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Abstract 

Agroforestry systems comprising combinations of trees and agricultural crops 

provide smallholder farmers with opportunities to improve their income base and 

economic resilience through combining production of food and forest products in 

complementary ways within their existing land base. However, combining trees and 

crops in agroforestry systems does not always yield net gains in total productivity 

and the outcome can be dependent on a range of factors including local climatic and 

edaphic factors, physiological ecology of the species involved, and the management 

of the system. Mechanisms and patterns of competition for a limited supply of 

natural resources are often the primary drivers of these outcomes. This study 

investigated whether competition for water in an environment that is characterised 

by a 4-month dry season (receiving less than 60 mm in total over the 4 months) is 

the key factor determining growth and productivity in an Acacia auriculiformis-

maize/soybean agroforestry system in Gunungkidul Regency, Java, Indonesia. The 

study focussed on the utilisation of A. auriculiformis as the tree species, which has 

strong potential to be widely planted in the Gunungkidul area, because it produces 

high quality solid wood on short rotations of around 7 years. 

This study consists of two field experiments and a modelling analysis. The 

experimental work was undertaken at Indonesia’s Centre for Forest Biotechnology 

and Tree Improvement Field Centre in Playen District, Gunungkidul Regency, 

Yogyakarta Province. An Acacia auriculiformis agroforestry system field trial was 

established in two experiments; an alley-cropping system and an interface planting 

layout (adequate fertiliser was applied in both systems). In the alley cropping 

experiment, a randomised complete block design with five replications, each 

containing three treatments was used. The treatments were (1) tree monoculture, (2) 

agricultural crop monoculture and (3) an agroforestry plot combining A. 

auriculiformis and maize/soybean. In the interface planting experiment, five 

replicated plots with five rows of trees planted on one side of the plot was utilised. 

The impacts of trees on crop water status and yield were explored at different 

distances from the tree interface; -6, -3, 0, 3, 6, 9, and 14.5 m, where ‘0 m’ 

represents the tree-crop interface. The negative sign refers to the crops cultivated 

between the tree rows and the positive sign to those cultivated in the open area. In 

each cropping season, maize was grown early in the wet season (~November-

February) followed by soybeans (~February-April) for three cropping seasons up 



xv 

to 27 months after tree establishment. The interactions between trees and crops were 

explored using the process-based model, Agricultural Production Systems 

Simulator Next Generation (APSIM X). 

In the alley cropping study, tree growth up to age 27 months was unaffected 

by the presence of agricultural crops. Maize biomass or yield in the second cropping 

season was also unaffected by the presence of trees. However, the maize 

yield/biomass was significantly lower in the agroforestry system than in the 

monoculture in the third growing season. Soybean above-ground biomass in the 

first two cropping seasons and soybean yield in all three cropping seasons were 

unaffected by the presence of trees in the agroforestry system. Soybean above-

ground biomass was significantly lower in the agroforestry system than in the 

monoculture in the third growing season, but this did not translate into lower yield 

as the soybeans increased their harvest index to compensate. Differences in soil 

water deficit, and leaf water potentials (both pre-dawn and mid-day in A. 

auriculiformis and soybean) were generally not significant between treatments in 

all three growing seasons. Given the adequate supply of nutrients, these results 

suggest that tree shading rather than competition for water was primarily 

responsible for any decline in crop productivity, and that this effect was greater on 

maize than soybean.  

In the interface planting agroforestry system, proximity to the trees did not 

affect either soybean or maize productivity for the first two cropping seasons. 

However, the agricultural crop productivity was significantly decreased near the 

tree-crop interface in the 3rd cropping season. Differences in soil water deficit, and 

leaf water potentials (pre-dawn and mid-day) in soybean were not significantly 

different between treatments in all three growing seasons. It is thus very likely (but 

not demonstrated) that light competition was the key factor that resulted in 

decreased crop productivity in the potential competition zone, in the 3rd planting 

season, 22 months after tree planting, and this competition zone extended to 9 m 

from the tree-crop interface. 

The absence of effects of the trees on crop productivity in the alley-cropping 

or in the interface planting agroforestry systems were due to an absence of 

competition for light, water or nutrients up to tree age 15 months. With increasing 

tree height, the commencement of light competition was likely to be the key reason 

for the observation of reduced crop productivity 22 months after tree establishment. 
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It was concluded that for the first two cropping seasons the farmers will be able to 

get both optimum crop productivity and tree growth from this Acacia agroforestry 

system, but beyond the first 2 cropping seasons, there is a trade-off between the 

trees and crops that the farmers will need to account for.  

APSIM Next Generation was used to simulate this Acacia agroforestry 

system to: (i) evaluate the capability of this model to predict crop yield and soil 

moisture in the 3rd cropping season, (ii) explore the potential impacts of a full tree 

rotation (~7-year) on crop productivity, and (iii) simulate the effects of the drier 

climate scenario on crop productivity. Crop yields were moderately well predicted, 

but there was not a good correlation between predicted and observed soil water 

content. The competition zone (i.e. where the presence of trees resulted in a 

reduction in crop yield) was predicted to extend to 9 m from the tree-crop interface 

in the 3rd cropping season, extending up to 50 m in the 8th cropping season (tree age 

of 7 years). Even when rainfall was simulated to be 75% of the median (dry climate 

scenario), the width of competition zone was not predicted to be impacted. However, 

lower crop yield was predicted in the drier climate scenario. This suggests that 

farmers can utilize some general rules around the width of the competition zone, 

irrespective of climate, to avoid planting within the zone that will result in reduced 

economic returns. These assumptions need to be tested further to gain more 

confidence in the model predictions and application to smallholder farmers. 
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Chapter 1. Introduction and Literature review 

1.1 Introduction 

a. Agroecological and livelihood in Gunungkidul

Human population increases in the Gunungkidul region of Java during the 1950s resulted in 

dramatic landscape change with wide scale deforestation and establishment of agriculture 

(Nibbering 1999). Since then, many trees have been re-established into the landscape, however 

it is thought that greater adoption of targeted agroforestry could help improve productivity and 

sustainability of traditional farming systems, especially in marginal lands. Greater adoption of 

agroforestry practices could benefit many developing countries in the tropics, with the trees 

used as a livelihood strategy to cover larger, irregular expenses and cropping to cover regular 

cashflow (Wannawong and McKetta 1991).  

Smallholder farmers in Gunungkidul area have been practising agroforestry for at least 

the last 50 years to optimize the expected utility of land, trees, agricultural crops and family 

labour (Sabastian et al. 2014). Major timber species commonly grown by smallholder farmers 

in this area include teak (Tectona grandis), mahogany (Swietenia machrophylla), sonokeling 

(Dalbergia latifolia) and acacia (Acacia auriculiformis). Agricultural crops in this area include 

wetland paddy, dryland paddy, maize, cassava, sweet potatoes, peanuts, soybeans and green 

peanuts (Nibbering 1999; Sabastian et al. 2014). Typically, trees are planted at the edges of 

their land or terraces with wide spacing, and in areas that are not suitable for growing 

agricultural crops or in small plots (Sabastian et al. 2014). Gunungkidul is characterised by a 

substantial dry season (<60 mm for ~4 months) combined with an unfavourable shallow soil 

layer (< 1 m) derived from limestone (Uhlig 1980). Water is available for both tree and crops 

during the rainy season, however crops  cannot be cultivated in the dry season because of water 

unavailability (Retnowati et al. 2014). These authors also state that the local farmers in 

Gunungkidul have identified crop failure being related to climate variability especially during 

the La Nina and El Nino years. Soil water accessibility for trees and crops during the transition 

period from the rainy season into the dry season are considered to be the primary limiting factor 

for the productivity of agroforestry systems in this area. Research focussed on understanding 

interactions between agricultural crops and Acacia auriculiformis in an agroforestry system in 

Gunungkidul will provide knowledge and tools to enable farmers to maximise their benefits 

from this system. 
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Fig. 1.1 Acacia auriculiformis-soybean agroforestry system in Gunungkidul, Java, Indonesia 

at tree age 13 months. 

b. Institutional context

The study in this thesis was part of the ACIAR-funded project FST/2014/064 “Maximising 

productivity of eucalypts and acacias for growers in Indonesia and Vietnam”. The purpose of 

the project was to improve the productivity and profitability of short rotation eucalyptus and 

acacia plantations in Indonesia and Vietnam, and to ensure that growers are aware of their 

comparative benefits and limitations. The scope of the project was: (i) improve the site selection 

for new eucalyptus plantations, (ii) develop an appropriate soil management strategy for 

eucalypts, including managing the nitrogen economy, (iii) improve the management options 

for eucalypt and acacia plantations, and (iv) improve pathways to adoption and diffusion 

through a better understanding of conditions that influence effective farmer investment in 

forestry. The component of the study in this thesis that was assessed was project scope number 

(iii) “improve the management options for eucalypt and acacia plantations”.
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c. Objectives and hypotheses 

Agroforestry systems that integrate trees and crops can alter the availability of soil water (both 

for the trees and the crops), through rainfall interception or extraction of soil moisture (Narain 

et al. 1998; Droppelmann et al. 2000). Singh et al. (1989) and Odhiambo et al. (2001) reported 

that crop yield in water-limited agroforestry systems was lower than that in crop monocultures 

because of competition for soil moisture between trees and crops in Hyderabad, India, and 

Kenya. Gunungkidul, is characterised by a ~6-month wet season (with >100 mm month-1) and 

a ~4 month dry season (with <15 mm month-1) (Uhlig 1980), so soil water is likely to be limiting 

during the dry season. In addition, the soil type at the experimental site in Gunungkidul is a 

Vertic black-cracking-clay, composed of montmorillonite, which has fast water infiltration 

when the soil is dry and very slow water infiltration when the soil is wet (Novak et al. 2000; 

Saadeldin and Henni 2016). Access to soil moisture by trees and crops from the end of the rainy 

season into the beginning of the dry season can be the key limiting factor for the productivity 

of the agroforestry system in Gunungkidul. There have been several studies in the social 

economy of agroforestry systems in Gunungkidul (Uhlig 1980; Filius 1997; Nibbering 1999; 

Sabastian et al. 2014), but there have been few studies into the interactions and environmental 

factors that limit the agroforestry system productivity. This study was conducted to better 

understand the productivity of an A. auriculiformis-maize/soybean agroforestry system relative 

to monocultures of trees or crops in the seasonally dry tropics. A better understanding of the 

tree-crop interactions is required to: support an improved assessment of the costs and benefits 

of such a system; support better layout and management of A. auriculiformis agroforestry 

systems for local landholders in the study region; and contribute to our global understanding of 

tree-crop interactions. Specifically, the thesis addressed three related questions (with associated 

hypotheses):  

1. Question 1: What is the nature (complementary, supplementary, or competitive) of the 

interaction between trees and crops in an A. auriculiformis agroforestry system, what is 

the impact of this tree-crop interaction on tree growth and crop productivity, and was 

water the key limiting factor that affects the system productivity? 

a. Hypothesis 1 - The nature of the interaction is competitive which decreases both 

tree growth and crop productivity. 

b.  Hypothesis 2 - Water is the primary resource for competition between trees and 

crops. 

2. Question 2: How did the effects of trees on crop productivity and soil-plant water status 

(soybean) change with distance from the tree (A. auriculiformis)? 
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Hypothesis - Competition for water decreases the productivity of crops that grow 

adjacent to the trees. 

3. Question 3: Can modelling tools successfully help us to understand potential outcomes 

to the end of tree rotation and be used to explore the effects of climate variability (lower 

rainfall than the historical average) in Gunungkidul? 

Hypothesis - An appropriate modelling framework will allow the data available 

from this study to be extended in a way that predicts the nature of interactions 

between trees and crops over a rotation of A. auriculiformis under drier 

environmental conditions than the historical average. 

 

d. Thesis structure 

The first two experimental chapters of this thesis explore the interactions between trees and 

crops over the first 3 seasons of an A. auriculiformis rotation in Gunungkidul, Java, Indonesia. 

They also test the hypothesis that water was the limiting factor in this agroforestry system in 

Gunungkidul. An alley cropping layout was explored in Chapter 2 and the interactions near the 

interface layout are explored in Chapter 3. The Acacia-crop agroforestry system was modelled 

utilising the APSIM Next Generation agroforestry system model in Chapter 4. Chapter 2 has 

been submitted to Agroforestry Systems Journal, while Chapters 3 and 4 are also in preparation 

for submission to peer reviewed journals.  
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Fig. 1.2 Structure of the thesis “Tree crop interactions in an Acacia auriculiformis agroforestry 

system in Gunungkidul, Java, Indonesia”. 

 

 

 

Chapter 1. Introduction and literature review 

Chapter 2 and 3 are field research investigated the interactions between trees and crops  

in an A. auriculiformis agroforestry system in Gunungkidul, Java, Indonesia. 

Chapter 2. Tree and agricultural crop 

productivity in an A. auriculiformis 

agroforestry system in Java, Indonesia 

(alley cropping layout) 

 

Chapter 3. Crop yield and soil-plant water 

relations across a tree-crop interface of an A. 

auriculiformis agroforestry system in Java, 

Indonesia  (trees along border layout) 

 

The hypothesis for chapter 2 and 3 that water was the limiting factor  

in A. auriculiformis agroforestry system in Java, Indonesia. 

Chapter 4. Predicting maize and soybean yield in an A. auriculiformis 

agroforestry system using APSIM Next Generation 

Chapter 5. General discussion and conclusion 

Chapter 4 is a modelling chapter 

 of the A. auriculiformis agroforestry system studied in chapter 2 and 3  
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1.2 Literature review 

The literature review in this thesis covers the components (trees and agricultural crops) of the 

acacia agroforestry system in this study. This included the biophysical factors affecting the 

interactions and productivity of the trees and crops in the agroforestry systems in the tropics, 

the physiological responses of the agroforestry system components to water stress, and the 

challenges of and approaches to modelling the agroforestry systems to optimise their 

productivity. This review consists of 8 sections: (i) tropical forest plantations and farming 

systems, (ii) Acacia auriculiformis in agroforestry systems, (iii) Acacia auriculiformis as a 

preferred tree species for agroforestry systems in the tropics, (iv) light environment in 

agroforestry systems, (v) nutrient dynamics in agroforestry systems, (vi) water dynamics in 

agroforestry systems, (vii) physiological responses of trees and crops to water stress, and (viii) 

modelling of agroforestry systems. The purpose of the study in this thesis was to understand 

the productivity of an A. auriculiformis-maize/soybean agroforestry system compared to 

monocultures of the same species in the seasonally dry tropics and whether water is the main 

limiting resources influencing system productivity. The literature review sections (i) to (iii) 

explore the characteristics of the trees and crops in the agroforestry systems in the tropics. 

Sections (iv) to (vi) explore the interactions between trees and crops in utilising the available 

natural resources (water, light, and nutrients) in agroforestry systems in the tropics that will 

affect the productivity of these systems. Section (vii) explores the physiological responses of 

the trees and crops in the rain-fed agroforestry system in this study. Section (viii) explores 

modelling the acacia agroforestry system in Gunungkidul and utilising data available regarding 

the nature of the interactions between the agroforestry components and the biophysical factors 

in this system.  

 

1.2.1 Tropical forest plantations and farming systems  

a. Forest plantation in the tropics 

Global demand for tropical forest products including industrial wood and fuelwood has 

increased by 35% since 1990 (Sloan and Sayer 2015). This increased demand for forest 

products has led to an expansion of forest plantations in the tropics (South 1999; Sloan and 

Sayer 2015). Between 1990 and 2015, tropical forest plantations supplied a significant 

proportion of total forest production in Central America (34%) and Southeast Asia (49%) 

(Jurgensen et al. 2014; D’ Annunzio et al. 2015; Sloan and Sayer 2015). Tree species typically 

grown in tropical forest plantations include Acacia auriculiformis, Acacia mangium, 

Eucalyptus urophylla, Pinus caribaea, Swietenia macrophylla, Tectona grandis, E. grandis, 
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Grevillea robusta, and P. elliottii (Evans 1992; Huong et al. 2015; Huong et al. 2016; Mendham 

et al. 2017; Van Bich et al. 2018). Whilst Eucalyptus spp. have been largely planted in India, 

Brazil, South Africa and Vietnam, Acacia spp. have been widely planted in Africa, Indonesia, 

Vietnam, and India. Given that it has been reported recently that 40% of rural people are living 

on less than USD 1.25 day-1 in or around forest and savannah in the tropics (FAO 2018), there 

is a clear opportunity to use the increased demand in tropical forest products to improve the 

livelihoods of these rural people.  

 

b. Intercropping in the tropics 

Agroforestry is a natural resources management system which integrates trees with agricultural 

crops, livestock or pastures that is characterised by the diversity and the dynamic interactions 

between the system components in an ecologically based landscape to increase social, 

economic, and environmental benefits for the land users (Mead 2004; Garrity 2004). Three 

possible interactions between the components in agroforestry systems are recognised; 

complementary, supplementary, and competitive (Wannawong and McKetta 1991; Sanchez 

1995; Paul and Weber 2015). An inverse interaction between the productivity of the different 

system components in agroforestry systems is called competition. Supplementary is when the 

productivity of one component is not affected by an increase or a decrease in productivity of 

the other component. A complementary interaction occurs when the productivity of both 

system components is increased.  

Of the three interactions in agroforestry systems, competition between trees and crops 

that results in a decrease in crop productivity seems common in tropical agroforestry systems 

(Rao et al. 1998). For example, at tree age of 3 to 4 years, maize yield was reduced by 50% and 

40% in Gliricidia sepium and Grevillea robusta agroforestry systems compared to a 

monoculture crop in a semi-arid region, in Kenya (Odhiambo et al. 2001). Reduced sorghum 

(Sorghum bicolor) and karkadeh (Hibiscus sabdariffa) yields of, respectively, 44% and 55% 

were also reported in a 6-year-old Acacia senegal agroforestry system in Sudan (Gaafar et al. 

2006). Reduction in maize yield was found to be 68% and 66%, respectively, in a 4-year-old 

Gmelina arborea and Eucalyptus deglupta agroforestry system in the Philippines with tree 

spacing at 2 × 2.5 m whilst, with a tree spacing of 1 × 10 m, the maize yield reduction was 

respectively 37% and 19% (Bertomeu 2012). Crop yield decrease in the first two agroforestry 

system studies was attributed to tree-crop competition for water (Odhiambo et al. 2001; Gaafar 

et al. 2006) whilst in the latter study it was attributed to competition for light (Bertomeu 2012). 
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 The nature of the interactions between agroforestry system components are known to 

change over time, especially as trees mature. For example, in a dispersed Grevillea robusta and 

maize agroforestry system in Kenya, tree height in the agroforestry system (1 m) was 

significantly lower compared to in the monoculture of trees (2.5 m) in the first 130 days after 

tree planting. However, at 4.5 years after planting, there were no significant differences in tree 

height (7 m) between these two systems (Lott et al. 2000a). These authors attributed the change 

in the nature of the interaction on the trees (from competitive to supplementary) to an initial 

and temporary competition for water and light in the system. It was reported that in this 

Grevillea robusta agroforestry system the interaction type on crop productivity changed from 

supplementary to competitive (Lott et al. 2000b). The authors found no effect of the trees on 

crop (maize and cowpea) yield over the first four cropping seasons. However, in the fifth 

cropping season, competition from the trees resulted in decreased crop yield. It was suggested 

that competition for water between trees and crops in this agroforestry system was the key 

factor limiting crop productivity in the fifth year. 

 

c. Acacia auriculiformis and agricultural crops 

c.1 Acacia auriculiformis 

Acacia auriculiformis is one of the two dominant Acacia species grown in humid tropical 

lowland climates (the other being A. mangium, (Turnbull 1984)). Climatic requirements that 

best suit these species include rainfall between 1000 and 1500 mm year-1, a temperature range 

between 17 to 34 °C, and elevation up to 400 m (Boland et al. 2006). The natural range of A. 

auriculiformis includes Australia (Northern Territory of Australia and Queensland), Papua 

New Guinea (Turnbull 1984; Boland et al. 2006) and Indonesia (Turnbull 1984). This species 

is widely planted in the tropics and (Orwa et al. 2009) commonly grows to a height of 8 – 20 

m with heavy branches from low height. Acacia auriculiformis typically occurs in lowland, 

open areas associated with various types of soils including vertisols and alluvial soils (Boland 

et al. 2006).  

Acacia auriculiformis has fast growth rates and good wood quality, so it has significant 

potential to provide high returns to smallholder growers (Wiersum and Ramlan 1982). The 

wood of this tree species is suitable for furniture, paper pulp, charcoal and firewood (Turnbull 

1984; Boland et al. 2006). Acacia auriculiformis is a nitrogen fixing species which has been 

planted widely in south-east Asia, India, Malawi and China.  The species is planted for a variety 

of uses including forest plantations, as shade trees, for land rehabilitation, and in agroforestry 

(Turnbull 1984; Ngulube et al. 1993; Boland et al. 2006; Sakai et al. 2009). In Java, Indonesia, 
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this species had been cultivated since 1934 and can achieve mean annual increments of 15 – 20 

m3 ha-1 year-1 in good soils, and mean annual increments of 8 – 12 m3 ha-1 year-1 in poorer soils 

(Wiersum and Ramlan 1982). Numerous studies have found that A. auriculiformis performs 

well compared to other potential production forestry species in the tropics. For example, in a 

trial of a range of Australian acacias; A. auriculiformis, A. cracicarpa, A. holosericea and A. 

leptocera, A. auriculiformis had the best survival and growth in the first two years in Malawi 

which has mean annual rainfall of 500 to 800 mm with a 6 to 8 month dry season (Ngulube et 

al. 1993). In a species comparison (Eucalyptus hybrid, Michelia champaca, Gmelina arborea, 

Samania saman, Albizzia procera and Tectona grandis) trial in an agroforestry arboretum in 

Northeast India, A. auriculiformis had the highest wood productivity of 635 m3 ha-1 and the 

highest mean annual increments (2.54 x 10-2 m3 tree-1 y-1) in a 10 year period (Datta and Singh 

2007). 

 

c.2 Agricultural crops in agroforestry systems in the tropics 

Crop characteristics for agroforestry systems in the tropics which have facilitative effects for 

tree growth include;  

• Short rotation crops (3 to 6 months) in order to minimise resource competition between 

trees and crops such as; (i) maize in Grevillea robusta agroforestry system in Kenya 

(Lott et al. 2000a; Ong et al. 2000; Ong et al. 2000; Odhiambo et al. 2001; Lott et al. 

