimate of carbon sequestration potential of 
Faidherbia albida (Delile) A.Chev in an agroforestry parkland in the 
Central Rift Valley of Ethiopia   
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Abstract   

Agroforestry parklands are a common land-use in Ethiopia and many parts of the tropics. These 

systems play an important role in climate change mitigation and adaptation, through carbon (C) 

sequestration. However, C sequestration in both tree biomass and soil has not been extensively 

studied for parklands of the Central Rift Valley (CRV), Ethiopia. Therefore, here we sampled 

a small number of F. albida trees, harvested three trees, and soil from the Adulala watershed, 

CRV, to provide a preliminary estimate of the C sequestration potential of these systems. Mean 

above-ground total dry biomass of trees was estimated at 844 kg tree-1. Tree density was 5.80 

ha-1, which corresponded to 2.45 t C ha-1 in above-ground biomass and 0.76 t C ha-1 

belowground; and 118 t C ha-1 in soil (0–80 cm depth) under trees, compared to 84 t C ha-1 in 

the soil under crop only areas. We speculate that if tree density was increased to 100 trees ha-1, 

and similar rates of C increase in trees and soil occurred, the rate of soil C sequestration could 

be estimated as 0.48 t C ha-1 year-1 for 42 years. Faidherbia albida tree density is sparse in the 

study area, but could be increased by encouraging farmers to protect planted seedlings or 

natural regeneration.   

Key words: biomass allocation; carbon sequestration; natural regeneration; pruning; soil; tree    
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5.1 Introduction    

Forests around the world play an important role in storing significant amounts of carbon (C) in 

their biomass and soil, which helps mitigate climate change (Canadell and Raupach 2008). 

However, about 119-151 thousand square km of forest are lost to deforestation every year 

(Bennett 2017). Agroforestry parklands, systems that combine naturally regenerated and 

scattered trees along with crops (Bayala et al. 2014) provide an opportunity to sequester C both 

above- and below-ground (Jose 2009; Kandji et al. 2006a). Some agroforestry systems 

including parklands enhance the adaptive capacity of agricultural systems through their ability 

to improve soil water storage, rainfall use efficiency of associated crops, nutrient cycling, and 

microclimate for understorey crops (Kandji et al. 2006a; Smith et al. 1999). A recent 

metaanalysis of soil C sequestration in agroforestry systems reported that the conversion from 

agriculture to agroforestry significantly increased soil C stocks by 26-40% depending on soil 

depth (De Stefano and Jacobson 2018)   

The Clean Development Mechanism (CDM) and Reduced Emissions from Deforestation and 

Forest Degradation (REDD) programs of the Kyoto protocol have endorsed the potential of 

agroforestry practices as a greenhouse gas (GHG) mitigation strategy (IPCC 2007). Similarly, 

an Ethiopian government initiative called the Climate Resilient Green Economy (CRGE) 

program aims to establish 100 Faidherbia albida trees per hectare in cereal cropland across the 

country (Mekonnen et al. 2013).   

Faidherbia albida is one of the main tree species in the parkland agroforestry system of the 

Central Rift Valley (CRV) of Ethiopia (Endale et al. 2017), and therefore could be important 

for C storage. Previous studies in the West African Sahel (Takimoto et al. 2008) show 

substantial C sequestration in above-ground (about 54 Mg C ha-1) and below-ground (about 25 

Mg C ha-1) biomass. Additionally, F. albida can ameliorate adverse microclimatic conditions 

for understorey crops and increase crop yields (Sida et al. 2018b) and soil fertility and C (Hadgu 

et al. 2009; Kamara and Haque 1992). However, many knowledge gaps remain about the 

biomass and C sequestration potential of this system.   

The objective of this study was to determine above-ground biomass of F. albida trees and 

estimate the amount of C stored in soil and biomass of the parkland system of the CRV of 

Ethiopia. The hypotheses tested in the study are (1) parklands in the CRV of Ethiopia store 
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most C in soil, than above ground biomass and (2) F. albida trees are associated with increased 

soil C compared to crop only areas.   

 

5.2 Materials and methods   
5.2.1 Study site description   

The study site was a parkland at Adulala in the CRV of Ethiopia, located approximately 104 

km south-east of the capital city, Addis Ababa. The study area is situated at 8° 29.5' N latitude, 

39° 20.5' E longitude and has an average elevation of 1,688 m above sea level.    

The location has a bimodal rainfall distribution, with mean annual rainfall of 820 mm. Annual 

mean minimum and maximum temperatures are 13.9°C and 28.5°C. Soil type is classified as a 

Fluvisol (Goma 2015). Surface soil (0-20 cm) is characterised by a pH of 7.6 with 0.056% total 

N, 19 ppm Olsen extractable P, and 155 mg g-1 available water holding capacity (Goma 2015).   

Natural vegetation is dominated by tree species such as Acacia tortilis, A. seyal and F. albida 

(previously A. albida) (Argaw et al. 1999; Endale et al. 2017), and native understorey was 

replaced many decades ago by crops. Maize, teff and wheat are the main crops. Livestock are 

excluded from crops between sowing and harvesting, but at other times are allowed to roam 

and browse crop residues.    

5.2.2 Measurements    

5.2.2.1 Tree size characteristics   

A total of 18 F. albida trees were randomly selected within an area of 79 ha. All trees had been 

pruned 2-4 years earlier, and canopies had since regrown; it is a common practice in this area 

to totally prune tree branches (pollarding) at intervals of 3-4 years. Tree diameter at 1.3 m 

height (diameter at breast height) was measured in May 2015 using a diameter measuring tape, 

then again for six trees in May 2016. Height to crown base and total height (m) were measured 

by triangulation using a tape measure and calibrated measuring stick. Crown radius was 

measured using a vertical sighting method in eight positions around each canopy. Mean crown 

radius (cr) was then calculated as the quadratic mean of these radii:   

 cr = (r2N+ r2NW+ . . . + r2NE)/8).    
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Where cr = average crown radius, r = radius of individual measurements, N = north, NW = 

north west, NE = north east   

Crown projection area (cpa) was calculated as cpa = 𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋∗(𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐)2.    

5.2.2.2 Tree density   

Tree density was estimated using a satellite image captured during November 2016 (sourced 

from Google Earth). The selected trees were scattered across several adjacent farms, within a 

total area of approximately 79 ha, and measured trees were separated by at least 30 m from any 

other tree (Dilla et al. 2018b). All trees within the total area (79 ha), were counted in 285 plots 

of approximately equal area (2772 m2) marked on the image. To correct for other tree species 

(estimated at 25%, from observation of the study area), the total number of trees ha-1 counted 

in each plot was multiplied by 0.75 to estimate F. albida population density. Tree cover ha-1 

was calculated as the average cpa per F. albida tree (59 m2) multiplied by the number of trees 

ha-1.    

5.2.2.3 Tree biomass and C   

Three trees that most closely represented the mean attributes of the 18 parkland trees (in terms 

of stem diameter over bark at breast height of 1.3 m (DBH) and height), were destructively 

harvested in November 2016. Each tree was separated into three components: trunk, branches, 

and twigs+leaves (with twigs defined as branches less than 5 cm diameter). Components were 

weighed fresh using a field measuring balance or hanging scale. Thereafter, subsamples of each 

above-ground component were taken, including sub-samples of twigs+leaves, two cubed 

subsamples from the trunk (20 x 20 x 20 cm3) and two from branches (20 x 20 x 20 cm3) of 

each tree. Subsamples were weighed then oven-dried at 105oC until a constant weight was 

obtained and the dry mass to fresh mass ratio calculated. This ratio was then multiplied by the 

total fresh weight of each component to calculate the dry weight. Above-ground biomass was 

assumed to be 50% C (UNFCCC 2006). Tree C ha-1 was estimated as C per tree multiplied by 

average tree population density. As this is a coarse estimate of tree biomass (i.e. average of 

three trees biomass to estimate tree C ha-1), the FAO guidelines general equations for drylands  

(Brown 1997) was used to compare tree aboveground biomass, as below;   
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Total above-ground biomass (kg) “FAO” = exp[-1.996+(2.32*ln(DBH (cm))]   

Carbon in below-ground biomass was estimated by using the following equation suggested by 

UNFCCC (2006).   