2003) and in a Gliricidia sepium agroforestry system in Kenya (Odhiambo et al. 2001), 

in Gmelina arborea or Eucalyptus deglupta agroforestry system in Claveria, northern 

Mindanao, Philippines (Bertomeu 2012), (ii) mung bean (Vigna radiata) in Eucalyptus 

camaldulensis, Leucaena leucocephala, or A. auriculiformis agroforestry system in 

Northeastern Thailand (Wannawong and McKetta 1991), and (iii) cowpea (Vigna 

unguiculata) in Eucalyptus tereticornis agroforestry system in Andhra Pradesh, 

Southern India (Prasad et al. 2010) and in Grevillea robusta agroforestry system in 

Kenya (Lott et al. 2000a; Ong et al. 2000; Ong et al. 2000; Odhiambo et al. 2001; Lott 

et al. 2003).  

• Nitrogen fixing crop species that have the capability to improve soil conditions such as 

(i) pigeon pea (Cajanus cajan) in Astronium graveolens, Cedrela odorata, Dalbergia 

retusa, Hieronyma alchorneoides, Terminalia amazonia, or Tectona grandis 

agroforestry system in Eastern Panama (Paul and Weber 2015), (ii) groundnut (Arachis 

hypogea) in Acacia mangium, A. auriculiformis, Cassia siamea, Calliandra calothyrsus 
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or Paraserianthes falcataria agroforestry system in Cameroon (Duguma et al. 1994), 

(iii) soybean (Glycine max) in Peltophorum dubium or Eucalyptus agroforestry system 

in Brazil (Caron et al. 2018).  

• Crops with a dense canopy that might reduce light infiltration into the soil that suppress 

growth of weeds, such as pigeon pea (Cajanus cajan) (Paul and Weber 2015).  

• Crops that are capable of inducing tree height growth, including maize or pigeon pea, 

which was observed to increase tree height in the first 12 months of Astronium 

graveolens, Cedrela odorata and Terminalia amazonia in the agroforestry system 

compared to monoculture of trees in Eastern Panama (Paul and Weber 2015). This 

increased height growth was attributed to tree seedlings attempting to dominate access 

to light from crop shade (Ammer 2003; Coomes and Allen 2007; Imo 2009; Paul and 

Weber 2015). 

 

1.2.2 Acacia auriculiformis in agroforestry systems 

Acacia auriculiformis has been utilised often in agroforestry systems because it has desirable 

traits such as the capability to grow in poorer soils (Versteeg and Koudokpon 1993), fast growth 

rates (Wannawong and McKetta 1991; Nibbering 1999; Kumar et al. 2001), has valuable timber 

(Nibbering 1999) and is adaptable to dry areas (Ngulube et al. 1993; Maghembe and Prins 

1994). Consequently A. auriculiformis has been integrated with agricultural crops in Malawi 

(Ngulube et al. 1993), Bangladesh (Ngulube et al. 1993; Hasanuzzaman et al. 2014) and Ghana 

(Partey et al. 2011). Acacia auriculiformis has been integrated in agroforestry systems with 

groundnut on acid soils at Sangmelima, South Province, Cameroon (Duguma et al. 1994; 

Duguma and Tonye 1994), with cassava (Manihot esculenta), groundnut, and maize on black-

cracking-clay-soil derived from limestone in Gunungkidul, Yogyakarta, Indonesia (Nibbering 

1999), with maize on degraded soil in Benin (Versteeg and Koudokpon 1993) and on Ferric-

acrisol soils in Cameroon (Duguma and Tonye 1994), with cassava and mungbean (Vigna 

radiata) in Thailand (Wannawong and McKetta 1991). 

 Acacia auriculiformis has also been used in silvopastural systems with four grass 

species - hybrid napier (Pennisetum purpureum), congo signal (Brachiaria ruziziensis), guinea 

grass (Panicum maximum), and teosinte (Zea mexicana) - established on an acidic oxisol in 

Kerala, India (George et al. 1996; Kumar et al. 2001). Previous studies into tropical agroforestry 

systems with A. auriculiformis have mostly only focussed on one component of the system 

(either trees or crop) (Ngulube et al. 1993; Duguma et al. 1994; Duguma and Tonye 1994). For 
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example, several studies have explored the suitability of A. auriculiformis as the tree 

component in an agroforestry system without reporting the effects of trees on crop productivity 

(Ngulube et al. 1993; Duguma et al. 1994; Duguma and Tonye 1994; Maghembe and Prins 

1994). Furthermore, most studies into A. auriculiformis agroforestry systems have provided 

limited explanation of the underlying mechanisms responsible for the interactions between the 

trees and crops (Wannawong and McKetta 1991; Versteeg and Koudokpon 1993; Duguma et 

al. 1994). Understanding the physiology and utilization of key natural resources – light, water 

and nutrients – between trees and crops in an agroforestry system will help farmers to optimise 

both components of such a system. The dynamics of each of these natural resources and the 

interaction between trees and crops in utilising these resources in agroforestry systems are 

discussed in more detail in sections 1.4-1.6. 

 

1.2.3 Acacia auriculiformis as a preferred tree species for agroforestry systems in the 

tropics 

Acacia auriculiformis has been shown to favourably maintain its high rates of growth 

in agroforestry systems compared to the other tree legume species. For example, in a maize 

agroforestry system in Cameroon, eight tree legume species were tested; A. auriculiformis,  A. 

mangium, C. calothyrsus, Cassia javanica, C. siamea, G. sepium, L. leucocephala, and P. 

falcataria. Annual rainfall was 1600 mm, the site was characterised by acidic soil, and narrow 

tree spacing (1 m × 1 m) was used (Duguma and Tonye 1994). Of the eight species tested in 

that field trial up to 36 months of age, A. auriculiformis diameter was the least negatively 

affected by competition with maize.  

Acacia auriculiformis is also recognised as having a high capacity to create effective 

nodules with a wide range of Bradyrhizobium spp. and has both a high percentage of N2 derived 

from fixation (%Ndfa) in the field (> 70 %, Mbaya N et al. 1998) and a higher nodule efficiency 

ratio of N2 fixed to nodule dry weight compared to A. mangium (0.44-0.81; 0.23 -0.55, 

respectively) (Galiana et al. 1990). 

 

1.2.4 Light environment in agroforestry systems 

Tree shading affects the light environment in an agroforestry system. Key factors include; (i) 

species of tree and the leaf area index, thus determining the proportion of light intercepted by 

the tree canopy (ii) tree crown architecture, (iii) tree row orientation, (iv) tree spacing, (v) 

distance between tree rows and crops, (vi) tree management, and (vii) matching of crop species’ 

photosynthetic pathway into tree shade (Sanchez 1995; Rao et al. 1998). The photosynthetic 
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pathway of C3 plants is more tolerant to shade compared to C4 plants. Therefore, the 

photosynthetic rate and biomass production of C4 plants are greatly decreased in highly shaded 

environments (Blenkinsop and Dale 1974; Reynolds et al. 2007). Yields of maize, a C4 plant, 

in a 7-year old plantation of Paulownia elongata agroforestry system in Eastern China 

decreased as much as 32% compared to its monoculture, while the opposite trend occurred in 

ginger (Zingiber officinale), a C3 plant, where there was a 34% yield increase compared to a 

monoculture of ginger (Newman et al. 1997). 

Once the trees overtop the crop, the extent and duration of tree shade determines the 

amount of solar radiation available for crops in an agroforestry system. As the trees get taller, 

and/or more densely planted, they tend to exert more control over light availability (Muchiri et 

al. 2002; Peng et al. 2009). For example, it was found that crops (cowpea and sorghum) in the 

middle of a 10 m wide alley between 4-year-old L. leucocephala  received 12 MJm-2d-1 of solar 

radiation, while crops adjacent to the trees only received 3 MJm-2d-1 (Singh et al. 1989). 

However, they also reported that the key limiting factor of crop productivity in this L. 

leucocephala agroforestry system in Hyderabad, India was water. Thus, the competitive effect 

of the trees could be removed through installation of a shallow root barrier between the trees 

and crops to minimise tree-crop competition of water.  

As well as  providing competition for light, the interception of light by trees in 

agroforestry systems may also benefit shade-tolerant crop species through: reduced soil 

evaporation and crop transpiration via modifying temperature, humidity, wind speed and solar 

radiation (Livesley et al. 2004; Lin 2010). For example, shade provision > 30% by trees in a 

coffee plantation in Mexico was found to significantly reduce soil evaporation by 41% and 

significantly reduce transpiration rate of coffee by 32% compared to a site with 10 to 30% 

shade in a coffee agroforestry system (Lin 2010). However, the impact of this reduced 

transpiration on coffee productivity was not reported, and it needs to be recognised that the 

trees will also be transpiring, so total evapotranspiration is likely to remain similar for the 

system, though more of the soil profile can be explored by the trees, potentially keeping more 

of the surface soil water available for the crop. Tree shade can reduce the amount of light 

available for crops, which can cause a decrease or an increase in crop productivity, so 

competition for light between trees and crops is not always a limiting factor on crop 

productivity in agroforestry systems (Singh et al. 1989; Lott et al. 2000b; Lott et al. 2003). 
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1.2.5 Nutrient dynamics in agroforestry systems 

Interaction between trees and crops for nutrients in agroforestry systems need not be 

competitive, as agroforestry systems can potentially reduce nutrient losses or improve soil 

fertility (Szott et al. 1991) through litterfall nutrient cycling (Bray and Gorham 1964). Selecting 

appropriate tree and crop species can increase the quality of litterfall, decrease soil temperature 

and increase soil moisture that can enhance litterfall decomposition and provide nutrients for 

crops (Szott et al. 1991). In addition to that, nitrogen fixing tree species such as Acacia mearnsii, 

Erythrina poeppigiana, G. sepium, L. leucocephala, Casuarina equisetifolia, and A. 

auriculiformis can increase the available nitrogen in the system, which can  improve 

productivity of crops in N-limited systems (Szott et al. 1991; Akonde et al. 1996; Makumba et 

al. 2006). For example, Nitrogen fixed by L. leucocephala in an alley-cropping agroforestry 

system on an Ultisol in sub-humid tropical Benin, gave significant fertility benefits to the 

system (Akonde et al. 1996; Akonde et al. 1997); they found that the contribution of nitrogen 

to the system for the first four years after tree establishment was 18 to 37 kg ha–1yr–1, which 

then increased to 208 kg ha–1yr–1 for the subsequent two years. In this L. leucocephala 

agroforestry system, the average of the long term maize yield (the first 6 years) was improved 

by 1 to 1.5 t ha-1 compared to the crop monoculture (Akonde et al. 1996). It was reported that, 

with application of gliricidia pruning and without any addition of fertiliser application, the long 

term maize yield (11 years continuous cropping) in the gliricidia agroforestry system (3.8 t ha-

1) in Southern Malawi increased by 300% compared to a maize monoculture (1.1 t ha-1) 

(Makumba et al. 2006). 

In a home-garden agroforestry system, variable quality of litterfall results in variable 

decomposition rate and nutrient release patterns (Das and Das 2010). The home-garden system 

in their study in northeast India comprised Areca catechu; Artocarpus heterophyllus; 

Mangifera indica; Musa spp.; Syzygium cuminii; and Bamboo species (Bambusa balcooa, 

Bambusa cacharensis, Bambusa nutans, Bambusa vulgaris, Gigantochloa albociliata, 

Melocanna baccifera and Schizostachyum dullooa), and cycled 48.17 kg ha-1year-1 of nitrogen 

into the system. 

Integrating trees with crops in an agroforestry system does not always result in 

improvement of soil fertility in the system, as reported by Akonde et al. (1996) in an 

agroforestry alley cropping system with L. leucocephala and Cajanus cajan in Benin. The 

agroforestry system was not able to arrest the decline in top-soil nutrient concentration caused 

by natural forest clearing. It was also found that there was no effect of the agroforestry system 

on improvement of soil organic matter, nitrogen, phosphorus and potassium with bhatmase 
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(Flemingia congesta), mulberry (Morus alba), and gauzuma (Gauzuma ulmiformis) 

agroforestry systems in Nepal (Neupane and Thapa 2001).  

 

1.2.6 Water dynamics in agroforestry systems 

In agroforestry systems in water-limited areas in the tropics, competition for water has been 

reported as the limiting factor influencing the productivity of crops and trees (Singh et al. 1989; 

Leihner et al. 1996; Jose et al. 2000; Lott et al. 2000b; Miller and Pallardy 2001; Odhiambo et 

al. 2001). Integrating trees and crops in agroforestry systems may decrease or increase the 

amount of soil water that is available for plants compared to monoculture of either trees or 

crops. Available soil water in monocultures of agricultural crops has been reported to be higher 

than in agroforestry systems. For example, in Sudan, monocultures of sorghum (Sorghum 

bicolor) and karkadeh (Hibiscus sabdariffa) had more average soil water (45 and 35 mm) than 

when combined in an agroforestry system with 6-year-old A. Senegal (26 and 22 mm) with tree 

density of 433 trees ha-1 during the cropping season. The highest concentration of fine tree roots 

was found in the topsoil suggesting that the agroforestry system had greater soil moisture 

extraction compared to either monoculture on its own (Gaafar et al. 2006). Similarly, there was 

higher soil water content in maize monoculture (1030 mm) compared to an agroforestry system 

with G. robusta (919 mm) or Senna spectabilis (1008 mm) between 7 and 67 days after sowing 

(DAS) in Western Kenya (Livesley et al. 2004). However, because their study aim was to 

explore water dynamics in agroforestry systems with different tree species (G. robusta and S. 

spectabilis), further information on crop biomass and yield in monocultures of crops was not 

reported.  

Trees in agroforestry systems can potentially modify the soil water available to 

agricultural crops. As the distance of the crop from the trees increases, available soil water for 

crops may increase or decrease, depending on tree species and management of the system. Tree 

characteristics may influence microclimate conditions that modify the soil water availability 

(Rao et al. 1998). More water available for a crop near the tree rows can be the result of 

decreased evaporation due to canopy shade, and reduced crop/soil evapotranspiration due to 

decreased wind speed and increased humidity (Lal 1989; Mazzarino et al. 1993; Chirwa et al. 

1994; Livesley et al. 2004). For example, Livesley et al. (2004) reported that in 3-year-old S. 

spectabilis and maize agroforestry system on a kaolinitic Oxisol in the sub-humid highlands of 

western Kenya, at the end of maize cropping season there was an increase of 25, 22, 22, and 9 

mm of soil water content at 0.75, 1.5, 3, and 5.25 m distances from the trees than measured at 

7 days after sowing (DAS). In Chalimbana, Zambia at > 60 DAS, it was reported that soil water 
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under the trees of L. leucocephala or Flemingia macrophylla at age of 2 years was higher than 

under the maize row at 1.5 m distance from the trees (Chirwa et al. 1994). Higher volumetric 

soil moisture was also observed at 0 – 10 cm depth in 9-year-old Erythrina poeppigiana with 

spacing 6 × 3 m and G. sepium with spacing 6 × 0.5 m alley cropping agroforestry systems 

compared to monoculture of maize and bean (Phaseolus vulgaris) in Costa Rica (Mazzarino et 

al. 1993). It was reported that soil moisture in the 2 m or 4 m width alley cropping agroforestry 

system of 4-year-old L. leucocephala and G. sepium was higher than in the monoculture of 

maize and cowpea in Ibadan, Nigeria (Lal 1989). 

In contrast, soil water increase with distance from the trees can be attributed to greater 

rainfall interception by the tree canopies, and greater water uptake by the tree roots (Odhiambo 

et al. 2001; Livesley et al. 2004). Odhiambo et al. (2001) found that soil moisture increased as 

the distance from the trees increased in a 3-4-year-old G. sepium and G. robusta agroforestry 

system in semi-arid Kenya. Livesley et al. (2004) also found that soil water increased with 

distance from the trees, up to 5.25 m from the trees in a 3-year-old G. robusta and maize 

agroforestry system in western Kenya (Livesley et al. 2004). 

In water-limited parts of the tropics, competition for water between trees and crops in 

agroforestry systems can be the key factor that limits crop productivity. In a 10 m wide L. 

leucocephala alley cropping agroforestry system at age 4 years in Hyderabad India, 

competition for soil moisture was responsible for reduced yield of agricultural crops. Compared 

to the crop in a monoculture; there was a 34 – 48% increase in sorghum yield at the centre of 

the alley, and a 70-80% decrease in cowpea and sorghum yield at the edges of the alley (Singh 

et al. 1989). Installation of a root barrier eliminated the reduction in crop yield, confirming that 

water was more limiting than light. Similarly, in the study of Odhiambo et al. (2001), maize 

yield increased as the distance from the trees increased, up to 8 m from the trees in a 3-4 year 

old G. sepium and G. robusta agroforestry system in Kenya; maize yield within 3 m of the trees 

was greatly reduced (40% and 50% of monoculture of crop for G. sepium and G. robusta). 

They found that tree root length density increased with proximity to the trees, with tree roots 

concentrated in the 0 – 20 cm depth range. The crop monoculture had higher soil moisture 

compared to the agroforestry system, suggesting that tree-crop water competition was 

responsible for the crop yield decline. Higher soil water in the crop monoculture compared to 

a 6-year-old A. Senegal agroforestry system in Sudan was reported to be responsible for crop 

yield decreases of 44% and 55% for sorghum and karkadeh (Gaafar et al. 2006). They observed 

that stomatal conductance of both crops increased with soil moisture in the 0 - 75 cm soil depth 

range (R2 = 0.7 for sorghum and R2 = 0.6 for karkadeh). 



 

16 

 

Water use (defined as rainfall minus the sum of runoff and the change in soil moisture 

up to 3 m depth) and water use efficiency (defined as above ground biomass, dry kg ha-1 divided 

by water use, cm-1) of agroforestry systems has been investigated in a range of arid and semi-

arid areas (Narain et al. 1998; Droppelmann et al. 2000; Van Duivenbooden et al. 2000). From 

tree ages of 0 to 8 years, there was a reduction in runoff, water use and water use efficiency 

increment in agroforestry systems between L. leucocephala or Eucalyptus hybrid with maize 

or Chrysophogon fulvus, compared to the equivalent monoculture planting system in India 

(Narain et al. 1998). They calculated the water use efficiency from plant biomass production 

per-area divided by seasonal plant water use from the same area. An increase in water use 

efficiency was also found in an agroforestry system with 2-year-old A. saligna and sorghum or 

cowpea in Kenya; pruned trees with tree density 2500 trees ha-1 had the highest water use 

efficiency when intercropped with cowpea (1.21 kg m–3) and sorghum (1.59 kg m–3) 

(Droppelmann et al. 2000).  

 

1.2.7 Physiological responses of trees and crops to water stress 

Water stress occurs when water loss from transpiration exceeds the ability of the plant to extract 

water from the soil (Kramer 1949). Water stress can occur in plants when there is greater 

evapotranspiration than precipitation, excessive transpiration, high proportion of runoff to 

infiltration from rainfall, or limited root growth due to soil depth, toxicity or soil hardness 

(Kramer 1980). In agricultural terms, plants are considered to be water stressed if there is 

sufficient reduction in leaf water potential to change physiological processes, such that plant 

growth and/or yield are reduced (Kramer 1949; Kramer 1980; Boyer 1989; Oliver et al. 2010). 

The majority of plants have some tolerance to dehydration, but most plants will die if leaf water 

potentials are lower than -5 MPa to -10 MPa, whilst only a small percentage of vascular plants 

(0.2%) are capable of surviving at leaf water potentials as low as -100 MPa (Oliver et al. 2010).  

Reduced soil water creates a steep gradient between soil water potential and plant water 

potential, this steep gradient of water potential inhibits the capacity of the plants to extract water 

from soil (Kramer et al. 1980; Oliver et al. 2010). If the soil water potential is very low, the 

plants may even lose water from roots to the soil. The first response of plants to water stress 

conditions is to prevent water loss from plant tissue through maintaining the balance between 

transpiration and water absorption rate. In the short term, this is achieved by reducing cell turgor, 

causing stomatal closure to maintain the balance of water flow in the plant with soil water 

absorption (Oliver et al. 2010). An increase in the root to leaf ratio (through increased root 

growth or leaf shedding) is an adaption to long term water stress. Water stress in plants naturally 
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decreases leaf area growth, as low water status inhibits cell enlargement and increases the 

abscisic acid concentration (ABA), which stimulates leaf abscission, as well as limiting the rate 

of photosynthesis per unit of leaf area (Boyer 1970a; Boyer 1970a; Boyer 1970b; Boyer 1970b; 

Kramer 1980; Boyer 1989; Taiz and Zeiger 1998). 

There are two mechanisms that plants can use to adapt to water stress; dehydration 

postponement and dehydration tolerance (Kramer 1980; Taiz and Zeiger 1998). Dehydration 

postponement allows plants to maintain high water potential during a water stress period, which 

is achieved through reducing dehydration and/or increasing water extraction though 

physiological or morphological modification (Kramer 1980). The physiological and 

morphological modifications can include adjusting their growing season to avoid water stress, 

developing an extensive root system to extract more water from soil, and/or by lowering 

transpiration (Kramer 1949; Taiz and Zeiger 1998). Plants from arid environments typically 

have the ability to adjust their growing season according to water availability via germinating, 

growing, and flowering within a short period immediately after receiving rainfall (Taiz and 

Zeiger, 1998). Sorghum, maize and tomato have been found to have advantages over some 

other crop species (e.g. potatoes, onions and lettuce), because of their extensive, wide-

spreading, and many-branched root systems that cover wider and deeper soil areas to absorb 

water.  

Dehydration tolerance or drought tolerance occurs in plants that are able to maintain 

regular physiological processes at low water availability (Taiz and Zeiger 1998). For example, 

olive trees have the ability to survive in conditions that are too dry for other fruit trees; the 

leaves of olive trees are tolerant to severe dehydration. Other species like sorghum have the 

capacity to resume normal growth after long period of water stress (Kramer 1949).  

 

1.2.8 Modelling of agroforestry systems 

The key characteristic of agroforestry systems is the complexity of interactions between system 

components which includes; spatial and temporal layout of the system components, tree and 

crop species, and local social, cultural, biophysical, and climatic conditions (McCown et al. 

1996; Webber et al. 2014). Therefore, a modelling approach can be used as a basis to explore 

potential options; tree and crop species, management, and spatial and temporal layout selected 

for maximising the benefits of the agroforestry systems for specific site conditions (Huth et al. 

2002; Luedeling et al. 2016). Agroforestry system simulations can be used to quantify the trade-

offs between tree and crop productivity in agroforestry systems (Huth et al. 2002; Martin & 

van Noordwijk 2009; Van Noordwijk & Lusiana 1999; Khasanah et al. 2015). However, 
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because of the diverse and multidimensional nature of agroforestry systems, models can have 

difficulty integrating all of the relevant variables into a consolidated framework (Huth et al. 

2002; Luedeling et al. 2016). 

There are three linked approaches to model agroforestry systems; (i) simulating the 

effects of agroforestry systems on soil characteristics, (ii) linking existing tree and crop models, 

and (iii) creation of tree-crop interaction models (Van Noordwijk and Lusiana 1999; Huth et al. 

2002; Luedeling et al. 2016). Young et al. (1987) developed a model to predict the impacts of 

land use on improvement of soil fertility in the humid tropics named Soil Changes Under 

Agriculture, Agroforestry and Forestry (SCUAF). However, this model doesn't include 

interaction between trees and crops and the natural resource utilisation by trees and crops in the 

agroforestry systems. This model has been used to simulate the impact of agroforestry systems 

on soil fertility in Nepal (Das and Bauer 2012), Peru (Lojka et al. 2008), Indonesia (Wise et al. 

2007), Burkina Faso (Lojka et al. 2006), The Philippines (Nelson et al. 1996), and Zimbabwe 

(Vermeulen et al. 1993). 

An example of linking tree and crop models was by Lawson et al. (1995) who combined 

continuous-canopy forest model (Hybrid) developed by Friend et al. (1997) and crop model in 

the tropics Predicting Arable Resource Capture in Hostile environments (PARCH). Lawson et 

al. (1995) also integrated an individual tree model (MAESTRO) developed by Wang and Jarvis 

(1990) and PARCH. Lawson et al. (1995) used Hybrid-PARCH and MAESTRO-PARCH to 

simulate Eucalyptus globulus-maize agroforestry systems in Australia, Colombia, Malawi, 

Burundi, and Somalia. Mobbs et al. (1998) also used an integrated Hybrid tree growth model 

and PARCH (HyPAR) to simulate sorghum agroforestry system in northern Ghana. The 

limitation of linking existing tree and crop models is their capacity to integrate both the spatial 

and temporal layout of the system components (including tree and crop species, and local social, 

cultural, biophysical, financial, and climatic conditions) and their interactions into a common 

modelling framework (Huth et al. 2002). 

Key models that account for tree-crop interactions in agroforestry systems include: the 

WIndbreak Millet Sahel (WIMISA) (Mayus et al. 1999a); the Water, Nutrient, and Light 

Capture in Agroforestry Systems (WaNuLCAS) (Van Noordwijk and Lusiana 1999); the 

shelterbelts and soybean model (SBELTS) (Qi et al. 2001); and the Hi-sAFe model (Dupraz et 

al. 2005; Dupraz et al. 2019). These models are process-based and are capable of simulating 

tree-crop interactions and management options in agroforestry systems (Mayus et al. 1999a; 

Luedeling et al. 2016). WIMISA was developed to simulate the effects of light and water 

competition between trees and crops in the windbreak agroforestry system in the Sahel, for 
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example the Bauhinia rufescens and pearl millet (Pennisetum glaucum) windbreak agroforestry 

system in Sadore, Niger (Mayus et al. 1999a; Mayus et al. 1999b). WaNuLCAS was developed 

to provide a common framework to simulate various spatial and temporal layouts of 

agroforestry systems in the tropics. For example, this model has been used to simulate: (i) the 

tree-crop competition effects of trees on both tree and maize productivity (Muthuri et al. 2005) 

and (ii) the effects of tree leaf phenology on growth and water use of trees and crops (Muthuri 

et al. 2004) in Paulownia fortunei, Alnus acuminate, and Grevillea robusta agroforestry 

systems in Kenya, (iii) the trade-off between trees and crops and management options in the 

Shorea contorta, Pterocarpus indicus, Vitex parviflora, and Swietenia macrophylla with maize 

agroforestry systems in the Philippines (Martin and van Noordwijk 2009), and (iv) the 

management options of teak and maize agroforestry system in Gunungkidul, Indonesia 

(Khasanah et al. 2015). SBELTS was developed specifically to simulate shelterbelt effects on 

soybean productivity in the United States (Qi et al. 2001). Hi-sAFe  model was developed for 

agroforestry systems modelling in the temperate regions (Dupraz et al. 2005) and a recent 

application of this model was to explore the productivity and carbon-fixing capability of cork 

oak (Quercus suber) as an agroforestry system tree species in Portugal (Palma et al. 2014). 

Because of limited capability to simulate interactions, extensive parameterization, and lack of 

flexibility and maintenance from these agroforestry system models the application of these 

models has been limited (Luedeling et al. 2016).  

To improve the efficiency and durability of modelling agroforestry systems an 

agroforestry module has been integrated into the well-established modular crop modelling 

framework, the Agricultural Production System Simulator (APSIM) and its updated version, 

APSIM Next Generation (Holzworth et al. 2014; Luedeling et al. 2014; Holzworth et al. 2018). 

APSIM was initiated by the Agricultural Production Systems Research Unit (APSRU) in 

Australia and has been developed to provide better farming strategies and to assist farmers to 

make decisions about risk in their farming systems, which are typified by low and irregular 

rainfall, low soil fertility and high potential for soil erosion (McCown et al. 1995; Keating et 

al. 2003; Holzworth et al. 2014). It was reported that APSIM Next Generation can accurately 

predict maize grain yields and soil water content in a Gliricidia sepium agroforestry system in 

Kenya (Smethurst et al. 2017). APSIM Next Generation also adequately represented the maize 

yield and aboveground biomass in an experiment to explore the impacts of shading on maize 

productivity without trees in Ethiopia and Kenya (Dilla et al. 2018). The continuous 

development of APSIM Next Generation and the recent modelling study by Smethurst et al. 
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(2017) made APSIM Next Generation as the preferred modelling platform to model the A. 

auriculiformis agroforestry system in Gunungkidul in this thesis. 
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Chapter 2. Tree and agricultural crop productivity in an A. auriculiformis agroforestry 

system in Java, Indonesia 

 

2.1 Introduction  

Agroforestry has been practised by smallholder farmers in Gunungkidul Regency, Java, 

Indonesia for the last 50 years to alleviate poverty, and to combat soil erosion and deforestation 

(Nibbering 1999). Agroforestry systems are designed to optimize the use of light, nutrients, and 

soil water in the production of food and timber. However, these resources can still become 

limiting for plant growth. In Gunungkidul, which experiences a 4-month dry season (receiving 

total precipitation less than 60 mm), water is considered the main factor that limits growth in 

this rain-fed system. Quantifying tree growth and crop productivity and understanding the basis 

of tree-crop interactions will help to provide the knowledge and tools that can enable farmers 

to optimize the returns from agroforestry systems in areas of the tropics with protracted dry 

seasons. In this study, the growth of Acacia auriculiformis, the productivity of maize (Zea mays) 

and soybean (Glycine max), and the soil-plant water relations were examined in both 

monocultures and tree-crop mixtures. 

Agroforestry systems offer the potential to improve food security and smallholder-

farmer household income (Garrity 2004; Dubiez et al. 2019). Existing agroforestry systems 

integrate a combination of trees, crops, and pasture in a variety of climates and designs (Buck 

1986; Pattanayak et al. 2003; Sood and Mitchell 2009). Because of this complexity, it is 

difficult to optimise management and to predict outcomes from an agroforestry system in any 

given climate and biophysical condition without understanding the interactions and competition 

between trees and crops for resources (Garcia Barrios and Ong 2004). Research to date in the 

Gunungkidul area has tended to focus on social rather than biophysical issues  (Uhlig 1980; 

Filius 1997; Nibbering 1999; Sabastian et al. 2018), and agroforestry systems have tended to 

be based on slower-growing tree species such as teak (Roshetko et al. 2013), but there is an 

increasing trend to utilise faster-growing species. A key species of interest in the region, which 

can produce solid wood over a 6-8-year rotation is A. auriculiformis, and it is being adopted by 

farmers in Gunungkidul.  

When evaporation exceeds precipitation, competition for water between trees and crops 

can be very strong (Nambiar and Sands 1993) leading to plant water stress (Nadler and Heuer 

1997). Pre-dawn and mid-day leaf water potentials are physiological variables that can be used 

to track plant water stress (Morgan 1984; Jones 1990; Brisson et al. 1993; Nadler and Heuer 

1997), and determine whether the root system of the trees (Oliver et al. 2005) is competing for 
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water with shallower-rooted food crops planted between the trees (Paris et al. 1998). 

Understanding whether soil water is the primary natural resource responsible for limiting 

productivity in the A. auriculiformis agroforestry systems requires an understanding of soil-

plant water relations of both the trees and crops.  

Acacia auriculiformis combines high growth rates and desirable sawn-wood 

characteristics, so has significant potential to deliver high returns to growers (Maghembe and 

Prins 1994; Mbaya N et al. 1998; Datta and Singh 2007; Patil and Channabasappa 2008). This 

species is also well-adapted to dry seasons, and responds quickly to favourable growing 

conditions (Montagu and Woo 1999). It has been cultivated in Java since 1934 (Wiersum and 

Ramlan 1982) and mean annual increments in tree volume of > 20 m3 ha-1 year-1 can be achieved 

on good sites; yield is mainly influenced by soil type (Hellinga 1950; Sastroamidjojo 1964; 

Vegetation Team 1979) as cited in (Wiersum and Ramlan 1982). The mean height and diameter 

of A. auriculiformis in a monoculture demonstration trial (planting density 1333 stems ha-1 ) in 

Gunungkidul at age two years were 6.9 m and 5.9 cm, respectively (Australian Centre for 

International Agricultural Research 2015). Concerns exist that these high early growth rates 

will compromise the growth and yield of annual crops in an Acacia-based agroforestry system. 

Maize is commonly grown as a staple crop in the tropics (Bertomeu 2012; Wolz and 

DeLucia 2018) as it can be used for household consumption or sold in traditional markets 

(Schlonvoigt and Beer 2001). Besides maize, soybean is also planted by farmers in the 

Gunungkidul area (Nibbering 1999; Sabastian et al. 2014). In agroforestry systems where trees 

inevitably compete for growth resources, the selection of an agricultural crop based on its 

growth duration and root characteristics is crucial for obtaining optimum outcomes in the 

context of yield and household income for smallholder farmers. Swamy and Puri (2005) found 

that the yields of mung (Vigna radiata) and urd (Vigna mungo) beans were reduced twice as 

much as that of soybean in a five-year-old Gmelina arborea agroforestry system. Will the yield 

of soybean be less affected by competition for water than those of maize in the A. auriculiformis 

agroforestry system at Gunungkidul? 

 There has been some quantitative analysis of A. auriculiformis agroforestry systems in 

the tropics (Ngulube et al. 1993; Duguma et al. 1994; Duguma and Tonye 1994). However, 

these studies only measured tree growth. The aim of this study was to explore the dynamics of 

the tree–crop interactions in an A. auriculiformis agroforestry system with maize and soybean 

in Gunungkidul in the first three cropping seasons after tree establishment by quantifying tree 

growth, crop productivity, soil moisture, and leaf water potential. Two hypotheses were tested 

(i) that the high growth rate of A. auriculiformis does not affect crop productivity, and (ii) that 
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the availability of water is not compromising crop growth, during this period. Two hypotheses 

were tested (i) that the distance to the trees does not affected crop productivity, and (ii) soil-

plant water relations. 

    

2.2 Materials and methods 

2.2.1 Site and soil characteristics 

The experimental site (7.97°S 110.51°E, 158 m elevation) is located at Indonesia’s Centre for 

Forest Biotechnology and Tree Improvement Field Centre in Playen District, Gunungkidul 

Regency, Yogyakarta Province. The mean monthly temperature (2011 – 2015) was 25 ± 1 °C 

and the mean annual rainfall (2004 to 2014) was 1826 mm (Statistics of Gunungkidul Regency 

2010; Statistics of Gunungkidul Regency 2014; Statistics of Gunungkidul Regency 2017). This 

site was chosen because of its dry season (May/June to September/October) in which the long-

term average rainfall is < 60 mm in the four-month period from July to October (Fig. 2.1); 

whereas in the rainy season (November to April/May) average rainfall is > 100 mm per month 

(Mineral Resource Department Yogyakarta Province 2015). 

Soils at the field site are derived from marine limestone (Uhlig 1980) and are classified 

as Mollisols, Entisols or Vertisols (Soil Survey Staff 1999). Across the site, surface texture 

varies between silty clay loam and silty clay, whilst soil depth varies between 40 and 70 cm. 

Soil bulk density at 0 - 30 cm depth ranged from 0.94 to 1.16 g cm-3. At 0 - 10 cm depth, organic 

carbon ranged from 1.35 to 2.00 %, total nitrogen from 0.12 to 0.17 %, extractable phosphorus 

from 1.42 to 2.37 mg kg-1, and pHH2O from 7.5 to 8.1; base saturation was dominated by calcium 

(88 to 95 %). 
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Fig 2.1 Precipitation at the experimental site. 

 

2.2.2 Research design 

The experiment consisted of three treatments in a randomized complete block design 

with five replicates (blocks) (Fig. 2.2.a). The treatments (plots) were monoculture A. 

auriculiformis (A plots), monoculture agricultural crops (C plots), and agroforestry combining 

A. auriculiformis and agricultural crops (AC plots). Plot size was 25 × 30 m for A and C and 

10 × 30 m for AC; adjacent to the AC plots was a crop only area that was not reported on in 

this chapter. Tree spacing in the A and AC plots was 3.0 m between and 2.5 m within rows. In 

the A plots there were 11 × 11 rows of trees and in the AC plots 11 × 5 rows of trees to give 

gross tree-plot sizes of 121 and 55 trees, respectively (Fig. 2.2.b); the net or measured plot size 

was 9 × 9 and 9 × 3 trees, respectively. A single row of buffer trees surrounded each of the 

inner measure plots. In the AC plots, the agricultural crops were planted between the tree rows. 

Two agricultural crops were grown in each cropping season throughout the rainy season: maize 

between October and January and soybean between late January/February and late March/April. 

However, as the experiment started in March 2016, the first maize crop was not reported in this 

study and the first soybean crop was planted one month late and harvested in June 2016. Two 

maize crops and two more soybean crops were planted in the subsequent rainy seasons, and the 

experiment ended in April 2018.  
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Fig. 2.2 (a) Experimental design of the trial and (b) Block 2 of the trial in Gunungkidul, 

Indonesia; A = tree monoculture plots, C = crop monoculture plots, and AC = agroforestry 

system plots.   
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2.2.3 Site history, experimental establishment and plant management 

Prior to establishment of the trial the five blocks were grassland which contained the following 

species: Vernonia cinerea (wangon); Bidens biternata (ketul); Ermeleria sonchifolia (tempuh 

wiyang); Gloriosa superba (kembang sungsang); Euphorbia prunifolia (patehan); Erechtiles 

hieracifolia (bendot); Spigelia anthelmia; Leersia hexandra (kalmenta); Synendrella nodiflora 

(srunen); Euphorbia hirta (patikan); Phyllantus niruri (meniran); Borreria natans; and Tridax 

procumbens (gletang). Blocks 3 and 4 had previously been planted to Tectona grandis (teak) 

that had been harvested in 1998.  

Nine farmers established, tended and harvested the crops in the AC and C plots. The 

experiment was laid out so that variations due to a farmer effect were accounted for as a block 

effect. Blocks 1 and 2 were each managed by two farmers; a fifth farmer managed land in both 

Blocks. In all cases, each farmer managed a section of each treatment. Blocks 3 and 4 were 

managed by one farmer each. Block 5 was managed by two farmers; one farmer in the C, and 

one in the AC plots. Before the experiment was established, maize had been cultivated from 

November 2015 to January 2016.  

Acacia auriculiformis seedlings of a Queensland provenance were planted on 25 

January 2016 amongst harvested maize plants. The planting hole was 25 × 30 × 25 cm to which 

1 kg cow manure and the equivalent of 43 g P fertiliser (5.73 kg ha-1) was placed at the base of 

each planting hole. Poor tree establishment required infilling on four occasions, with the last 

on 26 November 2016. The trees were form-pruned on 16 December 2016, and lift-pruned to 

1.5 m and 3.0 m on the 25 May and 30 September 2017, respectively. Chemical weeding around 

trees in the A and AC plots was conducted to remove competing grass weeds using 0.378 L ha-

1 of Roundup containing 36% glyphosate. 

A locally available variety of hybrid maize was sown at 70 × 25 cm spacing in the C 

and AC plots; in the AC plots there were 4 rows of maize between each row of trees. A handful 

of chicken manure was placed at the base of the planting hole and fertiliser spread evenly 

around each plant 15 and 30 days (in 2017) and 30 days (in 2018) after sowing. Three types of 

fertilisers were used, equivalent to: N-only (46% N); an NPK blend (15% N, 6.5% P, 12.5% K, 

9% S, 2% Zn); and P only (18.9% P, Appendix 1). The leaves were removed from the maize 

plants by the farmers for fodder two to three weeks before harvest. The cobs were harvested 3 

months after sowing and the stems left standing for a further month before removal and then 

moved to the edge of the plot and burnt.  

  Soybean seed derived from a local supplier was sown at approximately 25 × 25 cm 

spacing between the maize crops around two weeks before it was harvested; in the AC plots 
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there were 9 rows between each row of trees. Manual weeding had been performed one month 

before sowing. Fertiliser was spread evenly around each plant 15 days (in 2016 and 2017) and 

15 and 30 days (in 2018) after sowing. The types and rates of fertilizer application were similar 

to those used with the maize fertiliser regime (Appendix 1). The crop was harvested at age 3 

months, and all above-ground plant material removed from the site. For both crops, weeds were 

controlled either manually or with herbicide (Appendix 1).   

 

2.2.4 Sampling procedures 

Tree growth 

Tree height (H) was measured at ages 2, 5, 12, 18, 21, 24 and 27 months after planting. Tree 

diameter at 10 cm (D10) and 30 cm (D30) height (h) above ground was measured at age 2 and 5 

months respectively, and tree diameter at breast height (1.3 m), D1.3 at the other times. The field 

experiment was started at tree age 2 months. Because the trees were still very short, the diameter 

was measured at 10 cm above ground level at age 2 months, and at 30 cm above ground level 

at five months (Rance et al. 2012).   

 

Tree growth data were excluded from the statistical analysis in Blocks 3 and 4 at age 2 months 

because the farmers had cultivated maize in Plot A from December 2015 to March 2016, in 

Block 3 at age 5 months because the farmer did not grow soybean in Plot AC, in Block 4 at age 

5 months because the farmer continued to plant soybean in Plot A, and in Block 2, 3, 4 and half 

of Block 1 at age 27 months, again because the farmers did not grow soybean under the tree in 

the AC plots.  

    

Maize biomass and yields 

Maize was harvested on 6 January 2017 and 31 January 2018, respectively 12 and 24 months 

after tree establishment. Because of variation in maize stem density in the C and AC plots, at 

harvest the number of stems in a 3 × 2 m quadrat that represented the average stem density in 

these treatments near the centre of each plot were counted and used for extrapolating biomass 

and yield from m2 to ha. Maize stems were cut at ground level from a representative 1 × 1 m 

quadrat (covering 4 rows x 1 m) within this larger plot. The total number of harvested stems 

was recorded, the ears separated from the stems and counted, and the total fresh weight of the 

stems and any residual attached leaves recorded. From five representative stems, a 30 cm length 

of maize stem and any attached leaves between 30 and 60 cm above ground were selected. Five 

ears of average size were separated into husk, silk, kernels, and cob and the fresh weight of 



 

28 

 

each component recorded. All sub samples were oven dried at 65 °C to constant weight, and 

the dry weight recorded.  

 

Maize yield per 1 m2 quadrat was calculated as the product of the mean kernel weight per ear 

× mean number of ears per stem × number of stems per 6 m2 divided by 6. Stem, cob, silk and 

husk dry weight per 1 m2 quadrat was calculated as the product of the mean stem, cob, silk, or 

husk dry weights × number of stems per 6 m2 divided by 6. Maize biomass per 1 m2 was 

calculated as the sum of the stem dry weight + cob dry weight + silk dry weight + husk dry 

weight.  

 

Soybean biomass and yield 

Soybeans were harvested on 5 June 2016, 1 April 2017 and 4 April 2018, respectively 5, 15 

and 27 months after tree establishment. The sampling quadrat was 1 × 1 m and in approximately 

the same sampling position as for maize. The stems were cut at ground level, and the total 

number of plants recorded. Five representative plants were separated into stem, seed and 

seedcoat and their fresh weight recorded. Each component was oven dried at 65 °C to constant 

weight. Leaves of soybean were not sampled because they had already been shed. 

 

Soybean yield per 1 m2 quadrat was calculated as the product of the mean seed weight per stem 

× mean number of stems. Stem and seedcoat dry weight per m2 plot was calculated as the 

product of the mean stem or seedcoat dry weight × number of stems. Soybean biomass per 1 

m2 was calculated as the sum of the stem dry weight + seedcoat dry weight. 

 

Soil-plant water relations in soybean cropping seasons 

Plant water assessment was conducted on 2, 16, and 30 April, and 14 and 28 May 2016 

(at tree age 3 to 5 months in 1st cropping season), the 26 January, 25 February, 4 and 11 March 

2017 (at tree age 13 to 15 months in 2nd cropping season), and the 25 and 28 March, and 4 and 

14 April 2018 (at tree age 25 to 27 months in 3rd cropping season). On all dates, the assessment 

was performed at pre–dawn (ΨPD) and mid-day (ΨMD) at the centre of C plots (soybean only); 

at the centre of AC plots (soybean and A. auriculiformis); and at the centre of A plots (A. 

auriculiformis only). Rain on 25 March 2018 precluded measurement of ΨMD; there were no 

data for ΨMD of the trees on 4 April 2018. Except in the 3rd season when the soybeans in the 

AC plots were shaded, and from each replicated plot, one unshaded and healthy leaf located in 

the upper third of the tree crowns/crop plants was collected, placed in a zip-lock plastic bag 
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and placed in a cooler box prior to immediate measurement of Ψ using a 3000 Scholander Plant 

Water Status Console.  

Soil sampling was conducted on 16 and 30 April, and 14 and 28 May 2016 (at tree age 

3 to 5 months in 1st cropping season), the 26 January, 25 February, and 4 and 11 March 2017 

(at tree age 13 to 15 months in 2nd cropping season), and the 28 March and 14 April 2018 (at 

tree age 25 to 27 months in 3rd cropping season). All sampling was performed at mid-day in the 

centre of the A plots and in the C and AC plots just adjacent to the sampling areas for biomass 

harvests. Soil cores, one per replicated plot, at 0 to 10; 10 to 20; and 20 to 30 cm depths were 

removed at each sampling point. Each sample was placed in a double zip-lock plastic bag. 