Carbon in Below-ground biomass (t C/ha) = exp(–1.085 + 0.9256 * ln (E)) * 0.5  

where:   

E = estimate of above-ground biomass (t /ha)   

0.5 = carbon fraction of dry matter   

5.2.2.4 Soil C   

Soil samples were taken under six randomly selected trees at different distances from the tree 

trunk: Zone A (0-2 m), Zone B (2-4 m) and Zone C (4-6 m) and from control plots (crop-only) 

c. 30 m away from the tree trunk. Samples under trees were taken at two points in each zone at 

depths of 0-20, 20-40, 40-60 and 60-80 cm using a core sampler.    

Two samples for each combination of distance and depth were mixed to make a total of 12 

composite soil samples per tree. Similarly, two soil samples were taken from control plots 

located randomly. Soil bulk density (BD) samples were also taken from each distance and 

control plots, at each depth, using a sharpened steel cylinder. Soil samples were air dried and 

analysed for organic C (Walkley & Black). Bulk density was determined by drying the sample 

in an oven at 105°C for 24 hours. Carbon content was calculated by multiplying C 

concentrations by bulk density. Weighted soil C concentration under each tree was calculated  

as    

(Area1 × %Ccon.1) + (Area2 × %Ccon.2) + (Area3 × %Ccon.3)  

(Area1 + Area2 + Area3)   

Where, Area 1 = area of zone A, Area 2 = area of zone B, Area 3 = area of zone C and; %Ccon.1 

= soil C concentration under zone A, %Ccon.2 = soil C concentration under zone B 

and %Ccon.3 = soil C concentration under zone C.   
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Annual C sequestration potential of soils under F. albida trees was calculated as   = % 

area covered by trees (Soil C under trees - Soil C in the control)   

Age of trees   

The average age of F. albida trees in the parkland was assumed to be 42 years (Sida et al. 

2018a).    

5.2.3 Data analysis   

Data were analysed using the GLM procedure of SAS 9.4 (SAS Institute, 2013). Means of soil 

carbon under trees and at a distance from trees (control plots) were compared using a t-test (with 

a significance level of P < 0.05). Data from samples at each soil depth was analysed separately.    

5.3 Results   
5.3.1 Tree size characteristics and population density   

Tree DBH range was 0.42-0.87 m and crown projection area 43-93 m2 tree-1 (Table 5.1). Tree 

diameter measurements in consecutive years (2015 and 2016) show that trees grew about 1 cm 

in DBH per year.   

Table 5.1 Characteristics of F. albida trees selected for study in the parkland agroforestry 
system (n = 18), and those selected for harvest (n=3).   

   Trunk 
DBH (m)   

Crown  
Radius (m)   

Height to 
crown base (m)   

Trunk 
height (m)   

Total 
height(m)   

Crown  
projection 
area (m2)   

All trees                     
Min   0.42   3.70   2.00   4.71   8.40   43.00   
Max   0.87   5.45   4.00   7.61   10.21   93.27   
Mean   0.61   4.31   3.08   5.87   8.95   59.05   
SE(±)   0.03   0.12   0.12   0.19   0.14   3.34   

Harvested 
trees   

                  

Min   0.50   3.70   2.50   5.25   8.50   43.01   
Max   0.55   4.24   3.50   6.40   9.60   56.48   
Mean   0.53   3.91   2.9   5.72   8.95   48.28   
SE(±)   0.01   0.17   0.21   0.35   0.33   4.15   
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Across all plots, tree density of F. albida ranged from 0-35 trees ha-1 (Fig.5.1), with an average of 
5.80 trees ha-1. Therefore, approximately 3.4 % of the total study area is covered by tree crowns.    

 
Figure 5.1. Frequency distribution of Faidherbia albida tree density for 285 plots in the 

parkland of Adulala watershed.    

   
5.3.2 Tree biomass C   

Mean above-ground biomass was 844 kg tree-1; branches contributing 47.9% and trunk 31.5% 

(Table 5.2).  Above-ground biomass of these trees was about 1359.8 kg tree-1, based on the 

generic FAO allometric equation estimation. Results of the current study show that trees stored 

about 2 t C ha-1 in their above-ground biomass (mean biomass was 4.9 t ha-1), with the current 

tree population density of 5.8 trees per hectare. On that basis, above-ground C of F. albida trees 

could be estimated to increase to 42 t C ha-1 if tree population density was increased 

hypothetically to 100 trees ha-1. Mean root biomass was estimated to be about 1.5 t ha-1, 

indicating that trees can store about 0.76 t C ha-1 in their below-ground (root) biomass with the 

current tree population density.    
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Table 5.2 Mean above-ground biomass of tree components (n = 3 trees). DM = dry matter.   

   
   Trunk   Branches   Twigs   Leaves   Total   Total   

(FAO)   
Mean 
biomass (kg 
DM tree-1)   

265.6   404.1   123.6   50.2   843.5    1359.8   

SE (±)   34.5   45.9   20.7   5.8   -   -   
   

5.3.3 Soil organic C   

Soil organic C stocks under trees were estimated to range from 28 to 32 t C ha-1 per 20 cm 

depth, and total C (0–80 cm depths) averaged 118 t C ha-1 per profile (Table 5.3). Soil organic 

C stock was significantly greater (P<0.001) under trees than in the crop-only area (control plots) 

for all soil depths; with C sequestration potential of approximately 0.03 t C ha-1 y-1
 estimated 

based on our data.  

   

Table 5.3 Average (weighted for tree zone area) of soil organic C concentrations (OC), bulk 

density (BD) and C stock under F. albida trees compared to away from trees (control plots) at 

four soil depths (n = 6).   
 

Under trees* Control 
Depth 
(cm) 

 
OC 
(%) 

BD 
(g cm-3) 

C stock  
(t C ha-1) 

OC 
(%) 

BD  
(g cm-3) 

C stock  
(t C ha-1) 

0-20 Mean 1.42 1.12 31.80 1.07 1.15 24.52  
SD 0.09 0.02 1.54 0.11 0.01 2.40 

20-40 Mean 1.26 1.12 28.31 0.86 1.15 19.82  
SD 0.10 0.02 1.77 0.10 0.01 2.28 

40-60 Mean 1.11 1.37 30.64 0.79 1.34 21.24  
SD 0.15 0.06 3.48 0.10 0.01 2.61 

60-80 Mean 1.00 1.38 27.75 0.70 1.34 18.73  
SD 0.18 0.04 4.12 0.11 0.01 3.09  
Total 

  
118.49 - - 84.32  

SD 
  

5.88 - - 1.32 
 
*Weighted average of the three zones. SD= Standard error  

Soil organic C is estimated to contribute about 98% of the total C (above-ground biomass + soil 

organic C) stock. This is based on above-ground biomass of 2 t C ha-1 and soil of 118 t C ha-1, 

with the current tree density of 5.80 trees ha-1.    
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5.4 Discussion    

The current study has estimated that F. albida trees in the study area stored about 2 t C ha-1 in 

above-ground biomass, but several studies report that F. albida parkland systems can store 

significantly more C in their above-ground biomass. For example, Beedy et al. (2016) evaluated 

F. albida trees in parkland agroforestry systems of Malawi and reported an average 

aboveground biomass C of 3 t C ha-1.  Takimoto et al. (2008) showed that F. albida in parklands 

in Mali stored about 54 t C ha-1 in above-ground biomass. These differences between estimates 

could partly be attributed to a wide difference in tree stocking; for example, tree stocking in 

Mali parkland was 21 trees ha-1, whereas at Adulala in the current study it was only 5.8 trees 

ha-1. While the magnitude of the difference in tree stocking between our study and that in Mali 

is approx. 4-fold, the difference in above-ground C is approx. 10-fold. The lower  above-ground 

carbon storage in the current study area could also be attributed to the pruning practice, i.e. tree 

branches are pruned (pollarding) at intervals of 3-4 years to increase light availability for 

understory crops (Dilla et al. 2018b). Therefore, continued pruning and removal of C stored in 

leaves and branches would reduce C sequestration, and less foliage would also slow tree growth 

rate. In-turn, there would also be less tree litter and less C transferred to the soil C pool 

(Oelbermann et al 2004). Moreover, tree age (and therefore size), and sampling methods (only 

average diameter trees versus sampling across the diameter range) may account for some of 

these differences. For these reasons, our study is likely to have underestimated the total biomass 

of trees per hectare compared to other studies (Beedy et al. 2016; Takimoto et al. 2008). Our 

results need to be interpreted with this consideration in mind. An alternative biomass C 

estimation method could have relied on general allometric equations that group data for a 

number of species. However, such methods do not take into account differences between 

species, which would have resulted in some errors.   