In the laboratory, each soil sample was weighed (Ww), and then oven dried at 105 °C to 

constant weight (Wd). Gravimetric soil moisture content (g g-1) was calculated as the product 

of Ww minus Wd then divided by Wd. Volumetric soil moisture content (cm3 cm-3) was 

calculated as the product of gravimetric soil moisture × bulk density × 100. Soil moisture at 

saturation was calculated as: 

Soil moisture at saturation(cm-3)= (1- (
bulk density

Soil specific density
) ×100)                (1) 

The soil specific density, 2.86 g cm-3 used in this calculation is the average value for soils 

derived from dolomite A and dolomite B (Batzle et al. 2006). Bulk density was calculated as 

the product of oven dried soil weight divided by soil volume. Soil water deficit (SWD) from 

saturation (mm) was calculated as the product of volumetric soil moisture minus soil moisture 

at saturation divided by 10 (Campbell 1985). 

To estimate the soil water holding capacity at the three soil depths, the soil dry limit 

(LL 15) and the soil water content at saturation (SAT) were assessed for application in the 

APSIM Next Generation model (Turvey and Smethurst 1983; Dilla et al. 2018; Holzworth et 

al. 2018). LL15 and SAT were calculated, respectively as the product of dry soil weight divided 

by soil volume when the soil was assumed in the driest condition during the measurement 

period and when the soil was saturated. Plant available water capacity was calculated to be 34, 

33 and 31 mm at the 0-10, 10-20 and 20-30 cm depths.  

 

2.2.5 Data analysis 

Analysis of variance was used to determine whether there were significant effects (α = 0.05) of 

the agroforestry system treatments on: (1) tree H, D and log10V at each measurement time, (2) 

crop biomass and yield (3) SWD, and (4) pre–dawn and midday Ψ of A. auriculiformis and 



 

30 

 

soybean in soybean cropping season. All statistical analyses were conducted with R v.3.2.0 (R 

Core Team 2015). 

 

2.3 Results 

2.3.1 Tree growth 

There were no significant differences (P = 0.05) in the mean height and diameter of A. 

auriculiformis between the A and AC plots throughout the monitoring period (Fig. 2.3). At age 

27 months, mean H and D in the A and AC plots were 7.4 and 6.9 m; 7.2 and 7.1 cm, 

respectively. 

 

 

Fig. 2.3 (a) Tree height and (b) diameter in the A. auriculiformis monoculture plot (A) and 

agroforestry system between A. auriculiformis and maize/soybean plot (AC), error bars are ± 

SE. 

 

2.3.2 Crop biomass and yield 

There were no significant differences (P = 0.05) in either soybean biomass or yield between 

the C and AC plots harvested in the 1st cropping season; in the 2nd and 3rd cropping season, the 

biomass in the AC plots (1.04 and 0.75 t ha-1, respectively) was significantly lower than in the 

C plots (1.11 and 1.51 t ha-1, respectively) (Fig. 2.4.a) although this did not translate into 

significantly lower yield until the 3rd cropping season (Fig. 2.4.b). There were no significant 

differences in either the biomass or yield of maize between the C and AC plots harvested in the 

2nd cropping season; in the 3rd cropping season, the biomass and yield of maize in the AC plots 

(1.37 and 1.24 t ha-1, respectively) were significantly lower than in the C plots (5.10 and 4.83 t 

ha-1, respectively) (Fig. 2.4.c and 2.4.d).  
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Fig. 2.4 (a) Soybean biomass, (b) soybean yield, (c) maize biomass, and (d) maize yield in the 

monoculture system (C) and in the agroforestry system (AC), error bars are ± standard error 

(SE), values with the same letter are not significantly different from one another at significance 

level α = 0.05 (*). 

 

2.3.4 Soil-plant water relations in soybean cropping seasons 

In general, there were no significant differences in the soil water deficit (SWD) of the three 

treatments over the three soybean cropping seasons (Fig. 2.5). There were four exceptions; on 

16 April 2016 and 11 March 2017, the SWD at 20 – 30 cm depth in the A plots (-0.98 and -

3.30 mm, respectively) was significantly higher than in the C and AC plots (-0.57 and -0.38; -

1.26 and -1.61 mm, respectively). By contrast, on 14 May 2016, the SWD at 20 – 30 cm depth 

in the A plots (-0.41 mm) was significantly lower than in the C and AC plots (-1.15 and -1.08 

mm, respectively), and on 14 April 2018, the SWD at 10 – 20 cm depth in the C plots (-1.82 

mm) was significantly lower than in the A and AC plots (-2.27 and -2.62 mm). The average 

SWD across all plots and all depths during the three seasons ranged from 4.5 to 10 mm.  

Generally, the ΨPD and ΨMD of A. auriculiformis in the A and AC plots were not 

significantly different throughout the monitoring period (Fig. 2.6). There were four exceptions: 

on 30 April, 25 February, and 28 March 2016, the ΨPD of A. auriculiformis in the AC plots (-

0.09, -0.17, and -0.36 MPa, respectively) was significantly lower than in the A plots (-0.05, -

0.09, and -0.20 MPa, respectively), on 16 April 2018, ΨMD of A. auriculiformis in the A plots 

(-0.46 MPa) was significantly lower than in the AC plots (-0.31 MPa). Similar to Ψ of A. 
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auriculiformis, almost all the ΨPD and ΨMD of soybean in the C and AC plots in three cropping 

seasons were also not significantly different (Fig. 2.7). There were five exceptions; on 16 April 

2016, ΨPD of soybean in the C plots (-0.07 MPa) was significantly lower than in the AC plots 

(-0.05 MPa); by contrast, on 26 January and 11 March 2017, ΨPD of soybean in the C plots (-

0.08 and -0.08 MPa, respectively) was significantly higher than in the AC plots (-0.11 and -

0.18 MPa, respectively). On 26 January 2017, ΨMD of soybean in the C plots (-0.20 MPa) was 

significantly lower than in the AC plots (-0.15 MPa); by contrast, on 4 March 2017, ΨMD of 

soybean in the C plots (-0.25 MPa) was significantly higher than in the AC plots ( -0.35 MPa). 

The ΨPD and ΨMD of the trees and crop ranged from -0.05 to -0.40 MPa and -0.50 to -1.00 MPa, 

respectively. 
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Fig. 2.5 Soil water deficit (SWD) at tree age 3 to 5 months (a, b, and c); at tree age 13 to 15 

months (d, e, and f); and at tree age 25 to 27 months (g, h, and i) in the A. auriculiformis 

monoculture plot (A), soybean monoculture plot (C), and agroforestry system between A. 

auriculiformis and soybean plot (AC), error bars are mean ± SE, asterisks represent significant 

for P < 0.05 (*). 
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Fig. 2.6 A. auriculiformis Ψ at tree age 3 to 5 months (a) pre-dawn and (b) mid - day; at tree 

age 13 to 15 months (c) pre-dawn and (d) mid - day; and at tree age 26 to 27 months (e) pre-

dawn and (f) mid - day in the A. auriculiformis monoculture plots (A) and in the agroforestry 

system plots (AC), error bars are mean ± SE, significance level α = 0.05 (*). 
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Fig. 2.7 Soybean Ψ at tree age 3 to 5 months: (a) pre-dawn and (b) mid - day; at tree age 13 to 

15 months: (c) pre-dawn and (d) mid – day; at tree age 26 to 27 months (e) pre-dawn and (f) 

mid - day in the soybean monoculture plots (C) and in the agroforestry system plots (AC), error 

bars are mean ± SE, significance level α = 0.05 (*). 
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2.4 Discussion 

Tree growth was unaffected by the agricultural crop in the agroforestry system 

treatment. Thus, any competition for resources from these crops did not significantly impact 

the early growth of A. auriculiformis (Fig. 2.3). This result was similar to that reported 

previously for this species (Duguma et al. 1994), for Eucalyptus deglupta; (Schlonvoigt and 

Beer 2001) and for Pinus patula (Imo 2009) in maize agroforestry systems in Cameroon; Costa 

Rica; and Western Kenya and at ages 36; 12; and 24 months, respectively. At Gunungkidul, 

tree height (6.9 and 7.4 m) and diameter (7.1 and 7.2 cm) in the agroforestry system and in the 

monoculture, respectively, compared favourably with values recorded by the best performing 

seedlot (7.6 m, 6.8 cm) in an agroforestry system at age two years at an adjacent site that was 

also planted at a wider spacing, 3 × 3 m (Australian Centre for International Agricultural 

Research 2015). This growth rate may also in part be related to the relatively wet dry season 

experienced in 2016 in the current experiment. Thus, these early growth rates point to A. 

auriculiformis being a suitable fast-growing tree species for planting in this environment. 

Another study in Lampung, Indonesia, with Gmelina arborea, a similarly fast-growing tree 

species, found it to be highly suitable for agroforestry systems, compared to more traditional 

slower-growing species (Roshetko et al. 2004). 

Throughout the duration of the measurements, soil water deficits (SWD) remained 

similar in the tree and soybean monocultures, and in the agroforestry system when cropped 

with soybean. The average potential evaporative demand at the site during this period was 4.6 

mm day-1 (Mineral Resource Department Yogyakarta Province 2017). In other studies, levels 

of transpiration in tropical agroforestry (Lott et al. 2003) or mixed cropping systems (Wallace 

et al. 1991) in similar environments have generally been found to be less than potential. Thus, 

the low SWDs observed can be explained by the fact that precipitation rate was close to double 

the potential evaporation rate during all three soybean cropping seasons, at 7.3, 9.3, and 9.6 

mm day-1 in 2016, 2017, and 2018, respectively. The soils also have around 98 mm of plant 

available water capacity, at 0-30-cm depth, providing sufficient storage for several days of non-

water-limited growth in the absence of any rainfall. As a result, the SWD at the Gunungkidul 

site remained close to saturation throughout the growing period. Chirwa et al. (2007) also 

observed lack of competition for water between Gliricidia sepium and maize in an agroforestry 

system in Southern Malawi during the cropping season. That there were three occasions when 

the SWD of the tree monoculture was significantly higher and one when it was significantly 

lower than in the other treatments may be related to the greater rooting depth of the trees and 

changes in levels of available water through the profile after rainfall, respectively. At 



 

37 

 

Gunungkidul, growing soybean as the second crop in each of the first three growing seasons 

should not be compromised because of competition for water from the tree crop. 

There were generally no significant differences between ΨPD or ΨMD of A. 

auriculiformis in the monoculture and in the agroforestry system when cropped with soybean; 

the minimum ΨPD measured was -0.39 MPa. This suggests that ΨPD remained above values 

normally associated with water stress in trees, and therefore water was not a limitation to 

growth during this time. For example, Ngugi et al. (2004) also reported that net photosynthesis 

of Eucalyptus cloeziana and E. argophloia was maximised as long as ΨPD remained >-0.50 

MPa. However, the significantly lower ΨPD of trees in the agroforestry system on three of the 

thirteen measurement occasions, does suggest that competition for water between the trees and 

crops was occurring, albeit at a very low level. Similarly, ΨPD of soybean was significantly 

lower in the agroforestry system than in the monoculture on two of five occasions in 2017. 

However, there was no consistent pattern in the significant effect of ΨPD or ΨMD in both species. 

The minimum ΨPD recorded, -0.41 MPa was in the third cropping season; the reported ΨPD 

when water extraction by soybean roots ceases was reported by Brisson et al. (1993) to be at -

1.20 MPa. Thus, it appears that ΨPD remained sufficiently high to maximise the growth and 

physiological processes of both A. auriculiformis and soybean. 

The minimum ΨMD of A. auriculiformis was -1.04 MPa, although on most measurement 

occasions was more positive than -1.00 MPa. In a study of A. auriculiformis in the wet season 

in Melville Island, Australia, net photosynthesis rates were unaffected by the diurnal decline of 

Ψ; the lowest ΨMD was -2.0 MPa (Eamus and Cole 1997). And in Vietnam during the wet 

season, minimum Ψ of Acacia hybrid was between -1.90 to -1.18 MPa (Huong et al. 2016). 

The much higher values at Gunungkidul are probably related to the very low SWDs. A 

significant effect of treatment on ΨMD of A. auriculiformis was only observed once, on 16 April 

2016 or 45 days after sowing the first soybean crop when ΨMD was lower in the monoculture. 

However, ΨMD was ≥ -0.46 MPa and the source of this difference remains unclear. Similarly, 

ΨMD of soybeans was ≥-1.00 MPa, and on most measurement occasions, ≥ -0.05 MPa. Soybean 

net photosynthesis is more sensitive than that of A. auriculiformis to declining Ψ, but as long 

as Ψ remains > -1.1 MPa, growth rates are unaffected (Boyer 1970a). As for A. auriculiformis, 

some significant differences between treatments were observed but because ΨMD was always >-

0.35 MPa, growth and physiological processes are unlikely to have been compromised. Thus, 

it appears tree-crop competition for water resources was absent in this A. auriculiformis 

agroforestry system throughout the study period. 
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Neither the maize biomass nor yield was affected by competition from the trees in the 

2nd cropping season. However, in the 3rd season both maize yield and biomass were 

significantly lower in the agroforestry system compared to in the monoculture. Potential 

competition for nutrients was minimized through fertilizer application, and competition for 

water was unlikely to be the cause of the decreased productivity since farmers started to sow 

the maize after several days of rain, and the precipitation during the maize cropping season was 

higher than during the soybean cropping season. Thus, as the trees were then > 6 m in height 

when the crop was sown, shading and reduced levels of available light for crop development 

were probably the major factor responsible for decreasing crop productivity. Maize is a C4, 

plant which is shade intolerant (Rao et al. 1998; Simpson 1999; Thevathasan and Gordon 2004; 

Reynolds et al. 2007) and levels of shading between 50 and 75% have been shown to lead to 

significant reductions in both its biomass and yield (Dilla et al. 2018). Light competition has 

also been shown to reduce maize yield in alley cropping systems once levels of shading reached 

40 to 60% when planted between Leucaena leucocephala (Lawson and Kang 1990) and levels 

of shading at 50% between Flemingia macrophylla (Friday and Fownes 2002), and after Acer 

saccharinum trees had reached 7.8 m in height (Simpson 1999). Thus, maize cropping at 

Gunungkidul in the agroforestry system used in this experiment is not recommended after trees 

reach two years of age. 

In contrast, soybean yield was not significantly affected by competition from the trees 

in all growing seasons. This may be due to C3 crops, like soybean, being more tolerant of shade 

than C4 crops (Rao et al. 1998; Thevathasan and Gordon 2004; Reynolds et al. 2007). In an 

agroforestry experiment with soybeans, shade from trees that reduced light availability by 50% 

had no effect on yield compared to a soybean monoculture because at this level of shade, its 

photosynthetic potential remained near the optimum (Reynolds et al. 2007). It has also been 

shown that soybean grown in alley cropping systems with a range of tree species allocated a 

greater proportion of photosynthate to its reproductive parts as tree crown size increased 

(Manceur et al. 2009), thereby offsetting any effects of shade on potential grain yield; 

conversely allocation to structural tissues decreased, which may explain the significant 

reduction in biomass of soybean at Gunungkidul in the 2nd and 3rd cropping seasons. Light 

competition has also been shown to not significantly reduce soybean or other C3 crop yields in 

alley cropping systems with black walnut or pecan (Manceur et al. 2009), L. leucocephala 

(Karim et al. 1991), and silver maple (Nasielski et al. 2015) as the tree crop. In the 3rd soybean 

season at Gunungkidul, the trees were between 6 and 7 m in height and had been lift-pruned to 
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3 m height. The tree shade will increase again as the trees grow, and it is not known whether a 

fourth season crop is likely to be economically feasible. 

 

2.5 Conclusion 

The findings of this study show that available water during the cropping season was 

sufficient to ensure an absence of plant water stress, and the nutrient addition was likely to have 

ensured that there was no nutrient competition in this agroforestry system. Thus, light 

competition appears to be the key factor determining the productivity of the agricultural crop 

in this system, at least to a tree age of 27 months. The effects of this competition were lower in 

soybean because of its tolerance to some shade, compared to the more shade-intolerant maize. 

This agroforestry system therefore offers farmers a maximum of two maize and at least three 

soybean crops during the first 27 months of the tree rotation.        

If the farmers prioritise the agricultural crop productivity, they may plant trees along the 

border of their land and this will not reduce maize productivity up to the 2nd cropping season 

or soybean productivity up to the 3rd cropping season. Harvesting the trees could occur after 

the 3rd cropping season. For the farmers who prioritise the trees, for the remainder of the acacia 

rotation, there may be a need to grow more shade-tolerant agricultural crop species e.g. ginger 

and turmeric, or to thin the trees to increase light penetration to the agricultural crop, and to 

increase the diameter growth of the remaining stems. The options for farmers to apply this 

system should be further explored by examining crops that will tolerate an intensification of 

the shade as the canopy closes; and the effects of early thinning on the shading and returns 

should also be explored.  
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2.6 Appendix 1: supporting tables and figures for chapter 2 

Table 2.1 Fertiliser and weeding regime for maize in the A. auriculiformis agroforestry system 

No Name Block 
Maize  2017 (2nd cropping season) Maize 2018 (3rd cropping season) 

Application 

method 

Fertiliser 

timing Dose (ha-1) Weeding 

Applicatio

n method 

Fertiliser 

timing Dose (ha-1) Weeding 

1  Wakini 1 Base of 

planting hole 

Sowing 4500 kg chicken 

manure 

Manual Base of 

planting 

hole 

Sowing 4500 kg chicken 

manure 

Manual 

Evenly 

around plant  

15 days 

after 

sowing 

(DAS) 

46 kg N (Urea); 15 

kg N, 6.5 kg P, 

12.5 kg K, 9 kg S, 

2 kg Zn (Phonska) 

 
30 DAS 115 kg N (Urea); 

37.5 kg N, 16.25 

kg P, 31.25 kg P, 

22.5 kg S, and 5 

kg Zn (Phonska) 

Evenly 

around plant  

30 DAS 46 kg N (Urea); 15 

kg N, 6.5 kg P, 

12.5 kg K, 9 kg S, 

2 kg Zn (Phonska) 

   

 

2 Wasini 1 Base of 

planting hole 

Sowing 4500 kg chicken 

manure 

Manual Base of 

planting 

hole 

Sowing 4500 kg chicken 

manure 

Manual 

Evenly 

around plant  

15 DAS 46 kg N (Urea); 15 

kg N, 6.5 kg P, 

12.5 kg K, 9 kg S, 

2 kg Zn (Phonska) 

Evenly 

around plant  

30 DAS 230 kg N (Urea) 

75 kg N, 32.5 kg 

P, 62.5 kg K, 45 

kg S, and 10 kg 

Zn (Phonska) 

150 ml 

300 L-1 1 

ha-2 

paraquat 

(Round-

up) Evenly 

around plant  

30 DAS 46 kg N (Urea); 15 

kg N, 6.5 kg P, 

12.5 kg K, 9 kg S, 

2 kg Zn (Phonska) 

Evenly 

around plant  
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TTable 2.1 (continued) Fertiliser and weeding regime for maize in the A. auriculiformis agroforestry system 

No Name Block 
Maize  2017 (2nd cropping season) Maize 2018 (3rd cropping season) 

Application 

method 

Fertiliser 

timing Dose (ha-1) Weeding 

Applicatio

n method 

Fertiliser 

timing Dose (ha-1) Weeding 

3  Parsiyem 1 and 2 Base of 

planting hole 

Sowing 4500 kg chicken 

manure 

Manual Base of 

planting 

hole 

Sowing 4500 kg chicken 

manure 

Manual 

Evenly 

around plant  

15 DAS 46 kg N (Urea); 15 

kg N, 6.5 kg P, 

12.5 kg K, 9 kg S, 

2 kg Zn (Phonska) 

Evenly 

around plant  

30 DAS 57.5 kg N (Urea) 

Evenly 

around plant  

30 DAS 46 kg N (Urea); 15 

kg N, 6.5 kg P, 

12.5 kg K, 9 kg S, 

2 kg Zn (Phonska) 

Evenly 

around plant  

  

 

4  Darsinem 2 Base of 

planting hole 

 
1950 kg chicken 

manure  

Manual Base of 

planting 

hole 

Sowing 750 kg chicken 

manure  

Manual 

Evenly 

around plant  

15 DAS 230 kg N (Urea) Evenly 

around plant  

20 DAS 57.5 kg N (Urea) 

Evenly 

around plant  

40 DAS 57.5 kg N (Urea) 
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Table 2.1 (continued). Fertiliser and weeding regime for maize in the A. auriculiformis agroforestry system 

No Name Block 
Maize  2017 (2nd cropping season) Maize 2018 (3rd cropping season) 

Application 

method 

Fertiliser 

timing Dose (ha-1) Weeding 

Application 

method 

Fertiliser 

timing Dose (ha-1) Weeding 

5  Suratinem 2 Base of 

planting hole 

Sowing 3000 kg 

chicken 

manure 

Manual Base of 

planting 

hole 

Sowing 2250 kg chicken 

manure 

Manual 

Evenly 

around plant  

  

15 DAS 230 kg N 

(Urea) 

 
Evenly 

around plant  

30  DAS 115 kg N (Urea) 
 

           

6  Sagiyo 3 Base of 

planting hole 

Sowing 2250 kg 

chicken 

manure 

Manual Base of 

planting 

hole 

Sowing 3000 kg chicken 

manure 

Herbicid

e 

Evenly 

around plant  

15 DAS 115 kg N 

(Urea); 37.5 kg 

N, 16.25 kg P, 

31.25 kg P, 

22.5 kg S, and 

5 kg Zn 

(Phonska) 

Evenly 

around 

plant  

 
30 DAS 230 kg N (Urea) 

75 kg N, 32.5 kg 

P, 62.5 kg K, 45 

kg S, and 10 kg 

Zn (Phonska) 

Manual 

Evenly 

around plant  

30  DAS 115 kg N 

(Urea); 37.5 kg 

N, 16.25 kg P, 

31.25 kg P, 

22.5 kg S, and 

5 kg Zn 

(Phonska) 

Evenly 

around 

plant  
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Table 2.1 (continued) Fertiliser and weeding regime for maize in the A. auriculiformis agroforestry system 

No Name Block 
Maize  2017 (2nd cropping season) Maize 2018 (3rd cropping season) 

Application 

method 

Fertiliser 

timing Dose (ha-1) Weeding 

Application 

method 

Fertiliser 

timing Dose (ha-1) Weeding 

7  Ngatimin 4 Base of 

planting hole 

Sowing 1500 kg 

chicken 

manure 

Manual Base of 

planting 

hole 

Sowing 37.5 kg N, 16.25 

kg P, 31.25 kg P, 

22.5 kg S, and 5 

kg Zn (Phonska) 

Manual 

Evenly 

around plant  

Sowing 47.3 kg P 

(Triple Super 

Phospate/TSP)

and 115 kg N 

(Urea) 