The current study estimates that F. albida roots in the parkland constitute about 30% of the total 

biomass, and therefore they could play a significant role in increasing the C pool. Other studies 

also reported the significant contribution of roots to total biomass. For example, a study in 

poplar plantations in China, reported that biomass allocated to roots is greater than the biomass 

allocated to branch and leaf; they ranked biomass production by tree components as stem > 

root> branch> leaf (Fang et al. 2007). The C stored in roots can also represent a significant 

long-term C sink in agroforestry systems (Oelbermann et al. 2004). However, studies on the 

potential of roots to sequester C in agroforestry systems are scarce as quantification of 
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belowground biomass is difficult. Thus, future research should include a focus on quantification 

of below-ground biomass (root biomass) and their potential to sequester carbon.    

Faidherbia albida canopies can have positive effects on crop yields and microclimate 

conditions (Dilla et al. 2018b; Sida et al. 2018b). However, the current study indicates that tree 

crowns cover only 3.4% of the total study area. Increasing tree stocking (as recommended by 

Ethiopian policy) to 100 trees ha-1 would increase cpa to 59% based on our study, if trees were 

the same age and size. While this highlights obvious benefits for C sequestration, 

implementation of the policy may be limited by competition for land between crops, trees and 

livestock. Further, impacts of high tree stocking on crop production need further investigation 

in Ethiopian agroforestry systems. Farmer-managed natural regeneration, the practice of 

farmers protecting naturally regenerating F. albida sprouts (Garrity et al. 2010), could be a 

viable strategy to enhance tree population density in the CRV of Ethiopia.   

Faidherbia albida parkland systems are protected in Ethiopia for their benefits to crop yields 

and soil fertility (Garrity et al. 2010), and the parklands tend to be not usually subjected to 

major short-term changes in configuration and management (Takimoto et al. 2008). Therefore, 

C stored in these systems can be considered reasonably stable over time (Beedy et al. 2016; 

Takimoto et al. 2008). A study in the parklands of the CRV of Ethiopia show that only 48% of  

the F. albida tree population is younger than 42 years (the average age), and suggested little 

recruitment of the trees within the past 2-3 decades (Sida et al. 2018a) The current study 

indicates that mean DBH growth of the existing trees is about 1 cm per year. However, the 

height (where DBH is measured) was not marked at the first measurement to ensure the tape 

was in exactly the same position the following year; this can lead to an error in the estimation 

of tree growth, as a small difference in height can result in different diameter readings not 

related to growth.    

Soil C content, in the current study, was significantly greater under trees compared to control 

plots away from trees, which demonstrates the potential of trees to increase soil C stocks. The 

positive effects of parkland agroforestry systems on soil fertility including soil organic C are 

documented (Rao et al. 1997; Rhoades 1995). For example, a study by Demessie et al. (2016), 

in the Gambo district of Southern Ethiopia, indicate that soil C stocks are higher (67 t C ha-1) 

in the parkland agroforestry system than in adjacent farmland (56 t C ha-1). Carbon 

sequestration potential of a system refers to long-term storage of C by the system, which can 
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mitigate global warming and avoid the harmful effects of climate change (Palm et al. 2004; 

Roshetko et al. 2002). Carbon sequestration potential of agroforestry systems relies on organic 

C entering soil from turn-over of crop residues, tree litter and fine roots  (Oelbermann et al.   

2005). Those inputs can help to stabilize soil organic matter and improving soil C stocks (Lal 

2004; Oelbermann et al. 2005). A study in F. albida woodland of Zimbabwe indicated that 

organic inputs from litterfall under F. albida trees (mean DBH = 0.73 m) was 1.5 t ha-1 y-1 

(Dunham 1991). Other authors have argued that improved soil fertility including soil organic 

matter under trees is due to the lateral redistribution of nutrients, by domestic and wild animals 

or due to existing soil fertility conditions that favoured natural establishment of tree seedlings 

(Beedy et al. 2016; Geiger et al. 1994).    

The current study showed that soil C dominated the total C stock (above-ground biomass + soil   

C), contributing about 98% of the total. Comparably, soil C in a miombo woodland of   

Mozambique contributed 70% of total C (Ryan and Williams 2011), while Walker and Desanker 

(2004) reported 60% soil C in the total C stock for a Malawian miombo. A study in the 

agroforestry systems of the West African Sahel reported that the percentage of soil C (0100 cm) 

in the total C was 38% in F. albida parkland, 55% in V. paradoxa parkland, 84% with live 

fencing (Acacia nilotica, Acacia senegal, Bauhinia rufescens, Lawsonia inermis and Ziziphus 

mauritiana), and 94% in a fodder bank (Gliricidia sepium, Pterocarpus lucens and P. erinaceus) 

(Takimoto et al. 2008). Several agricultural systems also can be employed to increase soil C 

sequestration. For example, minimum tillage can increase soil C by 0.57 t C ha1 y-1 and increase 

soil aggregation and physical C stabilisation (West and Post 2002).    

Carbon sequestration rate is calculated as the difference in C content in the system before and 

after a land use change per unit time (Mg C ha-1 y-1) (Palm et al. 2004; Roshetko et al. 2002). 

The current study estimated that the soil under F. albida trees in the agroforestry system can 

sequester on average 0.03 t C ha-1 y-1, assuming the average age of F. albida trees in the 

parkland to be 42 years (Sida et al. 2018a), that the net increase in soil C under trees had 

accumulated since tree establishment, and that there was linear C sequestration over time. 

However, this latter assumption can lead to an error in the estimation of carbon stocks over 

time, as accumulation of carbon is not linear with time (tree age) because of climatic and 

management variations. Future research could include assessment of tree growth ring data to 

provide better estimation of annual tree growth and age of trees. This would provide a better 

insight into the development of carbon stocks over time.    
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Increasing the current tree density from 5.80 tree ha-1 to 100 trees ha-1 could potentially 

sequester 0.48 t C ha-1 y-1; which is a low rate relative to the soil C sequestration by other 

agroforestry systems. A summary of soil C sequestration rates in some major agroforestry 

systems around the world indicated that the C sequestration potential of agroforestry systems 

was anywhere between 1.25-123 t C ha-1 (Nair et al. 2009). The wide difference in the C 

sequestration rates in agroforestry systems depends on a number of site-specific biological, 

climatic, soil, and management factors including tree population density (Nair et al. 2009). We 

concluded that carbon storage of F. albida parklands can be increased by enhancing trees 

population density by encouraging farmers to protect planted seedlings or natural regeneration. 

The current study suggested that further biomass sampling for C sequestration research 

conducted in the parkland should include higher numbers of replicates (trees) and cover the full 

range of DBH classes.   
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Chapter 6 Plot-scale agroforestry modelling explores tree pruning 
and fertiliser interactions for maize production in a Faidherbia 
parkland    
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Abstract   

Agroforestry is being promoted widely in interventions for enhancing agricultural productivity, 

because of expected net positive effects of trees on crop production and livelihoods. 

Agroforestry models are required to accurately predict the effects of tree management on crop 

growth when designing modifications to these systems. The APSIM agroforestry tree-proxy 

model was used to simulate the response of maize yield to N fertilizer applications and tree 

pruning practices in a parkland agroforestry system, Central Rift Valley (CRV), Ethiopia. The 

model was parameterized and tested using data collected from experiments conducted under 

trees and in crop-only plots during the 2015 and 2016 growing seasons. The treatments 

contained three levels of tree pruning (100% pruned, 50% pruned, and unpruned) as main plots, 

and application of N fertilisers (9 or 78kg N ha-1) as sub-plots. APSIM adequately predicted (r2 

= 0.87, Nash-Sutcliffe Efficiency (NSE) = 0.75) maize yield response to N applications for crop-

only plots, in both 2015 and 2016 years (pooled data). Maize yield predictions in response to 

tree pruning (different levels of shading) and N applications under tree canopies were also well 

predicted with an r2 of 0.74 and NSE 0.73 for the pooled data. Virtual experiments for different 

rates of N, pruning levels, sowing dates and cultivars suggest that maize yield could be 

improved by applying fertilisers (particularly on crop-only plots) and by pruning of trees when 

crops are grown underneath. Long-term simulations, with varied climate conditions, also 

indicated that the optimal maize yield can be obtained at a lower rate of fertilisation (<50 kg N 

ha-1) under trees than away from them (165 kg N ha-1). These virtual experiments helped form 

hypotheses about fertiliser and pruning strategies that warrant field evaluation.     
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6.1 Introduction   

Crop production in Ethiopia and other sub-Saharan Africa countries is strongly affected by low 

levels of soil fertility (Tittonell and Giller 2013; Vågen et al. 2016) as well as  inadequate or 

poorly distributed rainfall (Cooper et al. 2008; Thornton et al. 2011). Cereal crops, including 

maize, constitute a crucial part of the staple food in Ethiopia. Maize accounts for 27% of 

Ethiopia’s total cereal production and is critical for food security of smallholder subsistence 

farmers (Legesse et al. 2011). However, the average maize yield (3.2 t ha-1) at farm level (Abate 

et al. 2015), remains far below the yields (5-10 t ha-1) reported from experimental stations (Dilla 

et al. 2018a; Legesse et al. 2011), mainly due to inadequate crop nutrition. Growing crops with 

trees, such as in parkland systems, could provide sustainable and affordable strategies to 

improve crop productivity and livelihoods for smallholder farmers with limited access to inputs 

(Lin 2007).   

Trees can play a crucial role in providing services such as shade, erosion control, soil fertility, 

and tree products (Sileshi et al. 2014). Despite these positive effects, tree competition for light, 

nutrients and water can reduce crop yields (Bayala et al. 2015). Thus, an understanding of how 

on-farm tree species affect crop productivity is critical to managing the potential impact of 

competition on crop productivity (García-Barrios and Ong 2004). For example, a study in the 

parkland of CRV, Ethiopia, explored the impacts of Faidherbia albida trees and fertiliser 

management practices on maize production; and the findings indicated that maize yield could 

be maintained or improved by partial pruning of the F. albida and by preferentially applying 

fertilisers in normal and wet years (Dilla et al 2018).    

APSIM (The Agricultural Production Systems sIMulator), is a modular modelling framework 

that has been developed to simulate biophysical processes in farming systems (Keating et al 

2003). The model has been widely applied in many areas; including exploring various 

management options, genetic trait evaluation and crop choice to farming system designs 

(Holzworth et al. 2014). Recently, the APSIM Next Generation modelling framework 

(Holzworth et al. 2015; Holzworth et al. 2014) has been tested for its ability to predict maize 

growth and yield response to interactions of N fertiliser and shrubs or small trees of gliricidia 

(Gliricidia sepium) in agroforestry row systems (Smethurst et al. 2017). The simulations were 

done using data over two years (short-term) in Kenya and 11 years (long-term) in Malawi, 

under various proportions of trees and crops and contrasting management. Observations were 
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well-simulated, including widely spaced (circular, single-tree) geometries of tree-crop 

interactions and trees with large canopies (Smethurst et al. 2017), indicating that this 

agroforestry model warrants further application. The APSIM model has the capability to 

simulate crop growth in response to competition for solar radiation (Dilla et al. 2018a; Knörzer 

et al. 2011), which provides an opportunity to simulate crop production under tree canopies.     

Simulation models can be applied to quantitatively understand the interactions amongst 

components of agroforestry systems including management for improving productivity 

(Dufour et al. 2013; Smethurst et al. 2017). In addition, an understanding of crop growth factors 

under a range of biophysical and socioeconomic conditions is necessary to enhance crop 

productivity (Cooper et al. 2014). Crop models, including APSIM, can be employed to 

understand the key processes governing crop growth; environment (e.g. climatic conditions), 

genotype and management (e.g, sowing date and density) (Kassie et al. 2014; Seyoum et al. 

2018).    

The objectives of this study in the parkland system of the Central Rift Valley (CRV) of Ethiopia, 

were to: i) evaluate the performance of the APSIM Next Generation model for predicting the 

response of maize to different tree and fertiliser management treatments under trees and in crop-

only areas; ii) test the sensitivity of maize yield to sowing date and cultivar, and iii) determine 

the impact of climate variability on maize yields at optimum and low N fertiliser with traditional 

pruning levels.    

6.2 Materials and methods   
6.2.1 Site description   

The field experiment was conducted in the Central Rift Valley of Ethiopia, in a parkland at 

Adulala, located approximately 104 km south-east of the capital city, Addis Ababa. The study 

area is situated at 8° 29.5' N latitude, 39° 20.5' E longitude and has an average elevation of 

1,688 m above sea level. The study site and experiment have been described previously in Dilla 

et at (2018).     

   
The location has a bimodal rainfall distribution, with mean annual rainfall of 820 mm. The short 

rainy season extends from March to May and the long rainy season from June to October. 

Annual mean minimum and maximum temperatures are 13.9°C and 28.5°C. Soil type is 
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classified as a Fluvisol (Goma 2015). Surface soil (0-20 cm) in crop-only areas had pH 7.6 with 

0.11% total N, 21.89 µg g-1 Olsen extractable P (Dilla et al. 2018b) and available water holding 

capacity of 155 mg g-1 (Goma 2015). Natural vegetation is dominated by tree species such as 

Acacia tortilis, A. seyal and F. albida (previously A. albida) (Argaw et al. 1999; Endale et al. 

2017), but overall tree density is sparse (c. 5.8 trees ha-1) (Dilla et al. 2019). Maize, teff and 

wheat are the main crops at this site, and livestock browse crop residues.    

6.2.2 Field experiments   
6. 2.2.1 Experimental design and crop establishment   

Data were collected during the growing seasons of 2015 and 2016, from an experiment in 

farmers’ fields in the Adulala watershed, as described previously (Dilla et al. 2018b). The 

treatments were laid out as a split-plot design with six replications. The main-plot treatments 

included three levels of tree crown pruning: unpruned, 50% pruned and 100% pruned 

(pollarding) and crop-only plots (at about 30 m from tree trunks). Sub-plot treatments included 

fertiliser applications on four sub-plots (four quarters of the main plot that were oriented 

randomly). At sowing, urea (46 kg N ha-1) was added to one sub-plot, di-ammonium phosphate 

(9 kg N ha-1 and 23 kg P ha-1) to the second sub-plot, both urea and di-ammonium phosphate 

were added to the third sub-plot (55 kg N ha-1 and 23 kg P ha-1) and the fourth sub-plot was left 

as a control (no fertiliser applied). Additional urea at half the sowing rate (23 kg N ha-1) was 

applied to the first and third sub-plots 10 days after sowing. A detailed description of the 

experiment can be found in Dilla et al. (2018b). Maize (Melkassa variety) was sown on May 

15, during the 2015 and 2016 cropping seasons. Seeds were sown at a spacing of 0.75 m 

between and 0.30 m within rows in each sub-plot under each tree (a total of 18 trees, i.e. six 

trees per pruning level) and in the crop-only plots. Weeding was done manually every two 

weeks.     

  
6.2.2.2 Measurements   

In 2015, prior to sowing, soil samples were taken from each tree position (zone); ZA (0-2); ZB 

(2-4) and ZC (4-6 m) and crop-only plots at 0-20 cm, 20-40 cm, 40-60 cm and 60-80 cm depths. 

Samples were analysed for organic carbon (Walkley & Black), total nitrogen (Kjeldahl), 

available phosphorus (Olsen) and gravimetric water content. Details of soil sampling are 
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described in Dilla et al (2018). This measured data was used to parameterize the soil module 

(APSoil) of APSIM (described below).    

Photosynthetically active radiation (PAR, µmol s−1 m−2) was measured under a total of nine trees 

(3 randomly selected trees from each of the unpruned, 50% pruned and 100% pruned trees) at 

different positions from the tree trunks (positions): 0-2 m, 2-4 m, and 4-6 m, and in each crop-

only plot, in order to estimate the amount of radiation under trees and in crop-only plots. Grain 

yield was measured by harvesting maize (at physiological maturity) from 1-m2 quadrats, located 

randomly in the sub-plots under each tree position and crop-only plot.   