300 ml 

300 L-1 1 

ha m-2 

paraquat 

 
15 DAS 69 kg N (Urea) 

 

Evenly 

around plant  

20 DAS 115 kg N 

(Urea) 

Evenly 

around 

plant  

 
45  DAS 69 kg N (Urea) 

 

           

8  Sugi 5 Base of 

planting hole 

Sowing 1500 kg 

chicken 

manure 

Manual Base of 

planting 

hole 

Sowing 3000 kg chicken 

manure 

Manual 

Evenly 

around plant  

15 DAS 22.5 kg N, 9.75 

kg P, 18.75 kg 

K, 13.5 kg S, 

and 3 kg Zn 

(Phonska) 

Evenly 

around 

plant  

 
30  DAS 22.5 kg N, 9.75 

kg P, 18.75 kg 

K, 13.5 kg S, and 

3 kg Zn 

(Phonska) 

150 ml 

300 L-1 1 

ha-2 

paraquat  

Evenly 

around plant  

30  DAS 22.5 kg N, 9.75 

kg P, 18.75 kg 

K, 13.5 kg S, 

and 3 kg Zn 

(Phonska) 

Evenly 

around 

plant  

 
45  DAS 22.5 kg N, 9.75 

kg P, 18.75 kg 

K, 13.5 kg S, and 

3 kg Zn 

(Phonska) 
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Table 2.1 (continued) Fertiliser and weeding regime for maize in the A. auriculiformis agroforestry system 

No Name Block 
Maize  2017 (2nd cropping season) Maize 2018 (3rd cropping season) 

Application 

method 

Fertiliser 

timing Dose (ha-1) Weeding 

Application 

method 

Fertiliser 

timing Dose (ha-1) Weeding 

9  Palyono 5 Base of 

planting hole 

Sowing 5850 kg 

chicken 

manure 

Manual Base of 

planting 

hole 

Sowing 3000 kg chicken 

manure 

Manual 

  

Evenly 

around plant  

15 DAS 69 kg N (Urea);  

22.5 kg N, 9.75 

kg P, 18.75 kg 

K, 13.5 kg S, 

and 3 kg Zn 

(Phonska) 

0.7 % 

mesotrio

ne and 

0.33 % 

terbuthyl

azine 

  15 DAS 69 kg N 
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Table 2.2 Fertiliser and weeding regime for soybean in the A. auriculiformis agroforestry system 

No Name Block 

Soybean 2016 to 2017 (1st to 2nd cropping season) Soybean 2018 (3rd cropping season) 

Aplication 

Fertilizer 

timing Dose (ha-1) 

Weeding 

and 

herbicide 

Fertilizer 

type 

Fertilizer 

timing Dose (ha-1) 

Weeding and 

herbicide 

1 Wakini 1 Evenly 

around 

plant  

15 DAS 46 kg N (Urea); 

15 kg N, 6.5 kg P, 

12.5 kg K, 9 kg S, 

2 kg Zn 

(Phonska) 

Manual Evenly 

around 

plant  

15 DAS 58 kg N (Urea); 

19 kg N, 8.2 kg P, 

15.8 kg K, 11.4 

kg S, 1.8 kg Zn 

(Phonska) 

Manual 

        
   

25 ml 300 L-1 

ha-2 

deltametrin 

(15 DAS) 

Evenly 

around 

plant  

30 DAS 58 kg N (Urea); 

19 kg N, 8.2 kg P, 

15.8 kg K, 11.4 

kg S, 1.8 kg Zn 

(Phonska) 

25 ml 300 L-1 

ha-2 

deltametrin 

(15 DAS) 

 

2 Wasini 1 Evenly 

around 

plant  

15 DAS 46 kg N (Urea); 

15 kg N, 6.5 kg P, 

12.5 kg K, 9 kg S, 

2 kg Zn 

(Phonska) 

Manual Evenly 

around 

plant  

15 DAS 58 kg N (Urea); 

19 kg N, 8.2 kg P, 

15.8 kg K, 11.4 

kg S, 1.8 kg Zn 

(Phonska) 

Manual 

  
 100 ml 300 

L-1 ha-2 

Diazinon 

(30 DAS) 

Evenly 

around 

plant  

30 DAS 58 kg N (Urea); 

19 kg N, 8.2 kg P, 

15.8 kg K, 11.4 

kg S, 1.8 kg Zn 

(Phonska) 

100 ml 300 L-1 

ha-2 Diazinon 

 (30 DAS) 
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Table 2.2 (continued) Fertiliser and weeding regime for soybean in the A. auriculiformis agroforestry system 

No Name Block 

Soybean 2016 to 2017 (1st to 2nd cropping season) Soybean 2018 (3rd cropping season) 

Aplication 

Fertilizer 

timing Dose (ha-1) 

Weeding 

and 

herbicide 

Fertilizer 

type 

Fertilizer 

timing Dose (ha-1) 

Weeding and 

herbicide 

3 Parsiyem 1 and 2 Evenly 

around 

plant  

15 DAS 46 kg N (Urea); 

15 kg N, 6.5 kg 

P, 12.5 kg K, 9 

kg S, 2 kg Zn 

(Phonska) 

Manual Evenly 

around 

plant  

7 DAS 46 kg N (Urea) Manual, 850 

ml 300 L-1 ha-2 

Carbaryl (14 

DAS), and 25 

ml 300 L-1 1 

ha-2 

deltametrin 

(30 DAS)  

4 Darsinem 2 - - - Manual Evenly 

around 

plant  

20 DAS 57.5 kg N 

(Urea) 

50 ml 300 L-1 

ha-2 Fipronil 

(before and 

after 

flowering) 

- - - 850 ml 300 

L-1 ha-2 

Carbaryl (30 

days after 

sowing) 

Evenly 

around 

plant  

40 DAS 57.5 kg N 

(Urea) 
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Table 2.2 (continued) Fertiliser and weeding regime for soybean in the A. auriculiformis agroforestry system 

No Name Block 

Soybean 2016 to 2017 (1st to 2nd cropping season) Soybean 2018 (3rd cropping season) 

Aplication 

Fertilizer 

timing Dose (ha-1) 

Weeding 

and 

herbicide 

Fertilizer 

type 

Fertilizer 

timing Dose (ha-1) 

Weeding and 

herbicide 

5 Suratinem 2 Base of 

planting 

hole 

Sowing 230 kg N 

(Urea)  

Manual Evenly 

around 

plant  

7 DAS 46 kg N (Urea) Manual 

   
850 ml 300 

L-1 ha-2 

Carbaryl 

(30 DAS) 

   
850 ml 300 L-1 

ha-2 Carbaryl 

(14 days after 

sowing)        
25 ml 300 L-1 

1 ha-2 

deltametrin 

(30 DAS)  

6 Sagiyo 3  15 DAS 58 kg N (Urea); 

19 kg N, 8.2 kg 

P, 15.8 kg K, 

11.4 kg S, 1.8 

kg Zn 

(Phonska)  

Manual Evenly 

around 

plant  

15 DAS 58 kg N 

(Urea); 19 kg 

N, 8.2 kg P, 

15.8 kg K, 

11.4 kg S, 1.8 

kg Zn 

(Phonska)  

Manual 

 30 DAS 58 kg N (Urea); 

19 kg N, 8.2 kg 

P, 15.8 kg K, 

11.4 kg S, 1.8 

kg Zn 

(Phonska)  

100 ml 300 

L-1 ha-2 

Diazinon (30 

DAS) 

Evenly 

around 

plant  

30 DAS 58 kg N 

(Urea); 19 kg 

N, 8.2 kg P, 

15.8 kg K, 

11.4 kg S, 1.8 

kg Zn 

(Phonska)  

100 ml 300 L-1 

ha-2 Diazinon 

(30 DAS) 
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Table 2.2 (continued) Fertiliser and weeding regime for soybean in the A. auriculiformis agroforestry system 

No Name Block 

Soybean 2016 to 2017 (1st to 2nd cropping season) Soybean 2018 (3rd cropping season) 

Aplication 

Fertilizer 

timing Dose (ha-1) 

Weeding 

and 

herbicide 

Fertilizer 

type 

Fertilizer 

timing Dose (ha-1) 

Weeding and 

herbicide 

7 Ngatimin 4 Base of 

planting 

hole 

Sowing 94.6 kg P 

(TSP) 

Manual Evenly 

around 

plant  

15 DAS 28.4 kg P 

(TSP) 

Manual 

   
850 ml 300 

L-1 ha-2 

Carbaryl  

(30 DAS) 

Evenly 

around 

plant  

30 DAS 22.5 kg N, 

9.75 kg P, 

18.75 kg K, 

13.5 kg S, and 

3 kg Zn 

(Phonska) 

850 ml 300 L-1 

ha-2 Carbaryl 

(30 DAS) 

 

8 Sugi 5 - - - Manual Base of 

planting 

hole 

Sowing 750 kg 

chicken 

manure  

Manual 

 

9 Palyono 5 - - - Manual - - - Manual 
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Table 2.3 Physical soil characteristics at the experimental site 
 

Block Soil 

Name 

(USDA 

classi-

fication) 

Parent 

material 

Root 

zone 

depth 

(cm) 

Horizon 

symbol 

Depth 

of 

horizon 

Nature of 

interface 

with 

horizon 

below 

Topography 

of  

horizon 

boundaries 

Moisture  

condition 

Soil 

colour 

Soil 

colour  

names 

Soil colour 

mottling 

Soil 

colour  

mottling 

names 

1 Mollisol Limestone 70 A 0 - 20 Clear Smooth Moist 10 YR 7/2 Light grey - - 

1 Mollisol Limestone 70 B 20-52 Clear Wavy Moist 10 YR 5/2 Greyish brown - - 

1 Mollisol Limestone 70 C 52-70 - - Moist 10 YR 6/4 Light yellowish brown 10 YR 7/6 Yellow 

 

2 

 

Entisol 

 

Limestone 

 

20 

 

A 

 

0 - 20 

 

Clear 

 

Wavy 

 

Moist 

 

10 YR 3/1 

 

Very dark grey 

 

- 

 

- 

2 Entisol Limestone 20 C 20 - 40 - - Moist 10 YR 6/4 Light yellowish brown 10 YR 7/6 Yellow 

 

3 

 

Entisol 

 

Limestone 

 

70 

 

A 

 

0 -45 

 

Clear 

 

Smooth 

  

Dry 

 

10 YR 3/1 

 

Very dark grey 

 

- 

 

- 

3 Entisol Limestone 70 BC 45-70 Clear Smooth  Dry 10 YR 7/4 Very pale brown - - 

 

4 

 

Entisol 

 

Limestone 

 

50 

 

A 

 

0-14 

 

- 

 

Smooth 

 

Dry 

 

10 YR 3/1 

 

Very dark grey 

-   

4 Entisol Limestone 50 BC 14-50 Clear Smooth Dry 10 YR 7/4 Very pale brown - - 

 

5 

 

Vertisol 

 

Limestone 

 

60 

 

A 

 

0 - 19 

 

Clear 

 

Smooth 

 

Moist 

 

10 YR 7/2 

 

Light grey 

 

- 

 

- 

 

5 Vertisol Limestone 60 A 19-65 Clear Smooth Moist 10 YR 5/2 Greyish brown - - 

5 Vertisol Limestone 60 C >65 Clear Smooth Moist -   - - 

 

*A horizons: mineral horizons which is mixed between mineral fraction and humified organic matter and have properties resulting from cultivation, B horizons: mineral 

horizons below A horizons and has different colour with A horizons, C horizons: limestone horizons which has a little effect from pedogenesis and lack properties of A and B 

horizons, BC horizons: has characteristics of both B and C horizons, however closer to B horizons rather than C horizons 
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Table 2.3 (continued) Physical soil characteristics at the experimental site 
 

Block Horizon 

symbol 

Rock type  

and abundance 

Structure type  

of aggregates 

Structure 

class 

Structure 

grade 

Moisture 

condition 

of 

consistence 

Cementation 

of consistence 

Degree 

of cementation 

Material 

of 

cementation 

I A Frequent fine gravel Angular blocky Thick Weak Dry Soft - - 

I B - Angular blocky Thick Weak Moist Very Firm Weak Calcium 

I C - - - - - - - - 

 

II 

 

A 

 

- 

 

Angular blocky 

 

Thick 

 

Strong 

 

Moist 

 

Very Firm 

 

- 

 

- 

II C - - - - - - Weak Calcium 

 

III 

 

A 

 

- 

 

Angular blocky 

 

Thick 

 

Weak 

 

Dry 

 

Soft 

 

- 

 

- 

III BC - - - - - - - - 

 

IV 

 

A 

 

Frequent fine gravel 

 

Angular blocky 

 

Thick 

 

Weak 

 

Dry 

 

Firm 

 

Weak to strong 

 

Calcium 

IV BC Frequent fine gravel Angular blocky - Strong Moist Very Firm Weak Calcium 

 
V 

 
A 

 
Frequent fine gravel 

 
Granular 

 
Thick 

 
- 

 
Moist 

 
Friable 

 
Weak 

 
Calcium 

V A Frequent fine gravel Angular blocky Thick Weak Moist Firm Weak Calcium 

V C - - - - - - - - 
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Table 2.3 (continued). Physical soil characteristics at the experimental site 
 

Block Horizon  

symbol 

Size of 

nodules 

Macro pores 

abundances 

Micro pores 

abundances 

Meso pores 

abundances 

Coarse roots  

abundances 

Medium roots  

abundances 

Fine roots  

abundances 

I A - Many Many Many - Frequent Frequent 

I B Small rounded Common Many Many - Few Few 

I C - - - - - - - 

 

II 

 

A 

 

- 

 

Many 

 

Many 

 

Many 

 

Very Few 

 

Frequent 

 

Frequent 

II C - - - - - - - 

 

III 

 

A 

 

- 

 

- 

 

- 

 

- 

 

Very Few 

 

Frequent 

 

Frequent 

III BC - - - - Very Few Few Few 

 

IV 

 

A 

 

- 

 

Many 

 

Many 

 

Many 

 

- 

 

Frequent 

 

Frequent 

IV BC - Many Many Many - Few - 

 

V 

 

A 

 

Small 

 

Many 

 

Many 

 

Many 

 

- 

 

Frequent 

 

Frequent 

V A Small Few Common Many - - Few 

V C - - - - - - - 
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Table 2.4 Soil bulk density at the experimental site  
 

Block Depth Soil Bulk Density 

1 0 - 20 1.04 

1 20 - 52 1.07 

 

2 0 - 20 1.09 

2 20 - 40 1.12 

3 0 -10 0.96 

3 10 - 20 1.04 

3 20 - 30 1.08 

4 0 - 10 1.09 

4 10 - 20 1.16 

 

5 0 - 20 0.94 

5 20 - 52 1.12 
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Table 2.5 Soil chemical properties at the experimental site 
 

Block Plot pH-

H2O 

EC 

(dS/m) 

Organic 

Carbon 

(%) 

Nitrogen 

(%) 

Texture Clay 

(%) 

Silt 

(%) 

Sand 

(%) 

K+ 

(c mol 

kg -1) 

Na+ 

(c mol 

kg -1) 

Ca2+  

(c mol 

kg -1) 

Mg2+ 

 (c mol 

kg -1) 

Effective 

CEC (c mol 

kg -1) 

1 A 7.8 0.19 1.82 0.15 SiCL 30.40 68.10 1.50 0.18 0.06 15.89 1.42 17.55 

1 C 7.6 0.25 1.77 0.12 SiCL 33.62 64.49 1.89 0.13 0.05 13.73 1.67 15.57 

1 AC 7.5 0.22 1.62 0.14 SiCL 36.40 61.80 1.80 0.21 0.05 14.18 1.75 16.19 

 

2 

 

A 

 

8.1 

 

0.14 

 

1.72 

 

0.15 

 

SiCL 

 

31.28 

 

66.72 

 

2.00 

 

0.16 

 

0.05 

 

19.25 

 

0.98 

 

20.44 

2 C 8.1 0.13 1.47 0.13 SiCL 29.74 68.86 1.40 0.15 0.05 17.95 0.97 19.12 

2 AC 7.9 0.16 1.18 0.14 SiCL 34.37 63.43 2.19 0.17 0.05 18.39 1.74 20.36 

 

3 

 

A 

 

8.1 

 

0.13 

 

2.00 

 

0.16 

 

SiCL 

 

26.87 

 

71.17 

 

1.96 

 

0.15 

 

0.05 

 

19.22 

 

0.84 

 

20.26 
3 C 7.7 0.19 2.67 0.16 SiCL 33.25 65.04 1.71 0.17 0.06 15.49 1.57 17.29 

3 AC 7.7 0.16 1.53 0.15 SiCL 33.42 63.83 2.75 0.15 0.05 13.67 1.02 14.89 

 

4 

 

A 

 

8.1 

 

0.13 

 

1.48 

 

0.13 

 

SiCL 

 

35.57 

 

62.43 

 

2.00 

 

0.19 

 

0.05 

 

20.47 

 

0.73 

 

21.44 

4 C 8.0 0.14 1.52 0.12 SiCL 30.10 66.82 3.09 0.17 0.05 19.02 0.89 20.13 

4 AC 8.1 0.14 1.66 0.17 SiCL 26.32 70.68 3.00 0.16 0.05 19.60 0.77 20.59 

 

5 

 

A 

 

8.1 

 

0.14 

 

1.35 

 

0.13 

 

SiCL 

 

34.10 

 

64.21 

 

1.70 

 

0.15 

 

0.05 

 

18.89 

 

1.09 

 

20.18 

5 C 8.1 0.15 1.53 0.13 SiC 46.20 50.20 3.60 0.16 0.04 19.30 0.97 20.48 

5 AC 7.8 0.20 1.51 0.12 SiC 40.03 56.87 3.10 0.15 0.05 15.49 1.86 17.55 

 

 

*SiCL abbreviation for silty clay loam and SiC abbreviation for silty clay 
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Chapter 3. Crop yield and soil-plant water relations across a tree-crop 

interface of an A. auriculiformis agroforestry system in Java, Indonesia    

 

3.1 Introduction 

In agroforestry systems, the effect of the trees on the availability of soil water, 

nutrients and light for the agricultural crop tends to decrease with increasing 

distance from the tree/crop interface (Nuberg 1998; Baker et al. 2018). In 

Gunungkidul Regency in Yogyakarta, a range of crops were planted in agroforestry 

systems. This environment experiences high rainfall in the wet season, but also 

experiences a ~4 month dry season where total rainfall is less than 60 mm. Typically, 

the first crop is grown early in the wet season and the second late in the wet season 

and extends into the first part of the dry season. In this chapter, the influence of 

distance from the trees on soil-crop water relations, and consequently on crop 

productivity were examined in an A. auriculiformis interface planting agroforestry 

system in Gunungkidul. 

As trees age, their increasing size is anticipated to intensify competition for  

resources with adjacent crops (Rao et al. 1998). For example, during the fourth year 

of tree growth in a Gliricidia sepium-maize agroforestry system in Kenya, crop 

yield increased with distance from the trees; 3 m from the tree-crop interface it was 

50% of that in monoculture (Odhiambo et al. 2001). Increasing tree – crop 

competition with tree age has also been found in a Grevillea robusta-maize alley 

cropping agroforestry system, where nine sequential cropping season were 

monitored over 4.5-year period in Kenya (Lott et al. 2000a; Ong et al. 2000; Lott et 

al. 2000b). They found that crop yield was not affected by trees up to a height of 3 

m during the first four cropping seasons, but subsequently crop yields in the 

agroforestry system were significantly lower compared to those in crop 

monoculture for the next five cropping seasons. In windbreak agroforestry systems, 

the shelter provided can result in yields that exceed those in “monoculture”; maize 

yield at a distance from a Larix laricina belt of between 2 and 20× tree height was 

significantly greater than that at 24× tree height (Rivest and Vezina 2015). Thus, 

how the trees affect crop yield can be complex.  

In a tree species selection trial for agroforestry systems in Uganda, maize 

was planted adjacent to a single tree row at tree ages of 1.5 and 3.5 y (Okorio et al. 

1994). At age 1.5 y, the heights of Markhamia lutea and Casuarina equisetifolia 
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were 3.0 and 3.9 m and the trees had no significant effect on maize yield compared 

to in monoculture. At tree age of 3.5 y, the tree heights were, respectively, 7.0 and 

9.0 m. However M lutea was associated with significant reductions in maize yield 

whereas C. equisetifolia still had no significant effect on crop yield (Okorio et al. 

1994), a result that suggests below-ground competition for resources was more 

important than competition for light. Acacia auriculiformis is a fast-growing tree 

species and well-adapted to a dry climate (Ngulube et al. 1993; Maghembe and 

Prins 1994), and it can also fix large quantities of nitrogen (Galiana et al. 1990; 

Mbaya N et al. 1998). It therefore has the potential to both increase and decrease 

crop yield in agroforestry systems. Understanding why and how this tree species 

impacts on crop productivity as the trees age will provide fundamental information 

to growers for designing the layout of their A. auriculiformis agroforestry systems. 

Tree species can influence the degree to which soil water may either 

increase or decrease with distance from the trees in agroforestry systems. Soil water 

content has been observed to both increase with distance out into the crop from the 

tree-crop interface e.g. with Eucalyptus tereticornis in semi-arid India (Malik and 

Sharma 1990); Alnus acuminata, Casuarina equestifolia, Grevillia robusta, 

Maesopsis eminii and Markhamia lutea in Uganda (Okorio et al. 1994); Bauhania 

rufescens in semi-arid Africa (Mayus 1998); and Grevillea robusta in Western 

Kenya (Livesley et al. 2004), and also to decrease e.g. with Leucaena leucochepala 

in Ibadan, Nigeria and Zambia (Lal 1989; Chirwa et al. 1994); Erythrina 

poeppiginia in Costa Rica (Mazzarino et al. 1993); Flemingia macrophylla in 

Zambia (Chirwa et al. 1994); and Senna spectabilis in Western Kenya (Livesley et 

al. 2004). A lower soil moisture near to the trees has been attributed to interception 

of rainfall by the trees (Malik and Sharma 1990; Okorio et al. 1994; Mayus 1998; 

Livesley et al. 2004; Livesley et al. 2004), and a higher soil moisture content to 

microclimate improvement through decreased wind speed and increased humidity 

(Lal 1989; Chirwa et al. 1994; Livesley et al. 2004), and potentially also to 

hydraulic redistribution of water from the subsoil to the surface soil (Horton and 

Hart 1998). Understanding whether soil water was the key limiting factor on crop 

productivity in an A. auriculiformis interface planting agroforestry system requires 

an understanding of the effects of distance to the trees on soil-crop water relations. 

Understanding the dynamics of tree – crop competition in agroforestry 

systems as a function of the distance from the trees is critical for establishment of 
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an optimal production system (Huxley 1985; Oliver et al. 2005; Martin and van 

Noordwijk 2009; Bertomeu et al. 2011 Khasanah et al. 2015). The distance from 

the trees in agroforestry systems influences a range of both biophysical and 

physiological processes which have not been closely examined in this sort of 

environment before. The purpose of this chapter was to better understand the 

distance to which trees in an A. auriculiformis agroforestry system influence the 

soil-plant water relations (soil moisture, pre-dawn and mid-day leaf water potential) 

for soybean and crop (soybean and maize) yield and above-ground biomass 

(competition zone) for the first 3 cropping seasons after tree establishment (up to 

27 months) in Gunungkidul Regency, Indonesia. 

 

3.2 Materials and Methods 

3.2.1 Site description 

This study was conducted at Indonesia’s Centre for Forest Biotechnology and Tree 

Improvement Field Centre in Playen District, Gunungkidul Regency, Yogyakarta 

Province, at lat -7.97°S and long 110.51°E and 158 m elevation. The mean monthly 

temperature (measured 7 km from the site) is 25 ± 1 °C and the mean annual rainfall 

at the site is 1826 mm (Statistics of Gunungkidul Regency 2010; Statistics of 

Gunungkidul Regency 2014; Statistics of Gunungkidul Regency 2017). The soils 

are derived from marine limestone (Uhlig 1980) and classified as Mollisols, 

Entisols or Vertisols (Soil Survey Staff 1999). Prior to establishment of the 

experiment, the site had been managed as grassland. For more detailed information 

on the site, site history, climate, soils and small-holder farmer input, see Chapter 

2/Figyantika et al. (submitted). 

 

3.2.2 Research design 

An experiment was established that consisted of five replicated 25 × 30 m plots. On 

one side of each plot, five rows of trees were sown at 3.0 m spacing; there were 5 

trees in each row at 2.5 m spacing. The remainder of the plot was sown to crop, 

which depending on the time within the cropping season was either maize (early 

wet-season) or soybean (late wet-season); the crops were also planted between the 

tree rows. A single transect was established through the centre of each of the five 

plots that extended from the outer interface of the tree crop, across the tree-crop 

interface and ended at the outer interface of the agricultural crop (Fig. 3.1). 



 

57 

 

Measurements were conducted at each of seven 1 × 1 m quadrats along the transect 

that were centred at: -6, -3, 0, 3, 6, 9, and 14.5 m, from the tree-crop interface, where 

‘0 m’ represented the tree-crop interface. The negative sign refers to where the crops 

were cultivated between the tree rows and the positive sign to those cultivated in 

the open area. 

Two agricultural crops were grown in each of three consecutive rainy 

seasons: maize between October and January and soybean between late 

January/February and late March/April. However, as the trees were planted and the 

experiment started in March 2016, only soybean was planted in the first season, one 

month late and harvested in June.  

 

 

Fig. 3.1 Plot design of the A. auriculiformis-maize/soybean interface planting 

agroforestry system trial in Gunungkidul, Indonesia, 0 m = tree-crop interface. 
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3.2.3 Plant material and planting 

Acacia auriculiformis seedlings of a Queensland provenance were planted on 25 

January 2016. The planting hole was 25 × 30 × 25 cm and 1 kg cow manure and 

the equivalent of 43 g P fertiliser (5.73 kg ha-1) was placed at its base. Trees that 

died were infilled, with the last infilling occurring on 26 November 2016. The trees 

were form-pruned once in December 2016, and lift-pruned twice in the second dry 

season (2017) to 3 m height. Chemical weeding around the trees in the plots was 

conducted to remove competing grass weeds using 0.378 L ha-1 Roundup 

containing 36% glyphosate. 

For maize cropping, a locally available variety of hybrid maize was sown at 

70 × 25 cm spacing; with four rows planted between each row of trees. A handful 

of chicken manure was placed at the base of the planting hole and fertiliser spread 

evenly around each plant 15 and 30 days (in 2017) and 30 days (in 2018) after 

sowing. For the types of fertiliser used for both crops, see Appendix 1 Table 2.1 

and 2.2. The leaves were removed from the maize plants by the farmers for fodder 

two to three weeks before harvest. The cobs were harvested at age 3 months. 

  Soybean seed derived from a local supplier was sown at approximately 25 

× 25 cm spacing between the maize crops around two weeks before it was harvested; 

there were nine rows between each row of trees. Manual weeding had been 

performed one month before sowing. Fertiliser was spread evenly around each plant 

15 days (in 2016 and 2017) and 15 and 30 days (in 2018) after sowing. The crop 

was harvested at age 3 months, and all above-ground plant material removed from 

the site. For both crops, weeds were controlled manually.  

 

3.2.4 Maize biomass and yields 

 Maize was harvested on 6 January 2017 and 31 January 2018. Because of 

variation in stem density, at harvest the number of stems in a larger 3 × 2 m quadrat 

at each distance across the transects were counted. These quadrats were located in 

an area that best represented the average number of missing plants and were always 

centred no further than 3 m from the transect line. The number of stems in each of 

these larger quadrats was divided by 6 to calculate stem average density for scaling 

up crop yield or biomass from the smaller 1 m2 quadrat.  

  Maize stems were cut at ground level from the seven 1 × 1 m quadrats. The 

total number of harvested stems was recorded, the ears separated from the stems 
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and counted, and the total fresh weight of the stems and any residual attached leaves 

recorded. From five representative stems, a 30-cm length of maize stem and any 

attached leaves from between 30 – 60 cm above ground were selected. Five ears of 

average size were separated into husk, silk, kernels, and cob and the fresh weight 

of each component recorded. All sub samples were oven dried at 65 °C to constant 

weight, and the dry weight recorded.  

 Maize yield per 1 m2 plot was calculated as the product of the mean kernel 

weight per ear × mean number of ears per stem × number of stems. Maize biomass 

per 1 m2 was calculated as the sum of the mean stem, cob, silk and husk dry weights 

× the number of stems.  

 

3.2.5 Soybean biomass and yield 

Soybeans were harvested on 5 June 2016, 1 April 2017, and 4 April 2018, 

respectively 5, 15 and 27 months after tree establishment. The sampling quadrat 

was 1 × 1 m and in approximately the same sampling position as for maize. The 

stems were cut at the ground level, and the total number of plants recorded. Five 

representative plants were separated into stem, seed and seedcoat and their fresh 

weight recorded. Each component was oven dried at 65 °C to constant weight. 

Leaves of soybean were not sampled because they had already been shed. 

  Soybean yield per 1 m2 plot was calculated as the product of the mean seed 

weight × number of stems. Soybean biomass per 1 m2 was calculated as the sum of 

the mean stem and seedcoat dry weights × number of stems. 

 

3.2.6 Soil-plant water relations in soybean cropping season 

Leaf water potential (Ψ) was measured using a 3000 Scholander-type pressure 

chamber (Scholander, 1965-66) (Table 3.1). Sampling of the five plots was 

performed at pre–dawn (ΨPD) and mid-day (ΨMD) at the seven distances in the 

transect line. Rain on 25 March 2018 precluded measurement of ΨMD. At each 

sampling time in seasons 1 and 2 and in each plot, one unshaded healthy leaf located 

in the upper third of each soybean plant was collected, placed in a zip lock plastic 

bag and then kept in an insulated box prior to immediate measurement of leaf water 

potential. In season 3, the soybeans in the sample plots amongst the trees were 

shaded, thus precluding the collection of an unshaded leaf. 
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Table 3.1 Leaf water potential (Ψ) and soil moisture (θ) sampling times. 

 

Cropping 

season 

Sampling date  Days after 

sowing-

DAS 

Tree age 

(month) 

Measurements 

1st 2 April 2016 31 3 to 5 Ψ 

1st 16, and 30 April 2016 45 and 59 3 to 5 Ψ and θ 

1st 14 and 28 May 2016 73 and 87 3 to 5 Ψ and θ 

     

2nd 26 January 2017 11  13 to 15 Ψ and θ 

2nd 25 February 2017 41  13 to 15 Ψ and θ 

2nd 4 and 11 March 2017 51 and 58 13 to 15 Ψ and θ 

     

3rd 25 March 2018 69  25 to 27 Ψ 

3rd 28 March 2018 72 25 to 27 Ψ and θ 

3rd 4 April 2018 79  25 to 27 Ψ 

3rd 14 April 2018 93 25 to 27 Ψ and θ 

  

Soil sampling was also conducted in the three cropping seasons (Table 3.1). 

All sampling was performed in each plot at mid-day at the seven distances 

immediately adjacent to the 1 × 1 m quadrat. Soil cores were collected at 0 to 10; 

10 to 20; and 20 to 30 cm depths. Each sample was placed in a double zip lock 

plastic bag for later processing. 

In the laboratory, each soil sample was weighed fresh (Ww), and then oven 

dried at 105 °C to constant weight (Wd). Gravimetric soil moisture content (g g-1) 

was calculated as the product of Ww minus Wd then divided by Wd. Volumetric soil 

moisture content (cm3 cm-3) was calculated as the product of gravimetric soil 

moisture × bulk density × 100. Soil moisture at saturation was calculated as: 

Soil moisture at saturation (cm-3)= (1- (
bulk density

soil specific density
) ×100)                 

The soil specific density, 2.86 g cm-3 used in this calculation is the average value 

for soils derived from dolomite A and dolomite B (Batzle et al. 2006). Bulk density 

was calculated as the product of oven dried soil weight divided by soil volume. Soil 

water deficit (SWD) from saturation (mm) was calculated as the product of 

volumetric soil moisture minus soil moisture at saturation divided by 10 (Campbell 

1985). 
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3.2.7 Statistical analysis 

Because the farmer did not grow soybean in Blocks 3 and 4 in the 1st cropping 

season and in Blocks 2, 3, and 4 in the 3rd cropping season, data for soybean yield 

and biomass, leaf water potentials, or soil moisture could not be included in the 

statistical analysis. In the 3rd cropping season, maize yield and biomass data for 

Block 3 at 14.5 m from the tree-crop interface were excluded from the statistical 

analysis because there were trees (> 7.5 m in height) located outside the experiment 

but adjacent to the crop.  

The effect of distance from the tree-crop interface on crop productivity, soil 

water deficit from saturation, and soybean ΨPD and ΨMD were analysed using simple 

linear regression with a minimum α = 0.05. All statistical analyses were conducted 

with R v.3.2.0 (R Core Team 2015). 

 

3.3 Results 

3.3.1 Crop biomass and yields  

In the 1st (at tree age of 5 months for soybean) and 2nd cropping seasons (at tree age 

of 12 months for maize and at tree age of 15 months for soybean), there were no 

significant (P > 0.05) effects of the trees on yield and above ground biomass of the 

crop, irrespective of distance from the trees (Fig. 3.2). However, in the 3rd cropping 

season (at a tree age of 24 months for maize and at a tree age of 27 months for 

soybeans), there were significant relationships between yield and above ground 

biomass versus distance from the trees across the transect. In this 3rd cropping 

season, crop productivity increased with distance from the tree/crop interface; with 

maize yield and biomass increasing by 4.42% and 3.76%, respectively and soybean 

yield and biomass by 4.35% and 3.91%, respectively per m. From the tree/crop 

interface, maize yield increased from 2.85 to 8.59 t ha-1 at 14.5 m and decreased to 

1.24 t ha-1 at -6.0 m and, respectively, soybean yield increased from 1.05 to 3.88 t 

ha-1 and was only 0.57 t ha-1 at -6.0 m (Table 3.2). 
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Fig. 3.2 (a) Soybean biomass, (b) soybean yield , (c) maize biomass, and (d) maize 

yield along the transects in the Acacia agroforestry system, error bars are ± SE, 

asterisks represent α = 0.05 (*) and ns = no significant difference. 
 

Table 3.2 Distance across transect (m) and crop productivity in the 3rd cropping 

season (t ha-1) 

Distance 
Maize Soybean 

Yield Biomass Yield Biomass 

-6 1.24 1.37 0.57 0.56 

0 2.85 2.24 1.05 2.25 

14.5 8.59 5.29 3.88 2.78 
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3.3.2 Soil water deficit (SWD) 

In the three soybean cropping seasons, there was minimal soil water extraction 

between 0 to 30 cm depth by trees and crops in the A. auriculiformis interface 

planting agroforestry system (Fig 3.3). Furthermore analysis of SWD as a function 

of distance from the trees demonstrated that there was generally no significant 

relationship (P > 0.05) between SWD at the three soil depths (0-10, 10-20, and 20-

30 cm) versus distance to the trees across the transect throughout the study period 

in which the slope of the regression ranged for only -0.06 to 0.03 mm m-1 (Fig 3.4). 

The relationship (P > 0.05) between SWD versus distance from the trees across the 

transect of the remaining sampling dates is presented in Appendix 2 Fig 3.8 and 3.9. 

 

 

Fig. 3.3 Average soil water deficit (SWD) across all the transects during the 

soybean cropping seasons. 
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Fig. 3.4 Soil water deficit (SWD) in the; (a)  1st (16 April 2016), (b) 2nd (26 January 

2017), and (c) 3rd (28 March 2018) cropping seasons, 10 to 20 = 10 to 20 cm depths, 

and 20 to 30 = 20 to 30 cm depths, significant level P < 0.05 (*), and ns = no 

significant difference. 
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3.3.3 Soybean ΨPD and ΨMD  

There was no significant relationship (P > 0.05) between ΨPD and ΨMD of soybean 

versus distance to the trees across the transects (Fig 3.5; 3.6; and 3.7). Furthermore, 

the slope of regression between ΨPD and ΨMD of soybean versus distance to the trees 

ranged for only -0.009 to 0.0005 MPa m-1 (1st cropping season), -0.0008 to 0.003 

MPa m-1 (2nd cropping season), and -0.01 to 0.005 MPa m-1 (3rd cropping season). 

 

  

  

  
  

 
 

Fig. 3.5 Soybean Ψ in the 1st cropping season: (a) 2 April, (b) 16 April, (c) 30 

April, (d) 14 May, and (e) 28 May 2016, error bars are mean ± SE, significant 

level P < 0.05 (*), and ns = no significant difference. 
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Fig. 3.6 Soybean Ψ in the 2nd cropping season: (a) 26 January, (b) 25 February, (c) 

4 March, and (d) 11 March 2017, error bars are mean ± SE, significant level P < 

0.05 (*), and ns = no significant difference. 
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Fig. 3.7 Soybean Ψ in the 3rd cropping season: (a) 28 March, (b) 4 April, and (c) 14 

April 2018, error bars are mean ± SE, significant level P < 0.05 (*), and ns = no 

significant difference. 
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3.4 Discussion 

There were no significant effects of distance from the trees in the soybean 

plant-water-stress measured by either soil moisture deficit from saturation or leaf 

ΨPD and ΨMD. As described in Chapter 2, the evapotranspiration of the trees and 

crops is lower than precipitation during the crop growing season, so neither the tree 

nor crop was likely to experience seasonal water stress at that time. In addition, soil 

depth was sufficient to store several days’ worth of evaporation, such that crops 

would not have suffered water stress. Chirwa et al. (2007) also reported that there 

were no significant differences in soil water between the monoculture and the 

agroforestry system when precipitation exceeded potential evapotranspiration of 

Gliricidia sepium and maize in an agroforestry system in Southern Malawi. 

Furthermore, in temperate tree-based agroforestry systems with average 

precipitation of 334 mm during the cropping season, Reynolds et al. (2007) reported 

that soil water and daily soybean leaf water potential were not significantly different 

and not correlated with the distance from the tree-crop interface. In the interface 

planting agroforestry system in Gunungkidul, there was no tree-crop water 

competition in the three cropping seasons, 27 months after tree establishment.  

Neither maize nor soybean productivity were affected by the trees during 

either of the 1st or 2nd cropping seasons, as no significant relationship was found 

between crop productivity and distances to the trees. There was also no significant 

relationship between distance from the trees versus soil moisture deficit from 

saturation or leaf ΨPD and ΨMD of soybean in the first two soybean cropping seasons. 

The lack of a significant impact of the trees on crop productivity or biomass 

suggests that there was no significant competition for crop resources in either of the 

1st or 2nd cropping seasons. Tree height had reached 4 m by the end of the 2nd 

cropping season, so these results support those of Lott (1998); and Lott et al. 

(2000b), who reported that Grevillea robusta at a height < 4 m had no effect on the 

biomass of cowpea (Vigna unguiculata) and maize in an agroforestry system in 

semi-arid Kenya.  

In the 3rd cropping season, the trees had a significant effect on crop 

productivity, with crop productivity increasing with distance from the trees. 

Distance from the trees, however, was not significantly related to soil moisture 

deficit from saturation or leaf ΨPD and ΨMD of soybean. This suggested that the 

reduction in crop productivity in this 3rd cropping season was not due to moisture 
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stress. As nutrient competition was minimised by fertilizer application, the most 

likely cause of reduced crop yield near the tree-crop interface and in the tree rows 

is competition for light from the trees. By the third cropping season, tree heights 

had reached > 6 m which is likely to have resulted in substantial light reduction at 

the crop level, and thus the reason for the reduced crop yield observed up to at least 

9 m from the tree-crop interface. Simpson (1999) and Reynolds et al. (2007) also 

reported that tree shade was highly correlated with decreased growth and yield of 

soybean and maize up to 2 m distance from hybrid poplar (Populus deltoides × 

nigra DN177) which was between 11.1 and 13.3 m in height, and silver maple (Acer 

sacharrinum), which was between 7.6 and 10.1 m in height. Rivest and Vezina 

(2015) also found that light competition caused by tree shade decreased maize 

yields at distances of up to 0.5 x tree height of 10-11 m high white spruce (Picea 

glauca), and 10 m high Scots pine (Pinus sylvestris). Bertomeu et al. (2011) also 

reported that maize yield declined with pruning intensity, with yields of 18.1, 17.2, 

16.1, and 14.5 t ha-1 under pruning intensities of 70 – 80%, 60 - 70%, 50 – 60%, 

and 30 – 40%, respectively in a field trial of 3 year-old Gmelina arborea- maize 

agroforestry system in Claveria, Philippines. 

In the 3rd cropping season, the crop productivity in the crop monocultures 

(Chapter 2) was lower compared to the crop productivity at 14.5 m distance from 

the tree-crop interface; (i) maize yield was 4.83 t ha-1 at crop monocultures 

compared to at 14.5 m distance 8.59 t ha-1, (ii) soybean yield was 1.52 t ha-1 at crop 

monoculture compared to at 14.5 m distance 3.88 t ha-1, and (iii) soybean biomass 

was 1.51 t ha-1 at crop monoculture compared to at 14.5 m distance 2.78 t ha-1. A 

clear mechanism for this occurring was not identified or measured, so though it is 

likely that trees provide shelter benefits from the effects of winds (possibly reducing 

the flower loss on crops), data to support this contention is not available. 

Windbreaks can increase crop yields at sheltered zone due to decrease wind speed 

consequently improve microclimate conditions and decrease crop damage (Kort 

1988; Nuberg 1998; Nuberg et al. 2002; Sudmeyer and Scott 2002; Baker et al. 

2018). Sudmeyer and Scott (2002) found that in the driest year (rainfall was 252 

mm year-1) of 4 years study period of windbreak in south-western Australia, shelter 

benefits from the 9.5 m high Pinus pinaster increased 16 to 30% narrow-leaf lupins 

(Lupinus angustifolius) yield at distance between 3 and 20 times tree height. Nuberg 

et al. (2002) also found that in the dry year (rainfall was 189 mm year-1), shelter 
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benefits from 9 m high Aleppo pine (Pinus halepensis) windbreak in South 

Australia increased 44, 49 and 81% wheat, faba beans and canola yields, 

respectively at distance between 3- and 6-times tree height. There was a possibility 

of the trees positive influence on crop productivity in the A. auriculiformis 

agroforestry system, in the 3rd cropping seasons at distance between 9 and 14.5 m 

from the tree-crop interface. 

In agroforestry systems, if competition for light between trees and crops is 

the key limiting factor on crop productivity, tree pruning, and thinning can be 

applied to minimise the competition. Roshetko et al. (2013) reported that in a field 

trial of 4 to 6-year-old teak (T. grandis) agroforestry system in Gunungkidul, 

thinning of 40% to achieve residual tree density of 625 trees ha-1 and pruning 60% 

of total height resulted in 60% diameter increment and 124% height increment. 

Furthermore, Khasanah et al. (2015) reported that in simulations of a teak and maize 

agroforestry system in Gunungkidul with WaNuLCAS/a tree-crop interaction 

model, the highest wood volume will be achieved with initial tree density of 625 

trees ha-1, and combined management options of 25% thinning at year 5 and 15, and 

40% pruning of crown biomass at year 4, 10, and 15. They also suggested that the 

highest economic return value with application of initial tree density at 625 trees 

ha-1, and combined management options of 50% pruning at year 5, followed by 25 % 

thinning at year 5 and 15, and 40% pruning of crown biomass at year 4, 10, and 15.  

Bertomeu et al. (2011) also reported that in a field trial of 3 years old Gmelina 

arborea-maize agroforestry system in Claveria, Philippines, as the pruning intensity 

increased the maize yield increase. They found that the maize yield was 18.06, 

17.21, 16.08, and 14.48 t ha-1 under the pruning intensity of 70 – 80%, 60 - 70%, 

50 – 60%, and 30 – 40%, respectively. 

 

3.5 Conclusion 

Neither soybean nor maize yield and above-ground biomass were impacted 

by A. auriculiformis in the first two cropping seasons after the establishment of 

trees, as there was no competition for light, water or nutrients up to age 15 months. 

In the 3rd planting season, 22 months after tree planting had reduced crop 

productivity in the competition zone was attributed to light competition. This 

competition zone may have extended to at least 9 m from the tree-crop interface, 

but there is some evidence that the trees were promoting growth and yield above 
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that in the adjacent open cropped area. Farmers need to consider the possibility of 

the decreased crop productivity in the competition zone in their planning decisions 

starting in the 3rd cropping season after the trees are established, and early thinning 

or pruning of the trees may reduce this crop productivity decreased. Further study 

is recommended to explore the impacts of trees in agroforestry systems in the 

drier/long-term climates and increasing tree age on crop productivity and the width 

of competition zone and integrating the knowledge into agroforestry system 

modelling frameworks. A better understanding of the costs and benefits of planting 

crops in the competition zone, and how the competition zone extends over time and 

with different management is needed to assist farmers to design and manage their 

land to achieve the optimum productivity in this A. auriculiformis-maize/soybean 

interface planting agroforestry system. 
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3.6 Appendix 2: supporting tables and figures for chapter 3 

 

  

  

 

 
Fig. 3.8 Soil water deficit (SWD) at tree age 3 to 5 months/1st cropping season 

(2016): (a) 16 April, (b) 30 April, (c) 14 May, (d) 28 May, 0 to 10 = 0 to 10 cm 

depths, 10 to 20 = 10 to 20 cm depths, and 20 to 30 = 20 to 30 cm depths, significant 

level P < 0.05 (*), and ns = no significant difference. 
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Fig. 3.9 Soil water deficit (SWD) at tree age 13 to 15 months/2nd cropping season 

(2017): (a) 26 January, (b) 25 February, (c) 4 March, and (d) 11 March, 0 to 10 = 0 

to 10 cm depths, 10 to 20 = 10 to 20 cm depths, and 20 to 30 = 20 to 30 cm depths, 

significant level P < 0.05 (*), and ns = no significant difference. 