Tree root samples were taken from soils collected under trees (unpruned trees) at 0-2, 2-4, 4-6 

and 6-8 m distances from the tree trunk at depths of 0-10, 10-30, 30-60, and 60-120 cm. Roots 

in the samples were carefully washed out of the soil over a 0.5-mm sieve. The samples were 

then spread out on a clear plastic tray that was filled with water and roots samples were 

separated from organic debris using pincers. Tree roots were distinguished from crop roots by 

their colours and morphology. Lengths of fine roots (diameters ≤ 2 mm) were estimated using 

the line intercept method (Tennant 1975): L = πND/4, where L (cm) = root length, N = number 

of counts, and D (cm) = grid size. Root lengths were divided by the known volume of soil 

sampled to give root length densities.    

6.2.2.3 Modelling   

The agroforestry proxy tree model of APSIM Next Generation (www.apsim.info) was used for 

all simulations. As this version of APSIM did not have capability to simulate response to soil 

P, and a response to P fertiliser was observed in the field experiment, only the P-fertilised 

subplot treatments were simulated. Datasets for daily temperature, rainfall and radiation were 

obtained from the Melkassa weather station (located about 6km away from the experimental 

site). Management (e.g. cultivar, sowing date, depth and fertilisation) and initial soil properties 

for simulation were based on measurements where available (Table 6.1; Dilla et al 2018).    

Soil properties such as initial available water and nitrogen were based on literature (Araya et al. 

2015; Seyoum et al. 2018) and maize-soil parameters were assumed based on values typically 

used in APSIM (Table 6.1). These values were then calibrated for under-tree zones and crop-

only conditions to achieve adequate predictions of grain yield across all treatments and years, 
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with an emphasis on crop-only yields. This calibration was then used unchanged for virtual 

experiments. Meteorological data was sourced from Melkassa weather station. Radiation was 

unchanged for the crop-only treatment, but reduced (editing the met file manually) for tree 

shading according to light measurements for each tree pruning level and position (Table 6.2). 

Tree root length density was based on measured values from the experiment (Table 6.2), but 

maize root length density measurements were not needed as they were simulated by the maize 

model using the Melkassa-2 cultivar provided in APSIM.    

Soil properties used for the APSIM maize model calibration are presented below; soil carbon 

concentrations decreased with increasing distance from tree and with soil depth (Table 6.1). 

Light intensity increased with distance from trees and with increased pruning (Table 6.2). The 

amount of PAR received in the open (control) was reduced by 34%, 23% and 9% under 

unpruned, 50% and 100% pruned trees, respectively.   
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Table 6.1. Soil properties used for the APSIM maize model calibration in CRV of Ethiopia   

 

    40-60   1.23   1.27   7.60   0.20   0.01   0.05   0.02   54.00  0.02   0.04  

    60-80   1.32   1.19   7.60   0.02   0.01   0.05   0.05   56.00  0.01   0.02  

2-4m   0-20   1.13   1.48   7.60   1.00   0.50   0.05   0.02   62.00   0.03   0.05  

    20-40   1.08   1.46   7.60   0.50   0.20   0.05   0.02   58.00   0.02   0.05  

    40-60   1.33   1.42   7.60   0.20   0.01   0.05   0.02   54.00   0.02   0.04  

    60-80   1.32   1.35   7.60   0.02   0.01   0.05   0.05   56.00   0.01   0.02  

4-6m   0-20   1.13   1.33   7.60   1.00   0.50   0.05   0.02   62.00   0.03   0.05  

    20-40   1.15   1.12   7.60   0.50   0.20   0.05   0.02   58.00   0.02   0.05  

    40-60   1.43   0.9   7.60   0.20   0.01   0.05   0.02   54.00   0.02   0.04  

    60-80   1.43   0.76   7.60   0.02   0.01   0.05   0.05   56.00   0.01   0.02  

      

Crop-  0-20   1.15   1.07   7.60   1.00   0.50   0.05   0.02   62.00  0.03   0.03  
only  

    20-40   1.15   0.86   7.60   0.50   0.20   0.05   0.02   58.00  0.02   0.03  

    40-60   1.34   0.79   7.60   0.20   0.01   0.05   0.02   54.00  0.02   0.03  

    60-80   1.34   0.7   7.60   0.02   0.01   0.05   0.05   56.00  0.01   0.02  

                        
Bulk density (BD), organic carbon (OC), fraction of carbon in microbial biomass (Fbiom), fraction of 
inert carbon (Finert), plant available water content (PAWC) and root growth parameters (KL and XF).   
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Table 6.2. Root length density and shade levels used for the APSIM model calibration    
   

 
50% Pruned   31   24   14      

100% Pruned   17   9   9      
Depth (cm)   Tree root length density (cm cm-3)      

0-20   0.51   0.44   0.24      

20-40   0.48   0.3   0.23      

40-60   0.16   0.06   0.14      

60-80   0.06   0.03   0.06      

80-120   0.03   0.01   0.01      

Simulated maize yield was tested against the observed values for each tree position, i.e., for the 

different radiation levels and fertiliser rates. The goodness of fit between observed and 

simulated values of crop yield was tested using coefficient of determination (r2) and 

NashSutcliffe efficiency (NSE). These levels indicate satisfactory model performance at NSE > 

0.65, and R2 > 0.70 (Ritter and Muñoz-Carpena 2013).    

   

6.2.2.5 Virtual experiments    

Simulation models can provide the opportunity to extend field results to a wider range of 

treatments and treatment levels.  Therefore, the calibrated model was subsequently used in 

virtual experiments of simulated maize yield as affected by pruning level (i.e. level of daily 

radiation), N fertiliser rates, cultivar, sowing date, and long-term climate variability. Scenarios 

are reported for 2016 (high rainfall year) only, as 2015 was a highly drought-affected year.   

  

Pruning Level                      Shade  (%)    

Unpruned      46.3     41.7     27.4       

Zone (m)           

0   -   2     m       2   -   4     m       4   -   6     m       
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Pruning experiment: Radiation was reduced by 9-46% to determine the optimum pruning level   

for crop yield (≥ 95% of maximum yield) under trees.   

• The meteorological data file in the APSIM model was modified to represent the range of 

light received under trees as measured with 0%, 50% and 100% pruning. Initial soil 

properties for these simulations were calibrated based on average values of soil 

properties (weighted average for tree zone area) from field measurements. Management 

(e.g. cultivar, sowing date and depth) was based on initial calibration and no fertiliser 

was applied for these simulations.   

   

N fertiliser, pruning, and tree position experiment: Nitrogen fertiliser rate (0, 10, 20, 30, 50, 

recommended rate 69,115 and 165 and 200 kg N ha-1) effect on crop-only and under tree plots 

– to determine the optimum rate of N for crop yield (95% maximum yield) at each light level 

and for the soil in each tree zone.   

• Simulations were based on the initial calibrations for soil properties in the crop only 

plots and for each tree position. The amount of radiation reduction was based on field 

measurements (average value of radiation for tree positions) for each pruning level; 34 

(unpruned), -23 (50% pruned) and -9 (totally pruned). Management parameters were 

based on initial calibration and N fertiliser was applied (as rates indicated above) on 

crop-only and under-tree plots. The N rate at sowing was kept constant at the 

recommended rate, but the N rate 15 days after sowing was increased up to 200 kg N 

ha-1 in order to reach the optimum rate for crop yield.   

Genotype and sowing date experiment: Early (15 May) and late (30 Jun) sowing dates of two 

cultivars Melkassa-2 (early-medium maturing variety) and mh 19 (medium-late maturing 

variety), with different rates (0, 65, 115, 156 and 200) of fertilisers on crop-only and under tree 

plots (100% pruned).    

• These simulations were based on the initial calibrations for soil properties and 

management, except the cultivar information and sowing dates (as indicated above).   

The amount of light was reduced by 9% (100% pruned) and average values of soil 

properties for each tree position, were used for under-tree simulations.   
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Climate variability experiment (from 1977-2016): to determine the response of maize yield to 

climate variability (rainfall, temperature and radiation) under optimal and sub-optimal N and 

pruning levels for under-tree and crop-only treatments.   

• For crop only plots, initial soil properties and management were based on initial 

calibrations. For under trees, the amount of light was reduced by 23% (50% pruning) 

and soil was based on values of soil properties averaged across the three tree positions. 

N fertilisers were applied at nil or optimum rates of 165 kg ha-1 for crop–only or 115 kg 

ha-1 under trees.   