 

 
 

 
 

Fig. 3.10 Soil water deficit (SWD) at tree age 25 to 27 months/3rd cropping season 

(2018): (a) 28 March and (b) 14 April, 0 to 10 = 0 to 10 cm depths, 10 to 20 = 10 

to 20 cm depths, and 20 to 30 = 20 to 30 cm depths, significant level P < 0.05 (*) 

and, and ns = no significant difference. 
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Chapter 4. Predicting maize and soybean yield in an Acacia auriculiformis 

agroforestry system using APSIM Next Generation 

 

4.1 Introduction 

Agroforestry systems provide benefits for growers, both in the shorter term for cash 

flow from seasonal cropping as well as in the longer term, where the trees can form 

a significant part of a smallholder’s assets that can help them to stay out of poverty 

when life emergencies or larger expenses emerge (Sanchez 1995; Cannell et al. 

1996). Benefits from the agroforestry systems can be maximised by optimising the 

agroforestry layout and management to make maximum use of resources; light, 

water, and nutrients while minimising competition between the trees and crops 

(Sanchez 1995; Huth et al. 2002; Khasanah et al. 2015).  

Agroforestry field-trials are commonly restricted to the first few years after 

planting due to limited time and funding, however tree rotations commonly take 5-

20 years to mature. In addition it is difficult to maintain consistent field trial 

conditions; biophysical, climate, and socio-cultural over the full rotation (Sanchez 

1995; Rao et al. 1998; Rao et al. 1998; Garcia Barrios and Ong 2004). Modelling 

of agroforestry systems provides an opportunity to explore potential tree-crop 

interactions while minimising (though not eliminating) the need for large scale, 

long-term, multifactorial experimental field-trials, including the ability to; (i) 

quantify the trade-offs when integrating trees and crops in an agroforestry system, 

(ii) optimise agroforestry layout and management, (iii) explore the potential impact 

of a full-tree rotation and long-term climate on natural resource utilisation and 

system component productivity (Holzworth et al. 2014; Huth et al. 2014; Luedeling 

et al. 2016; Smethurst et al. 2017; Holzworth et al. 2018). 

The crop-soil-climate modelling platform, APSIM was developed to 

simulate biophysical processes in agricultural cropping systems (Keating et al. 1999; 

Lisson et al. 2000; Wang et al. 2002; Keating et al. 2003). The latest iteration of the 

APSIM modelling platform, APSIM Next Generation (Holzworth et al. 2014; 

Holzworth et al. 2018) has a beta version agroforestry system model for simulating 

the tree-crop interactions (Huth et al. 2014; Luedeling et al. 2016; Smethurst et al. 

2017; Smethurst et al. 2019). This agroforestry model has been tested using a range 

of agroforestry datasets and has flexibility to simulate soil and plant processes in 

multiple adjacent zones within either a (i) windbreak, (ii) isolated tree or (iii) alley-
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cropping agroforestry layout (Holzworth et al. 2014; Holzworth et al. 2018). The 

model is currently only able to dynamically simulate the crop component of an 

agroforestry system in which the tree component is treated as having a linear growth 

rate parameterised by either measured or assumed values, in which tree growth does 

not respond to environmental variables. Consequently, the beta agroforestry model 

can simulate the impact of trees on crops, but not the effect of crops on trees. 

APSIM Next Generation was selected to model the A. auriculiformis 

agroforestry systems presented in Chapter 2 and 3 as it provides the benefits of the 

underlying APSIM framework to predict response of agricultural crops to complex 

management scenarios including: sowing and harvesting time, and the amount and 

type nitrogen fertilizer applied (Holzworth et al. 2018). Additionally, simulations 

in APSIM Next Generation are seven times quicker to run than the previous APSIM 

version (V7.9). This agroforestry systems model consists of spatially separate but 

interconnected soil (water and nitrogen), crops, tree-proxy, climate, and 

management modules in which the simulation process and all messages passing 

between independent modules is managed and controlled by a simulation engine 

(Keating et al. 2003; Holzworth et al. 2014; Holzworth et al. 2018).  

APSIM Next Generation agroforestry model has been used to simulate the 

effects of Eucalyptus on wheat yield in water limited agroforestry systems in 

Australia (Smethurst et al. 2019), Gliricidia effects on maize yield due to water 

(Kenya) and nitrogen (Malawi) competition, in agroforestry systems in Africa 

(Smethurst et al. 2017; Smethurst et al. 2019) and in exploring Faidherbia effects 

on maize yield in nutrient limited agroforestry systems in Ethiopia (Dilla et al. 

2018). Opportunity exists to explore tree effects on crop productivity using APSIM 

Next Generation in the Southeast Asia. Modelling of Acacia agroforestry system 

using APSIM Next Generation can potentially benefit the growers in this area 

through better understanding of the implications of trees and agricultural crop 

choices, spatial and temporal field layout, and options for improved crop 

management. 

 Chapter 2 and 3 reported the results of two field trials of an A. auriculiformis 

agroforestry system in Gunungkidul, Java, Indonesia. Results of the trials were: (i) 

that tree growth was not affected by the agricultural crops up to tree age 27 months; 

(ii) in the alley cropping trial, the trees had no effect on crop productivity up to tree 

age at 15 months (2nd cropping season); (iii) water was not a limitation to the trees 
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and crops during the first three cropping seasons after establishment of Acacia 

(Figyantika et al submitted); (iv) in the interface planting trial, agricultural crop 

productivity during the first two cropping seasons and soil-plant water relations 

throughout the three cropping seasons were not affected by the trees (Figyantika et 

al in preparation). Consequently, it was concluded that there was no belowground 

competition for resources, and it was assumed the main factor influencing the 

decreased productivity of crops interplant with A. auriculiformis was shade from 

the trees. 

 While A. auriculiformis is considered a fast-growing tree species with a 

rotation of 7 years (Wiersum and Ramlan 1982; Pinyopusarerk 1990; Huong et al. 

2015), field-trials of agroforestry systems beyond 3 years are rare. APSIM Next 

Generation agroforestry system model was used to accommodate the limitations of 

field-trials, specifically to: (i) validate that APSIM Next Generation could 

reasonably model the tree effects on crop yield and soil moisture over the 27 month 

monitoring period (the first three cropping seasons); (ii) explore the potential effects 

of trees on crop yield in the trial from 27 months to the full tree rotation (7 years, 

from the 4th to 8th cropping seasons); and (iii) explore the potential impact of drier 

climate than the historical average on crop yield for a full tree rotation.  

 

4.2 Material and Methods 

4.2.1 Modelling, model set-up, and assumptions 

Simulations of Acacia-crop model were conducted using a beta version of the 

APSIM Next Generation modelling framework (Holzworth et al. 2014; Holzworth 

et al. 2018) using a release version of maize module and a beta version of soybean 

module.  

This agroforestry model is not yet able to simulate tree growth dynamically, 

rather it relies on a tree-proxy module, where the functional characteristics of the 

trees (height, leaf area, rooting distance and density etc.) are directly provided by 

the user and can be varied over time. The model simulates interactions between 

trees and adjacent crops in zones of decreasing competition away from the trees 

(Smethurst et al. 2017). Smethurst et al. (2017) noted the required data inputs for 

the tree component were: shading, rainfall interception, N demand, water demand 

(as a result of temporal leaf area inputs), and root distribution. The model used these 

factors to predict the spatial and temporal interactions between trees and crops in 
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each zone. Standard APSIM algorithms for tree leaf area was used to determine 

water demand (Snow and Huth 2004; Smethurst et al. 2017). The APSIM soil 

arbitrator model was employed to calculate below-ground interactions between 

trees and crops (Smethurst et al. 2017; Huth et al. 2019), with the equations of De 

Willigen and Van Noordwijk (1994) as formulated in the WaNulCas model (Van 

Noordwijk et al. 2011) used to calculate N uptake (Smethurst et al. 2017). An 

adaptation of the approach on water uptake by Meinke et al. (1993), in which root 

length density (RLD) is assumed to be proportional to extraction coefficient (Peake 

et al. 2013), was used to calculate water uptake in the APSIM soil arbitrator model 

(Smethurst et al. 2017). The Acacia-crop agroforestry model assumed that there 

was no exchange of water, carbon, and nitrogen between zones.  

The Gliricidia-maize agroforestry system in which the lay out of the 

agroforestry system modelled was the closest to the Acacia auriculiformis 

agroforestry systems layout and has the most complete data set, especially in the 

tree-proxy module to be used in this chapter, as modelled by Smethurst et al. (2017) 

was used as a base to create the Acacia-crop model. This model was established to 

represent the alley-cropping (Chapter 2, Figyantika et al submitted) and interface 

planting (Chapter 3, Figyantika et al in preparation) A. auriculiformis agroforestry 

system field trials in Gunungkidul, Java, Indonesia. These experimental studies 

were conducted up to a tree age at 27 months and included three cropping seasons; 

two agricultural crops were grown in each cropping season throughout the rainy 

season in 2016 to 2018: maize between October and January and soybean between 

late January/February and late March/April. Crop yield and soil moisture in 

soybean cropping season were assessed at seven distances from the edge of the A. 

auriculiformis agroforestry systems; -6, -3, 0, 3, 6, 9, and 14.5 m, and at the centre 

of the crop monoculture plots. Soil moisture was assessed at 0-10, 10-20, and 20-

30 cm depths during the soybean cropping season. The measured values were 

reported in Chapters 2 and 3. 

The APSIM simulation of the Acacia-crop system commenced on 1 January 

2016 and went through to 25 April 2018. In each cropping season a rotation of 

maize then soybean was simulated up to a tree age of 27 months. Maize in the 1st 

cropping season was not modelled because the experiment was established at the 

end of this crop season. Eleven zones were simulated in the Acacia-crop model, 

mirroring the field experiment design (Table 4.1 and Fig. 4.1). The agricultural crop 
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monoculture plots were named croponly28m zone in the Acacia-crop model, and 

two crop-buffer zones; cropbuffer and cropbuffer25m zones were added to create a 

balanced width to the zones in the model.  

 

Table 4.1 Zones established in the Acacia-crop model. 

 

Zone 

number 

Zone name Length 

of zone 

(m) 

Width 

of zone 

(m) 

Distance from 

tree-crop 

interface 

(Field 

experiment) 

Chapter 

 

1 TreeZone 15 3 Na Na 

2 TreeRow3 15 3 -6 2 and 3 

3 TreeRow2 15 4 -3 3 

4 TreeRow1 15 2 0 3 

5 Cropbuffer 15 0.5 Na Na 

6 Crop3m 15 3 3 3 

7 Crop6m 15 3 6 3 

8 Crop9m 15 3 9 3 

9 Crop15m 15 9 14.5 3 

10 Cropbuffer25m 15 7 Na Na 

11 Croponly28m 15 3 0 2 

 

Na = not available, and AC = interface planting A. auriculiformis agroforestry 

system and C = monoculture-agricultural crops (maize/soybean). 

 

 

Fig. 4.1 Scale diagram showing the distance (m) between tree and crop zones set 

up in the Acacia-crop model. 

 

In the climate module, daily rainfall data was compiled from rainfall gauge 

measurements at the experimental site, and temperature and solar radiation data 

were obtained from a NASA (2019) database. Key soil characteristics used in the 

model were based on measured values of organic carbon, ammonium, nitrate, pH, 
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and soil C:N ratio, bulk density, drained lower limit (LL15), drained upper limit 

(DUL), and saturation (SAT) (Appendix 3: Table 4.2 and 4.3). Agricultural crop 

management included: sowing date, plant density, and planting depth, and fertilizer, 

and these were set up according to the regimes that the local farmers practiced 

(Appendix 3: Table 4.4).  

Tree heights were entered as the observed tree heights; increasing from 0.35 

m on 25 March 2016 to 6.92 m on 25 May 2018. The other tree growth parameters 

(Appendix 3: Table 4.5, 4.6, and 4.7) for the tree-proxy module and soil parameters 

(Appendix 3: Table 4.8, 4.9, 4.10, 4.11, and 4.12) for the soil module were based 

on parameters used by Smethurst et al. (2017), sourced from Odhiambo et al. (2001). 

The assumed tree growth parameters in tree-proxy module; shade and root 

lenght density (RLD), the observed soil water parameters in soil module; drained 

lower limit, drained upper limit, and saturated water content, and available soybean 

or maize cultivar (Appendix 3: Table 4.13) in crop module were iteratively adjusted 

to improve the predicted versus observed grain yield and soil moisture in the 

Acacia-crop model.  

 

4.2.2 Model Evaluation 

Model performance between the predicted versus the observed values for crop yield 

in the third cropping seasons, and soil moisture throughout the three cropping 

seasons were evaluated by linear regression (R2 coefficient), mean absolute error 

(MAE), mean error (ME), and Nash-Sutcliff efficiency (NSE) (Yang et al. 2014) 

which were calculated by APSIM Next Generation software.  

 

4.2.3 Model Projections 

As the field trial only measured crop yield in the first 3 cropping seasons of 

an 8 cropping seasons (~7 years), simulations were conducted to explore the 

potential effect of tree growth on crop yield in the 4th to 8th cropping seasons, up to 

a distance of 100 m from the tree-crop interface. Furthermore, simulations for the 

eight cropping seasons was also conducted to explore if climate over the 27-month 

field study period produced different results to those that would have been expected 

for the long-term median and the drier climate. Median climate was taken as the 

average of each daily climate parameter between 2011 and 2018 (the weather data 

used at model evaluation). Based on analysis of long-term rainfall records, there 
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was a probability of 25% lower than median rainfall in every 11 out of 100 years 

thus a dry climate scenario was created as 75% of observed (1st to 3rd cropping 

seasons; Fig. 4.2.b, 4.2.c, and 4.2.d) and 75% of median (4th to 8th cropping seasons; 

Fig. 4.2.a) rainfall data.  

 

 

 

 

 
  

 

 

 

 
 

Fig. 4.2 (a) median and 75% of median rainfall/dry in 2019 to 2023, and median, 

observed, and 75% of observed rainfall/dry in (b) 2016, (c) 2017, and (c) 2018. 

 

Based on the observed tree growth rate between 0 to 27 months, tree heights 

in the tree-proxy model were assumed to increase by 3.3 m each year, equivalent to 

9.2, 12.5, 15.7, 18.9 and 22.1 m at tree ages 3 to 7 years respectively. Predicted tree 

height was similar to the range of A. auriculiformis heights reported by Huong et 

al. (2015) at;  16.7 or 17.1 m for 6 years old trees in a 2nd rotation, and 18.8, 19, or 

19.3 m at 5 years of age in a 3rd rotation A. auriculiformis in South Vietnam. Tree 

growth parameters used in the tree-proxy module were obtained from data used in 

the Gliricidia tree proxy by Smethurst et al. (2017) which were provided by 
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Odhiambo et al. (2001) (Appendix 3: Table 4.14). The shade percentage and root 

length density in tree-proxy module and crop management in management module 

for each cropping season in the projected Acacia-crop model simulation was set up 

similar to that at the 3rd cropping season.  

 

4.3 Results 

4.3.1 Model evaluation 

4.3.1.1 Crop yield 

In the 1st and 2nd cropping seasons, both the observed and the predicted crop yield 

in A. auriculiformis agroforestry systems at Gunungkidul was not affected by the 

presence of the trees (Fig. 4.3.a, 4.3.b, and 4.4.a). In the 3rd cropping season, maize 

and soybean yield increased with distance from the trees (Fig. 4.3.c and 4.4.b).  

 

 

 

 

 
  

 

 
 

 

Fig. 4.3 Observed and predicted soybean yield across the interface between A. 

auriculiformis agroforestry system and soybean monoculture in (a) 1st , (b) 2nd, and 

(c) 3rd cropping seasons, error bars on observed values are ± standard error (SE). 
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The Acacia-crop model satisfactorily predicted soybean and maize yield versus the 

distance from the trees in the first three cropping seasons (Fig. 4.3 and 4.4). The 

relationship between observed and modelled soybean and maize yield versus 

distance to the trees in the third cropping season was moderately well predicted by 

the model (R2 = 0.51 for soybean and R2 = 0.74 for maize (Fig. 4.5.a and 4.5.b).  

 

 

 

 

Fig. 4.4 Observed and predicted maize yield across the interface between A. 

auriculiformis agroforestry system and maize monoculture in (a) 2nd and (b) 3rd 

cropping seasons, error bars on observed values are ± standard error (SE). 

 

 

 
 

 

Fig. 4.5 Observed versus predicted (a) soybean and (b) maize yield across the 

interface between A. auriculiformis agroforestry system and crops monoculture in 

the 3rd cropping season.  

 

4.3.1.2 Soil water content 
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0

1

2

3

4

5

6

7

-10 0 10 20 30

M
a
iz

e
 y

ie
ld

 (
t 

h
a

-1
) 

Distance (m) 

Observed

Predicted

0

1

2

3

4

5

6

7

8

9

10

11

-10 0 10 20 30

M
a
iz

e
 y

ie
ld

 (
t 

h
a

-1
)

Distance (m) 

y = 1.75x - 0.88

R² = 0.51, 
MAE = 61.60 g m-1,
ME = 36.95 g m-1,

NSE =-3.38

0

1

2

3

4

0 1 2 3 4

S
o
yb

e
a
n
 y

ie
ld

 o
b
s
e
rv

e
d
 (

t 
h
a

-1
)

Soybean yield predicted (t ha-1)

y = 1.03x + 0.53

R² = 0.74,
MAE = 105.07 g m-1,

ME = 64.19 g m-1,

NSE =0.52

0

2

4

6

8

10

0 2 4 6

M
a
iz

e
 y

ie
ld

 o
b
s
e
rv

e
d
 (

t 
h
a

-1
)

Maize yield predicted (t ha-1)

(a) (b) 

(a) (b) 



 

83 

 

magnitude of the short-term changes on soil water content in the A. auriculiformis 

agroforestry system was not well predicted by the model, but the trends appeared 

reasonable. The high variation between reps in the observed data resulted from 

heterogeneity of the soil at the sites which were not adequately captured by the 

single set of soil properties used to parameterise the model.  
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Fig. 4.6 Temporal pattern of observed and predicted volumetric soil water content at 0-10 cm depth across the interface between A. 

auriculiformis agroforestry system and soybean monoculture, OB = observed and P = predicted, -6, -3, 0, 3, 6, 9, 15, and 28 = soil sample points. 
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Fig. 4.7 Temporal pattern of observed and predicted volumetric soil water content at 10-20 cm depth across the interface between A. 

auriculiformis agroforestry system and soybean monoculture, OB = observed and P = predicted, -6, -3, 0, 3, 6, 9, 15, and 28 = soil sample points. 

0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

2016 2017 2018

S
o
il 

w
a
te

r 
c
o
n
te

n
t 

(c
m

3
c
m

-3
)

Year

OB-6 OB-3 OB0 OB3 OB6 OB9

OB15 OB28 P-6 P-3 P0 P3

P6 P9 P15 P28

MAE = 0.05 mm mm-1, ME = 0.00, mm mm-1, NSE = -7.72, R2 = 0.41 



 

86 

 

 
 

Fig. 4.8 Temporal pattern of observed and predicted volumetric soil water content at 20-30 cm depth across the interface between A. auriculiformis 

agroforestry system and soybean monoculture, OB = observed and P = predicted, -6, -3, 0, 3, 6, 9, 15, and 28 = soil sample points.  
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4.3.2 Model projection 

4.3.2.1 Predicted effect of trees on crop yield from 4th to 8th cropping seasons. 

As the predicted tree height increased with tree age, so too, the area that the trees 

cast shade on the crop would also have increased. The increased area of tree shade 

was predicted to increase the width of the competition zone commensurately, in 

which it was predicted that maize and soybean yield would be reduced within 50 m 

from the tree-crop interface in the 8th cropping season (Fig. 4.9 and 4.10). In the 4th 

and  5th soybean cropping seasons, the competition zone caused by tree shade was 

predicted to extend to between 15 and 30 m from the tree-crop interface, whilst 

starting from the 6th cropping season the competition zone was predicted to extend 

up to 50 m from the tree-crop interface (Fig. 4.9). Tree shade was predicted to 

decrease soybean yield by 0.65 t ha-1 at -6 m distance in the 8th cropping season. 

The predicted soybean yield beyond the competition zone was averaged 1.6 t ha-1 

(throughout the 4th to 8th cropping seasons/between tree age 3 to 7 years). 

 

 

Fig. 4. 9 Predicted effect of trees on soybean yield across the interface between A. 

auriculiformis agroforestry system and soybean monoculture from 4th to 8th 

cropping seasons. 
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Simulations predicted zero maize yields within the tree canopy and this 

extended to 6 m from the tree-crop interface into the crop monoculture plots in the 

4th and 5th cropping seasons, resulting in crop failure (zero maize yield) within 15 

m from the tree-crop interface by the 7th cropping season (Fig. 4.10). Predicted 

averaged maize yield outside of the competition zone was approximately 5.6 t ha-1 

averaged over the last 5 cropping seasons.  

 

 

Fig. 4.10 Predicted effect of trees on maize yield across the interface between A. 

auriculiformis agroforestry system and maize monoculture from 4th to 8th cropping 

seasons. 
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4.3.2.2 Predicted impact of climate on crop yield from the 1st to 3rd cropping 

seasons. 

The width of the competition zone between trees and soybean (Fig. 4.11) or maize 

(Fig. 4.12) over the first three cropping seasons were not predicted to be affected 

by the different climate scenarios (median, observed, and 75% of observed 

rainfall/dry). In the 1st cropping season, the dry climate scenario was predicted to 

decrease soybean yield from 2.09 t ha-1 (observed climate) to 1.65 t ha-1, the highest 

yield occurred for the median climate scenario at 2.49 t ha-1 (Fig. 4.11.a). In the 2nd 

cropping season, it was also predicted that soybean yield decreased in the dry 

climate scenario. Crop yield between 0 to 30 m from the tree-crop interface was 

predicted to be 2.15, 1.50, and 1.29 t ha-1 in the median, observed, and dry climate 

scenario, respectively (Fig. 4.11.b). In the 3rd soybean cropping season, the dry 

climate scenario had less impact on crop yield. Soybean yield beyond the 

competition zone was predicted to be 2.24, 2.02, and 2.07 t ha-1 in the median, 

observed, and dry climate scenarios, respectively (Fig. 4.11.c). 