   

6.3 Results   
6.3.1 Evaluation of model calibration   

The calibrated model adequately simulated maize yield (r2 =0.87; NSE=0.75; n =4) for croponly 

plots, across the two contrasting years and two rates of N fertiliser. Maize yield (observed and 

predicted) was higher under trees in the 2-4 m (ZB) and 4-6 m (ZC) positions compared to 

crop-only plots in both the 2015 and 2016 growing seasons, regardless of pruning level (Fig 

6.1). Predictions of maize yield in response to different levels of light (pruning) and N fertilizer 

applications under tree canopies were also well predicted (r2 = 0.74, NSE = 0.73). There was a 

tendency for over prediction of maize yield under trees in the 0-2 m position in both years, and 

under prediction in the other positions in the wetter year (2016).    
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Fig 6.1. Comparison of observed and simulated yield of maize grown under trees, PO 

(unpruned), P50 (50% pruned) and P100 (totally pruned) at different positions, 0-2m, 2-4m and 

4-6m and in crop-only plots (20-24m), at different rates of fertilisers; 9 kg N ha-1 and 78 kg N 

ha-1, in 2015 and 2016 cropping seasons.   

   

6.3.2 Virtual experiments   

6.3.2.1 Pruning experiments   

There was a linear reduction in shading from 46 to 9% as pruning increased from 0 to 100% 

(data not presented). Over this range of pruning, simulated maize yield increased from 2 to 4 t 

ha-1. Hence, maximum maize yield was simulated at 100% pruning.    

6.3.2.2 N fertiliser, pruning and zone experiment   

a)  In crop-only plots, maize yield increased asymptotically with N inputs (e.g. by 116% with 

69 kg N ha-1 and 149% with 115kg N ha-1) (Fig 6.2). Scenarios under trees with reduced 
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radiation of -46% (unpruned), -23% (50% pruned) and -9% (totally pruned) showed less 

response of maize to N fertiliser in all zones and light conditions for both 2015 and 2016 

cropping seasons (Fig 6.2, only 2016 data presented). Optimum rates of N fertiliser to obtain 

95% of the maximum crop yield were about 165 kg N ha-1 for crop-only compared to less 

than 50 Kg N ha-1 for all under-tree positions except 4-6m positions of 100% and 50% 

pruned trees (69 kg ha-1                                                      b)                                              c) 

    

Fig 6.2. Simulated maize yield response to different rates of N fertiliser applied in crop-only and 
under trees (100% pruned, 50% pruned and unpruned) at each tree position; 0-2m (a), 2-4m (b) 
and 4-6m (c) in the 2016 cropping season.    ×  indicate approx. optimum rates of fertiliser  

6.3.2.2 Genotype and sowing date experiment  

Maize yield shows less response to different sowing dates (Fig 6.3) for both crop-only and under 

tree scenarios (data presented for crop-only and 100% pruned trees in 2016). The response of maize 

yield to different cultivars was also less for crop-only plots; however, maize yield was increased 

by 34% for under tree plots with medium-late maturing cultivar, mh 19, (Fig 6.3).   

 N Rates (kg/ha)                  

• 100% pruned 
• 50% pruned 
• Unpruned 
• Crop-only 

 

N rates (kg/ha)          N Rate (kg/ha)     
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a) 100% Pruned  

 
  0  50  100  150  200  250  0  50  100  150  200  250  
  N rate (kg/ha)               N rate (kg/ha)     

 Early    
 ----Late   

 ♦ Melkassa-2   
 × mh 19   

Fig 6.3. Maize yield response to different sowing dates (early and late) and cultivars (Melkassa2 

and mh 19) on crop-only and under tree (100% Pruned) plots in 2016 cropping season.    

6.3.2.3 Climate variability experiment:    

The results of a long-term simulation, under past climate conditions, indicated that simulated 

maize yields ranged between 0.3 and 4.6 t ha-1 in crop only plots; and between 0.3 and 5.2 t ha1 

for under-tree plots (Fig 6.4a). Maize yield increased to about 5.9 t/ha with optimal fertilisation 

(165 kg N/ha) and optimal climate for crop-only and for pruning (50%) with 50kg N/ ha under 

trees (Fig 6.4b). Under less optimal climate conditions, e.g. at 50% and 10% probability, more 

maize yield was obtained from under tree plots (2-6 m) than crop-only (Fig 6.4a); and croponly 

plots had the highest yields under less optimal climate conditions, when adequate fertiliser (165 

kg N/ha) was applied (Fig 6.4b).    

   

   

   

   

  

a) Crop - only   
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a)   

   

   

b)   

   

Fig 6.4. Cumulative distribution function (CDF) for maize yield (1977-2016), under no fertiliser (N0) 
and unpruned (P0) (a) and fertilised (N115) and pruned conditions (P50) (b) in CRV of Ethiopia.   
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6.4 Discussion   

Reasonably accurate predictions of maize yield in the current study, despite a range that 

included very low yields (< 1 t ha-1), show that APSIM is able to predict crop responses to 

gradients in radiation and fertilisers in F. albida parklands in the CRV of Ethiopia (Fig. 6.1). 

APSIM has also been reported to have performed credibly in predicting yield responses to N 

fertiliser (MacCarthy et al. 2009; Robertson et al. 2005) and variability in radiation and air 

temperature in this region (Sida et al. 2018b) and in Northern Rwanda (Ndoli et al. 2017). Thus, 

the model can be employed to assist decision making for optimal fertiliser and tree management 

strategies that will improve crop productivity in smallholder farming systems.    

APSIM underestimated maize yield at the lowest light level (-46%, 0-2m position under 

unpruned trees). The low maize yield prediction by APSIM, at shade levels >50%, was reported 

also in this region where the model was used to predict the responses of maize to three levels 

of artificial shading (25, 50 and 75%) (Dilla et al. 2018a). Results suggested that there is need 

to improve the mechanistic processes simulated in APSIM governing the responses to >50% 

shade. However, where competition for light is low to medium as in most of the area under 

trees, the model could be employed to simulate impacts of light competition on understory crop 

productivity. Competition for light could also be minimised by crown pruning (Semwal et al. 

2002; Siriri et al. 2010).   

Maize grain yield under unpruned trees was about 38% less than in the crop-only plots for the 

2015 season (low rainfall), whereas yields under pruned trees were higher (Fig 1&2). This 

suggests that adequate pruning can reduce the negative effect of shade in agroforestry systems. 

In addition, greater maize yields under trees, particularly in the 2-6 m positions of the pruned 

trees could be attributed to improved nutrient and water availability associated with higher 

organic matter concentrations that outweighed any negative effects of shading.    

The virtual experiments indicated that maize yield was more sensitive to gradients in light than 

N fertilisers for crops grown under trees. On the other hand, yield was more sensitivity to N 

fertiliser in crop-only plots than under trees. For the crop-only treatment, the largest responses 

to N were observed between 69 and 115 kg N ha-1 in the medium to high rainfall season (2016). 

Greater response of maize yield to N fertiliser in the crop-only plots than under trees can be 

attributed to the higher nutrient availability concentrations under trees than on crop-only plots. 
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This result is consistent with nutrients being relatively less limiting in conditions of high soil 

fertility (Kho et al. 2001; Sileshi 2016). Similarly, Robertson et al. (2005) used APSIM to assess 

the N fertiliser and yield benefits of velvet bean (Mucuna pruriens) green manure crops, when 

grown in rotation with maize in smallholder farming systems in Malawi. They reported that the 

largest responses to N fertiliser occurred without a previous velvet bean crop and with low 

initial soil nitrogen. With a previous velvet bean crop, response to fertiliser N was less and only 

occurred at sites low in organic carbon.    

The long-term simulation, with varied climate conditions, also indicated that optimal maize 

yield (95% of relative yield) can be obtained at a lower rate of fertiliser (<50 kg N/ha) for under 

tree plots than crop-only plots (165 kg N/ha); and under tree plots (2-6 m) had the highest yields 

in most years when fertiliser was not available. This can be attributed to increased levels of 

nutrient availability under tree canopies compared to crop-only conditions. On the other hand, 

results from this simulation, also show that plots near to tree trunks (0-2 m) consistently 

produced less maize yield than crop-only, despite having the highest soil nutrient concentration. 

This can be attributed to competition for resources between crops and trees in that position 

(Jose et al. 2000).    

Nutrients other than N are probably also plant growth limiting factors at the current study site, 

particularly in crop-only conditions. However, the APSIMx model does not consider P as a 

limiting factor. Thus, simulated yields for zero rates of fertilisers were compared with observed 

values obtained at 23 kg P ha-1. In addition, maize XF values were set very low, to handle water 

limitations in our simulations, which suggest that water could also be a growth limiting factor 

in the study area. This suggests that the model would benefit from further improvement to 

accommodate the impacts of nutrients such as P and K, and water on crop growth and 

development.    

Crop-only plots (without trees), had the highest yields in most years when adequate fertiliser 

(165 kg N/ha) was applied. However, use of chemical fertilisers for resource poor farmers is 

limited by the high cost of fertilisers and the associated financial risk (Bacha et al. 2001; 

Birhane et al. 2018). Alternatively, incorporating trees, such as F. albida, into crop fields 

provides sustainable agricultural options that enhance crop production and other ecosystem 

services such as carbon sequestration (Dilla et al. 2019) and biodiversity conservation (Pardon 

et al. 2017).    
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Simulations indicated that an increase in maize yield can be achieved with partial tree pruning 

and moderate (recommended) N fertilization scenarios. Moderate pruning, reducing total 

canopy volume by about 35% before the onset of the rainy season, may not appreciably reduce 

tree growth (Boffa 1999a). However, further research and modelling for better long-term 

understanding may be needed about the impact of pruning on N fixation and carbon inputs, in 

relation to the rate of soil organic matter build up (Dilla et al 2018).    

The vertical experiment, using different cultivars and sowing dates, showed that late sowing of 

mh19 (hybrid cultivar) produce the highest maize yield under trees compared to Melkassa (open 

pollinated cultivar). In contrast to this, resource poor farmers, claim that local open pollinated 

verities (such as Melkassa) are better adapted to shade than hybrids (such as mh 19) under 

agroforestry (Tiwari et al. 2012). A recent study explored the performance of maize varieties, 

open pollinated and hybrids, in agroforestry systems in Rwanda and Ethiopia (Ndoli et al. 2017). 

They reported that hybrids yielded more than open pollinated verities under G. robusta and S. 

spectabilis in Rwanda but performed equally well under A. tortilis in Ethiopia. This suggests 

that benefits of using either hybrids or open pollinated cultivars in agroforestry systems depends 

on tree species and local conditions (Ndoli et al. 2017).   

A good fit between simulated and observed values confirms that APSIM provided a 

scientifically sound prediction of maize yields in response to N fertilizer use and tree pruning 

management and could be employed for a large-scale maize yield analysis in agroforestry 

systems of Ethiopia. Besides, the model could provide the opportunity to asses a range of 

farming practices over several seasons that cannot be easily done using field experimental trials. 

In farm systems, changes in one component at any point in time is likely to limit options 

spatially across the farm (e.g. due to land, labour or machinery constraints) (Rodriguez et al. 

2014) and a whole farm modelling approach may be required to allow exploration of the 

combined interactions of system components. In regard to this, our modelling has limitations 

in considering farm-scale context factors including animals, manure amounts and distribution, 

residue removal, tree litter inputs, and pests and diseases. Thus, some caution is needed about 

using the results to provide recommendations to farmers and policy makers.   

In conclusion, our study demonstrated that highest yields could be attained when using 

fertilisers at moderate-to-high rates alone (in crop-only plots) or in combination with 

agroforestry trees, which highlights the need to add external inputs to the soil in these systems. 
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Other studies in Sub-Saharan Africa also reported that declining soil fertility is one of the causes 

of low agricultural productivity; the soils are low in fertility due to continuous cultivation 

without external inputs (Akinnifesi et al. 2008). The use of chemical fertilisers in these regions 

is limited by the high cost of fertilisers, untimely distribution in rural areas and shortage of 

nutrients not supplied by the chemical fertilizers, as well as the associated environmental risk 

(Mafongoya et al. 2006). Though agroforestry options provide alternatives for resource poor 

farmers, the adoption of practices such as intercropping and crop rotation with legumes is 

constrained by limited land and immediate food concern, i.e. the cost of leaving land fallow to 

conserve soil fertility for two years is high (Mafongoya et al. 2006). Thus, combined application 

of chemical fertilisers and organic matter (e.g. from agroforestry trees) could provide a better 

alternative to improved crop yields (Vanlauwe et al. 2001). Further research to address soil 

fertility problems should focus on the understanding of the mechanisms related to combined 

use of organic and chemical fertilisers.   
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Chapter 7 General discussion  

7.1 Introduction   

This chapter presents a comprehensive discussion of the main research findings of the current 

study. The objectives of the thesis include (1) Exploring how tree pruning and fertilizer 

management practices affect maize growth and yield, (2) determining the potential of the 

APSIM Next Generation model to simulate the effects of different levels of shading and 

fertiliser rates on maize growth and development, (3) determining above-ground biomass of F. 

albida trees and estimate the amount of carbon stored in soil and biomass of this parkland 

system and (4) developing recommendations for managing tree-crop interactions in the Central 

Rift Valley of Ethiopia. The effects of trees on crop yield and soil fertility as well as the impacts 

of tree crown pruning, and fertiliser application are presented in section 7.2. (objective 1). 

Ecological benefits of trees, and carbon sequestration potential of trees in particular, are 

discussed in section 7.3 (objective 3). Section 7.4 presents an evaluation of the APSIM next 

generation model to simulate agroforestry systems (objective 2) and section 7.5 provides the 

main conclusions and recommendations (objective 4).   

   

7.2 Crop productivity and soil fertility effects of F. albida   

Smallholder farming in Sub-Saharan Africa is under pressure because of natural resource 

degradation, such as declining soil fertility and increasing soil erosion, which is exacerbated by 

increasing population and climate change (Schlenker and Lobell 2010). Agroforestry could 

provide a viable option to enhance agricultural productivity in the smallholder farming systems 

because it allows the production of food, fodder, fuel, fibre and income from intercropped trees 

while restoring exhausted soils (Garrity et al. 2010; Mbow et al. 2014). As a source of nutrients, 

agroforestry trees and shrubs are also perceived by smallholder farmers in Africa as a lower 

risk mineral fertilisers.    

 In this study, higher maize yield was observed under F. albida tree crowns compared with 

open fields, which was presented in Chapter 4 and Chapter 6. The increased maize yield was 

likely due to improved soil nutrient concentrations and moisture levels associated with greater 

organic matter concentrations under tree canopies than in the open fields away from tree trunks 

(Table 4.2). This result is in agreement with findings of Hadgu et al. (2009); Poschen (1986); 
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and Sida et al. (2018b). In contrast to these findings, some studies reported that understory 

crops may not benefit from any effects of the tree. In Cameroon for instance, yields of 

groundnut (Arachis hypogaea L.), cotton (Gossypium sp.) and sorghum were reduced by 34%, 

11% and 40%, respectively (Harmand and Njiti 1992). Above- and below-ground competition 

for resources can lead to understory yield reduction in agroforestry systems. Above-ground 

competition involves microclimate modification such as changes in light, temperature, relative 

humidity, and rain interception (Jonsson et al. 1999; Sanou et al. 2012) and below-ground 

competition involves competition for water and nutrients (Schroth 1995). Lower maize yield 

under unpruned trees (particularly 0-2 m from the tree) relative to the totally pruned and 50% 

pruned trees (Fig. 4.6) was attributed to reduced PAR available to crops in the absence of leaf 

fall during the cropping seasons (Chapter 4). Reduction of PAR reaching the under-storey 

maize reduces the net photosynthesis of maize plants, and therewith plant growth and maize 

yields. Competition for light reduces yields of C4 crops, such as maize, more than those of C3 

crops, such as wheat (Bayala et al. 2015; Challinor et al. 2014).    

Competition for resources between trees and crops largely off-sets the tree advantages (Ong 

and Leakey 1999). This implies that the optimizing of crop production in agroforestry will 

require specific tree management such as pruning and crop management practices like 

fertilisation. This study demonstrated that crown pruning increased maize yield compared to 

unpruned trees. Farmers in Ethiopia usually minimize above-ground competition by pruning 

trees crowns (Iiyama et al. 2017). Fertilisation under trees and in crop-only areas also increased 

crop yields (Fig.4.7), and the response of maize to fertiliser was greater in the high rainfall 

season than in the low rainfall season (Chapter 4). As others have shown, food production in 

agroforestry systems on small-holder farms in Africa is maximised if both organic and 

inorganic (mineral) fertilisers are used for increasing soil fertility. Preferentially applying 

fertilisers in normal and wet years could be economically viable and attractive for small-holder 

farmers.    

Several studies have reported the positive effects of F. albida trees on soil fertility (Birhane et 

al. 2018; Haile et al. 2014). In this study, higher concentrations of organic carbon, available P 

and total N were demonstrated under the F. albida canopy than farther away from the tree trunk 

(Chapter 4). The increased values of soil nutrients was likely partially due to litter fall and 

decomposition of dead roots, nutrient recycling and biological N fixation in the roots (Rao et 

al. 1997). However, controversy still exists about the extent to which Faidherbia trees 
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contribute to increased concentrations of nutrients under their canopies, as other mechanisms 

are also recognised, i.e. lateral redistribution of nutrients by domestic and wild animals, tree 

roots, and wind erosion, or pre-existing greater soil fertility conditions favoured by establishing 

tree seedlings (Geiger et al. 1994).    

Similarly, increased soil moisture under F. albida trees compared to open areas was observed 

(Chapter 4). Trees can increase soil moisture by reducing evapotranspiration from the soil 

(Bayala et al. 2015), by redistributing water via hydraulic lift (passive transfer of water through 

roots of trees from deeper and wetter soil layers to shallower and drier layers; (Dupuy and 

Dreyfus 1992; Roupsard et al. 1999), and by increases in soil organic matter that improve soil 

water holding capacity and moisture availability (Lal 2006; Sileshi 2016).    

7.3 Faidherbia albida- based agroforestry parkland systems provide ecological benefits 
to low input cropping systems   

Trees within crop fields have many ecological benefits within the farming systems (Lovell et 

al. 2010; Tscharntke et al. 2011). Trees also provide income, service functions (erosion control, 

shade for people and livestock), food, fuel, construction materials, inputs to agriculture such as 

fodder, green manure and mulches, and enhanced property aesthetics and sale value. Hence, 

even smallholder farmers who endure crop yield losses due to tree-crop competition often still 

keep trees on their small farms due to the value they attribute to them.    

Carbon sequestration is one of the ecological benefits provided by scattered trees, since trees  

sequester carbon (Nair et al. 2010) and protect soil organic carbon from being released to the 

atmosphere (Atangana et al. 2014a). In Chapter 5, we demonstrated that F. albida trees can 

sequester about 2 t C ha-1 in above-ground biomass and 118.5 t C ha-1 in soil (0–80 cm depth) 

under trees, compared to 84.32 t C ha-1 in soil in crop-only areas (Table 5.3). The results show 

that even if tree density was increased to 100 trees ha-1, as in policy, rate of carbon sequestration 

would remain low (about 0.48 t C ha-1 year-1 for 42 years), compared to many other agroforestry 

systems. Several studies under various agroforestry systems in diverse ecological conditions 

indicated that tree-based agricultural systems, compared to treeless systems, store more C in 

soils under comparable conditions (Murthy et al. 2013). However, our study highlighted that 

the amount of C stored by the systems can vary depending on tree stocking, tree age, tree 

management, and sampling methods.    



100   

   

Agroforestry systems provide climate mitigation and adaptation options that are within the 

reaches of poor smallholders (Garrity et al. 2010). In light of this, agroforestry systems are 

being promoted in many parts of Africa including Ethiopia. For example, there is strong 

voluntary commitment to increasing tree stocking (as recommended by Ethiopian policy) to 

100 trees ha-1. However, implementation of the policy may be limited by competition for land 

between crops, trees and livestock, and as discussed in the previous section (7.1) impacts of 

high tree stocking on crop production (such as above and below ground competition between 

trees and crops) need further investigation in Ethiopian agroforestry systems.    

7.4 Evaluation of the APSIM next generation model to simulate agroforestry systems   

Agroforestry systems are more complex than monoculture systems. Thus, the nonlinear 

behaviour of agroforestry systems cannot be accounted for by simply empirical studies or 

modelling system components independently (Malézieux et al. 2009). Incorporating an 

agroforestry modelling component into existing crop models like the Agricultural Production 

Systems sIMulator (APSIM) (Holzworth et al. 2014) could provide an alternative for simulating 

complex agroforestry systems (Luedeling et al. 2016).    

In chapters 3 and 6, we demonstrated that the APSIM model has the capability to simulate maize 

yield in F. albida parklands of Ethiopia.  Chapter 3 showed that APSIM could be utilised to 

simulate competition for solar radiation and overall crop production in partially shaded (<50% 

shading) agroforestry systems (Fig. 3.4). However, we suggested that much more validation and 

probably some improvements to the model are needed before using the model to simulate crop 

yields under higher levels of shading. We also suggest that the model may require further 

improvement to accommodate the impacts of nutrients such as P and K, inclusion of an 

agroforestry model that grew the trees as well as the crops (i.e. active tree models compared to 

the proxy version that we used in this study) and a teff (Eragrostis teff) model, which is a major 

crop for this agroforestry system. Incorporating climate change prediction ability into the model, 

could provide an alternative to quantify the impact of climate on crop production and improve 

climate risk managements.     

In chapter 6, the APSIM next generation model was set up to test the hypotheses that tree 

pruning, and fertilisation increase crop yield under trees. APSIM simulations indicated that an 

increase in maize yield can be achieved with proper tree pruning and moderate (recommended) 
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N fertilization scenarios (Fig.6.1). However, some caution is needed before providing 

recommendations to farmers because the recommendations need to be evaluated in farm-scale 

context (whole-farm) including animals, manure amounts, residue removal, tree litter inputs 

above and below ground, rotations with other crops, pests and diseases. Whole-farm modelling 

allows exploration of the combined interactions of system components. 

7.5 Conclusion   

This thesis demonstrated that maize yield was greater under tree canopies, due to higher nutrient 

and water availability closer to tree trunks. The results also suggested that maize production 

could be improved by partial pruning of F. albida trees, and by preferentially applying 

fertilisers in normal and wet years.   

Parkland trees, including F albida, play an important role in providing ecological services such 

as carbon sequestration. The current study showed that soil C sequestration rate, in the study 

area, is low relative to soil C sequestration by other agroforestry systems mainly due to sparse 

tree population density. We suggested that tree density could be increased by encouraging 

farmers to protect planted seedlings or natural regeneration.    

The APSIM model was suitable for simulating maize growth with up to 50% shading, but it 

underestimated biomass and yield under 75% shading. This indicated that the model may 

require further improvement to accommodate higher levels of shading. The APSIM 

agroforestry tree-proxy model, also reasonably predicted the response of maize yield to tree 

pruning and fertiliser (N) applications under tree canopies.   

  

7.6 Recommendations   

Tree-crop interactions usually involve trade-offs that need appropriate understanding. Thus, 

further plot-scale experimentation and modelling, in this region, can assist in the selection of 

suitable tree species, the design of better tree management and crop management (e.g. the use 

of genotypes adapted to agroforestry conditions) that enhance facilitation in tree-crop 

interactions.    
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The mechanisms that improve soil nutrient concentrations under F. albida are still controversial. 

Thus, further research should focus on the understanding of the mechanisms related to enhanced 

soil fertility under the trees.    

Agricultural systems are complex, and decisions on resource allocation, such as land, labour 

and machinery are often made at farm rather than at field or plot scale. In this regard, future 

research in the agroforestry systems of Ethiopia, should employ a whole farm modelling 

approach in order to exploit the combined interactions of system components including animals, 

manure amounts and distribution, residue removal, and labour.    

Low agricultural productivity is among the main causes of food insecurity in Sub-Saharan 

Africa. Agroforestry provides a sustainable alternative to enhance agricultural productivity 

without compromising natural resources conservation. However, adoption of agroforestry 

practices is mainly constrained by competition for land between crops, trees and livestock, lack 

of knowledge and confidence in practices (to avert risk). Thus, scaling up of agroforestry 

practices should include growing of high value trees, to compensate for the yield loss due to 

competition interactions. Government policies and programs, aiming at scaling up of 

agroforestry practices that provide training and incentives to the farmers involved in the 

programs would probably facilitate adoption.    
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