 

 

 
 

 

 

 

 

 

Fig. 4.11 Predicted impact of climate on soybean yield across the interface between 

A. auriculiformis agroforestry system and soybean monoculture in the (a) 1st, (b) 

2nd, and 3rd cropping seasons. 
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Similar to soybean, the dry climate scenario was predicted to decrease maize 

yield. In the 2nd cropping season, maize yield between 0 and 30 m from the tree-

crop interface was predicted to be 5.59, 4.79, and 3.91 t ha-1 in the median, observed, 

and dry climate scenario, respectively (Fig. 4.12.a). In the 3rd cropping season maize 

yield beyond the competition zone was predicted to be 5.8, 5.43, and 4.19 t ha-1 in 

the median, observed, and dry climate scenario (Fig. 4.12.b). 

 

 

 
 

 

 

 

 

 
 

Fig. 4.12 Predicted impact of climate on maize yield across the interface between 

A. auriculiformis agroforestry system and maize monoculture in the (a) 2nd and (b) 

and 3rd cropping seasons. 
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4.3.2.3 Predicted impact of climate on crop yields from the 4th to 8th cropping 

seasons 

 The model predicted that soybean yield was not affected by the dry climate 

scenario (25% reduction of median rainfall) between the 4th to 8th cropping seasons 

(Fig. 4.13). The model predicted no difference in soybean yield between the median 

and dry climate scenarios at any distance from the tree crop interface over the 4th to 

8th cropping seasons. Results are provided for the 4th cropping season in Fig. 4.13 

and in Appendix 3: Table 4.15 for cropping season 5 to 8. 

  

 

 

Fig. 4.13 Predicted impact of climate on soybean yield across the interface between 

A. auriculiformis agroforestry system and soybean monoculture at 4th cropping 

season. 
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m, then 50 m from the tree-crop interface in the 5th, 6th, and 7th cropping seasons 

respectively (Fig. 4.14).  
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Fig. 4.14 Predicted impact of climate on maize yield across the interface between 

A. auriculiformis agroforestry system and maize monoculture  at (a) 4th, (b) 5th, (c) 

6th, (d) 7th, and (e) 8th cropping seasons. 
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4.4 Discussion 

The maize and soybean yields were predicted with a moderate degree of confidence 

by the Acacia-crop model. Reduced model fit was attributed to high variability of 

the measured crop yield between replicates and sampling plots, and assumptions 

associated with modelling. For example, the tree proxy parameters that determine 

water demand (canopy width) and water supply (root length density), were based 

on measured data provided by Odhiambo et al. (2001) for Gliricidia, rather than 

measured values for Acacia root and crown distribution at our site. Both Gliricidia 

sepium and Acacia auriculiformis are relatively fast-growing leguminous tree 

species (Elevitch and Francis. 2006; Boland et al. 2006). Gliricidia sepium 

originates from the seasonally dry Pacific coast of Central America, while Acacia 

auriculiformis originates from seasonally dry northern Australia, south-western 

Papua New Guinea and eastern Indonesia (Elevitch and Francis. 2006; Boland et al. 

2006). Both species have similar growth habits and it is a reasonable assumption 

that they have similar rooting and water use patterns, but this has yet to be 

adequately tested. Additionally, the management of Gliricidia in the study by 

Odhiambo et al. (2001) differed to the Acacia in this study. Specifically, trees in the 

Odhiambo et al. (2001) study were subject to pruning to leave branch free stems to 

a height of about 2.5 m for pole production. In addition,at the beginning of each wet 

season, 1–2 m deep trenches (depending on depth to bedrock) were dug at the 

margins of each plot to stop roots from one plot penetrating into and exploiting soil 

resources from adjacent plots, which was not practiced in our trial. It is likely that 

model performance would have been improved by direct measurement of canopy 

width and root length density at our site. 

In the 3rd cropping season of the A. auriculiformis agroforestry system, the 

yield of maize and soybean increased as the distance from the trees increased. The 

competition zone between the trees and the crop extended up to 9 m (observed and 

predicted) from the tree-crop interface when trees were 7 m high. These findings 

are similar to Mayus et al. (1999a) who modelled Bauhinia rufescens windbreak 

agroforestry in Nigeria using Windbreak Millet Sahel (WIMISA) model. They 

found that high variability in the pearl millet (Pennisetum glaucum) yield was 

reasonably well predicted, with crop yield increasing as the distance from the tree-

crop interface increased to 10 m as the trees reached heights of 2 to 3 m. 

https://www.cabi.org/isc/datasheet/25380#4e5170e0-0f48-41a9-b422-f0330d8ee205
https://www.cabi.org/isc/datasheet/25380#4e5170e0-0f48-41a9-b422-f0330d8ee205
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APSIM Next Generation was not able to adequately simulate changes in soil 

moisture which were recorded at the site. The highest correlation between measured 

and modelled daily soil moisture content was R2 = 0.41 at 10-20 cm depth. Poor 

model performance was attributed to the inability of APSIM Next Generation to 

adequately represent soil water storage and movement in the Vertic black-cracking-

clay soil types that were present in the Gunungkidul-trial. This soil comprises 

montmorillonite clay that shrinks and swells, causing soils to crack when drying 

resulting in fast water infiltration through the cracks when dry, yet very slow 

infiltration when moist (Novak et al. 2000; Saadeldin and Henni 2016). The second 

possible reason for the low correlation between measured and modelled soil 

moisture, was that the crop modules used for the Acacia-crop simulations may not 

have adequately represented the cultivars of maize and soybean used in this study. 

Avoiding Vertic black-cracking-clay soil types and ensuring homogeneity of soil 

type of the research sites may improve the capability of simulating soil water 

content in the agroforestry systems. 

Despite soil water content being poorly predicted by the Acacia-crop model, 

maize and soybean yield was adequately predicted. This is partly due to water and 

nutrients not being limiting factors during the three crop growing seasons. 

Developing cultivar-specific maize and soybean modules to match those planted in 

field-trial may increase the accuracy of predictions of agricultural-crop yield. 

Smethurst et al. (2017) found when the appropriate cultivar of maize and measured 

tree parameters was used in the agroforestry system model, their ability to predict 

maize yield achieved an R2 of 0.99 in a Gliricidia-maize agroforestry system in 

Kenya. Muthuri et al. (2004) also suggested the need to use appropriate crop 

cultivar information to increase the accuracy of predicted crop yield in simulating 

the interactions between Grevillea robusta, Alnus acuminata, and Paulownia 

fortunei with maize in the agroforestry systems in Kenya using the WaNuLCAS 

model.  

As suggested in Chapter 3, simulations predicted that the competition zone 

between trees and crops increased from the 4th to 8th cropping seasons as the tree 

height increased. In the 4th cropping season, of an estimated tree height of 9 m, the 

competition zone was predicted to extend up to 15 m from the tree-crop interface 

and, by the 8th cropping season, at an estimated tree height of 22.1 m the 

competition zone was predicted to extend up to 50 m from the tree-crop interface. 
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The width of the competition zone between trees and crop increased as the tree 

height increased, which was also observed in a field trial of alley-cropping 

Grevillea robusta in Kenya, where maize yield was significantly unaffected by the 

trees in the first three cropping seasons (at tree age up to 2 years old, at a tree height 

of 3 m), whilst in the next five cropping seasons (at tree age of 2 to 4.5 years at tree 

height of 8 m), maize yield in the agroforestry system was considerably lower 

compared to in the monoculture of maize and almost zero grain yield was obtained 

in the last three cropping seasons (Ong et al. 2000; Lott et al. 2000b). 

Simulation of the impact of the different climate scenarios on maize and 

soybean yield showed that the width of the competition zone between trees and 

crops was not affected by the different climate scenarios over a full tree rotation. 

However, soybean and maize yield decreased as rainfall decreased. Ong et al. (2000) 

found that in a Grevillea robusta agroforestry system, maize yield decreased with 

the combined effects of decreased precipitation and increased tree age. They found 

that in this alley-cropping Grevillea robusta agroforestry system, and with tree 

spacing 3 × 4 m in Kenya, maize yield in monoculture was twice that of the 

agroforestry system only when the mean precipitation in the cropping season (4.18 

mm day-1) was above the average precipitation (2.74 mm day-1). Furthermore, there 

was crop failure in 1993 due to the precipitation rate being only 0.75 mm day-1 (Ong 

et al. 2000; Lott et al. 2000b). 

The simulation of climate impact on crop yield showed different responses 

between soybean and maize. In the 3rd season, soybean yield was not affected by 

the dry climate scenario (from 10.7 to 7.8 mm day-1), whilst maize yield decreased 

and the width of the zone of maize failure increased in the dry climate scenario 

(from 7.8 to 5.4 mm day-1). The greater effect on maize was attributed to the ability 

of soybean to maintain their photosynthetic capacity under more severe water stress 

compared to maize. (Boyer 1970a; Boyer 1970b) reported that soybean was capable 

of tolerating water stress at leaf water potential up to -1.1 MPa whilst maize only 

up to -0.35 MPa.  

 

4.5 Conclusion 

This initial evaluation demonstrated that the APSIM Next Generation model was 

capable of simulating the effects of tree competition on crop yield in an Acacia 

agroforestry system. The simulation suggests that as the trees continue to grow, the 
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trees will compete more strongly in the competition zone with time. Consequently, 

the impact of this competition on crop productivity, and the extent of competition 

zone will increase. A cautious approach therefore needs to be taken in selecting 

agricultural crops that will be cultivated in the putative competition zone in these 

systems in order to ensure productivity is optimised under light competition in the 

mid-later years of a tree rotation. Further validation of the findings of the modelling 

outputs in this study would help farmers to better manage their cropping close to 

the trees, and in differing climates. Their efforts need to be focussed on planting 

within the zones where trees have no effect (the non-competition zone), or where 

there is an effect, but it can be mitigated through management options such as 

pruning and thinning. The width of the competition zones in the 4th to 8th cropping 

seasons needs to be validated with real data, and continued monitoring of crop 

yields around tree-crop competition zones, would improve its predictive capacity 

in this regard. 
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4.6 Appendix 3: supporting tables and figures for chapter 4 

Table 4.2 Measured soil water and nitrogen parameters inputs in soil module. 

 

Depth 

(cm) 

Bulk 

density  

(g cm-3) 

C 

(%) 

P pH NH4 

Initial 

(µg g-1) 

NO3 

Initial 

(µg g-1) 

Soil 

C:N 

 

     

0-10 0.93 1.95 7.71 45.04 37.31 8.14 

10-20 1.00 2.04 7.64 34.24 39.21 9.70 

20-30 1.02 1.16 7.77 38.28 54.51 8.26 

30-40 1.00 0.77 7.90 32.19 28.77 6.63 

40-50 1.00 0.63 8.02 36.93 27.77 6.71 

  

Table 4.3 Measured soil water parameters inputs in soil module. 

 

Depth 

(cm) 

Water contenta 

Drained  

Lower 

limit 

Drained 

Upper 

limit 

Saturated 

0-10 0.206 0.600 0.642 

10-20 0.226 0.578 0.618 

20-30 0.186 0.591 0.613 

30-40 0.188 0.581 0.583 

40-50 0.195 0.560 0.586 

 

aThese parameters were adjusted during model tuning 

The soil was sampled from block 2 with 3 replicates each for soil water and bulk 

density, and bulked soil sample from 10 random points for soil chemical analysis. 
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Table 4.4 Parameters used in the crop management module of the Acacia-crop model. 

 

Agricultural- 

crop growing season 

Sowing date  

 

Harvesting date  Plant density 

(stem m-2) 

Planting depth 

(mm) 

  

Nitrogen fertilizer 

(kg ha-1) 

Row spacing 

(mm) 

  

Soybean  

1st cropping season 

 

6/03/2016 5/06/2016 16 30 97.86 NH4 

15 day after sowing (DAS) 

250 

Maize  

2nd cropping season 

 

5/10/2016 6/01/2017 4 30 113.83 NH4 15 DAS and 

78.83 NH4 30 DAS 

750 

Soybean  

2nd cropping season 

 

15/01/2017 1/04/2017 16 30 97.86 NH4 15 DAS 250 

Maize  

3rd cropping season 

 

1/10/2017 31/01/2018 4 30 128.11 NH4 30 DAS 

 

750 

Soybean  

3rd  cropping season 

 

5/01/2018 4/04/2018 16 30 63.07 NH4 15 DAS and 

61.78 NH4 30 DAS 

 

250 
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Table 4.5 Temporal inputs for the tree-proxy module. 

 

Tree age 

(month) 

Nitrogen demands 

(g m-2) 

Canopy width 

(m) 

 

Tree leaf area 

(m2) 

2 0.0001 0.35 0.5 

5 0.0003 0.94 0.55 

12 0.002 2.47 0.6 

18 0.004 4 0.7 

21 0.006 5.47 0.8 

24 0.008 6.17 0.9 

27 0.01 6.92 1 

 

Table 4.6 Spatial inputs for the tree-proxy module (in multiples of tree heights, h). 
 

Parameter 0 0.5h 1h 1.5h 2h 2.5h 3h 4h 5h 6h 

Tree shade 

(%) 

42 38 35 30 15 5 0 0 0 0 

RLD (cm cm-3) 

Depth (cm)           

0-10 0.05 0.04 0.03 0.02 0.01 0 0 0 0 0 

10-20 0.05 0.04 0.03 0.02 0.01 0 0 0 0 0 

20-30 0.04 0.02 0.01 0.01 0 0 0 0 0 0 

30-40 0.03 0.01 0.01 0 0 0 0 0 0 0 

40-50 0 0 0 0 0 0 0 0 0 0 

 

RLD = root length density 
 

Table 4.7 Constant inputs used in tree-proxy module in the Acacia-crop model. 

 

Description Value 

Root radius (cm) 0.02 

Number of trees in the system 6 

Adsorption coefficient NO3 (m
3 g-1) 1E-07 

Base KL (KL at RLD of 1) (d-1 cm-1 cm-3) 0.05 

Extinction coefficient 0 

 

KL = combination elements of soil conductivity (K) and root length which 

determine root water uptake by crops, and RLD = root length density (Dalgliesh et 

al. 2006) 
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Table 4.8 Soil water parameters used in soil module in the Acacia-crop model. 

 

Depth 

(cm) 

Air dry 

(mm mm-1) 

Soybean 

Or maize LL 

(mm mm-1) 

Soybean 

Or maize KL 

(mm day-1) 

Soybean 

Or maize XF 

0-1 

0-10 0.02 0.437 0.880 1 

10-20 0.02 0.391 0.880 1 

20-30 0.02 0.421 0.880 1 

30-40 0.02 0.562 0.880 1 

40-50 0.02 0.510 0.880 1 

 

LL = soil water content at lower limit, KL = combination elements of soil 

conductivity (K) and root length which determine root water uptake by crops, and  

XF = value of soil resistance to crop root extension at downwards direction 

(Dalgliesh et al. 2006). 

 

Table 4.9 Soil water parameters used in soil module in the Acacia-crop model. 

 

Description Value 

Start date for switch to summer parameters for soil water 

evaporation (day-month) 

01 November 

Cumulative soil water evaporation to reach the end of stage 

1 soil water evaporation in summer (mm) 

5 

Drying coefficient for stage 2 soil water evaporation in 

summer  

5 

Start date for switch to winter parameters for soil water 

evaporation (day-month) 

1 April 

Cumulative soil water evaporation to reach the end of stage 

1 soil water evaporation in winter (mm) 

5 

Drying coefficient for stage 2 soil water evaporation in 

winter  

5 

Constant in the soil water diffusivity calculation  

(mm day-1) 

40 

Effect of soil water storage above the lower limit on soil 

water diffusivity (mm-1) 

16 

Fraction of incoming radiation reflected from bare soil 0.12 

Runoff Curve Number (CN) for bare soil with average 

moisture 

95 

Maximum reduction in runoff Curve Number due to cover 20 

Fractional cover at which maximum reduction of Curve 

Number occurs 

0.8 

Slope of the catchment area for lateral flow calculations 0.2 

Basal width of the downslope interface of the catchment 

for lateral flow calculations (m) 

200 

Catchment area for lateral flow calculations (m2) 200 

Maximum ponding depth of water (mm) 0 
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Table 4.10 Soil water parameters used in soil module in the Acacia-crop model. 

 

Depth 

(cm) 

Fractional amount of water above DUL 

that can drain under gravity per day 

(SWCON) 

Lateral saturated hydraulic 

conductivity (KLAT) 

(mm day-1) 

0-10 0.880 0 

10-20 0.880 0 

20-30 0.880 0 

30-40 0.880 0 

40-50 0.880 0 

 

Table 4.11 Tree rooting parameters used in soil module in the Acacia-crop model. 

 

Description Value 

Root radius (cm)  0.02 

Number of trees in the system (Trees 45 m-2) 6 

Adsorption coefficient NO3 (m
3 g-1) 

Base KL (KL at RLD of 1) (d cm-1 cm-3)  

1E-07 

0.05 

 

RLD = root length density, KL = combination elements of soil conductivity (K) and 

root length which determine root water uptake by crops (Dalgliesh et al. 2006). 

 

Table 4.12 Soil organic matter parameters used in soil module in the Acacia-crop 

model. 

 

Depth 

(cm) 

F Biom 

(0-1) 

F Inert 

(0-1) 

Root weight 

(kg ha-1) 

0-10 0.030 0.100 164.548 

10-20 0.020 0.100 113.092 

20-30 0.010 0.100 77.727 

30-40 0.010 0.100 53.421 

40-50 0.010 0.100 36.716 

 

Table 4.13 Crop cultivars used in management module. 

 

Crops Cultivar 

Maize Laila 

Soybean Macon_MG30 
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Table 4.14 Temporal inputs for the tree-proxy module in the Acacia-crop model 

projections. 

 

Tree age 

(month) 

Height  

(m) 

Nitrogen 

demands 

(g m-2) 

 Canopy width 

(m) 

 

Tree leaf 

area (m2) 

3 9.2 0.01  7.17 1.9 

4 12.5 0.01  7.67 2.9 

5 15.7 0.01  8.17 3.9 

6 18.9 0.01  8.67 3.9 

7 22.1 0.01  9.17 3.9 
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Table 4.15 Climate impact on projected soybean yield (t ha-1) in the A. auriculiformis agroforestry system from 5th to 8th cropping seasons. 

 

Soybean cropping season 5 6 7 8 

Climate Median Dry Median Dry Median Dry Median Dry 

Distance from tree-crop 

interface         
-6 0.70 0.70 0.66 0.66 0.66 0.66 0.65 0.65 

-3 0.77 0.77 0.71 0.71 0.70 0.70 0.69 0.69 

0 0.79 0.79 0.74 0.74 0.72 0.72 0.71 0.71 

3 0.83 0.83 0.77 0.77 0.75 0.75 0.73 0.73 

6 0.89 0.89 0.79 0.79 0.77 0.77 0.75 0.75 

9 0.95 0.95 0.84 0.84 0.79 0.79 0.77 0.77 

15 1.44 1.44 1.11 1.11 0.90 0.90 0.85 0.85 

28 1.67 1.67 1.46 1.46 1.27 1.27 1.07 1.07 

50 1.67 1.67 1.60 1.60 1.60 1.60 1.60 1.60 

70 1.67 1.67 1.60 1.60 1.60 1.60 1.60 1.60 

100 1.67 1.67 1.60 1.60 1.60 1.60 1.60 1.60 
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Chapter 5. General Discussion 

5.1 Introduction 

This thesis has investigated the effects of an A. auriculiformis agroforestry system 

on total system productivity in a seasonally dry tropical agroforestry system in 

Gunungkidul, Java Indonesia up to a tree age of 27 months (field measures) and for 

the full rotation (APSIM modelling). The study sought to understand; (i) the effects 

of crops (maize and soybean) on tree production, (ii) the effects of trees on crop 

production (yield and above-ground biomass) between the tree rows, and the 

distance to which the tree component influenced crop production, (iii) whether 

water was the key limiting factor impacting tree and crop production (in alley 

cropping and interface planting layout), and (iv) the effect of tree on crop growth 

over a full tree rotation under different climate scenarios using APSIM Next 

Generation . Field trials were established in Gunungkidul, Yogyakarta Province, 

Java Island, Indonesia of an alley-cropping and interface planting A. auriculiformis 

agroforestry system with additional monocultures of crops, and monocultures of 

tree treatments.  

 

5.2 Growth, competition, and implications for productivity 

There were no significant differences in tree growth in the A. auriculiformis 

agroforestry system compared to the tree monoculture, indicating that crops had no 

effect on tree growth up to a tree age of at least 27 months (Fig 2.3). As no 

significant difference existed between the soil water deficit (SWD) and leaf water 

potential (pre-dawn and mid-day) of trees in the A. auriculiformis agroforestry 

system compared to the adjacent tree monoculture stand, it was concluded that 

crops within the agroforestry system were not causing any additional moisture 

stress for the trees (Fig 2.5 and 2.6).  

The yields and above-ground biomass of both the maize and the soybean in 

the A. auriculiformis agroforestry system were not significantly different to the 

adjacent crop monoculture for the first two cropping seasons after tree 

establishment. This suggests that there was no effect of trees on crop productivity 

during this time, when tree height was up to 4 m (Fig 3.2). This was confirmed by 

the Acacia-crop model simulation which also indicated that there was no effect of 

trees on crop yield in the first two cropping seasons. Other trials have also reported 

a neutral effect of trees on the productivity of maize in agroforestry systems 
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including; Grevillea robusta at a tree height < 4 m in semi-arid Kenya (Lott et al. 

2000a; Ong et al. 2000; Lott et al. 2000b), Markhamia lutea, Alnus acuminata, and 

Casuarina equisetifolia with 3.0, 1.7, and 3.9 m tree height in Uganda (Okorio et 

al. 1994). 

In the 3rd cropping season, crop yield and biomass were significantly lower 

in both the alley cropping and in the interface-planted agroforestry systems 

compared to the crop monoculture treatments. This reduction in yield was not 

attributed to moisture availability or moisture stress as the measured SWD never 

exceeded 13 mm (0-30 cm depth) and the ΨPD and ΨMD of both the trees and the 

crops did not exceed -1.2 MPa over the growing season. The Acacia-crop model 

simulations also suggested that in the 3rd cropping season, that crop yield within the 

tree rows was lower than the monoculture plot, and that crop yield increased as 

distance from the trees increased, with the crop yield away from the trees exceeding 

that in the monoculture plot by a substantial margin. The reduced productivity of 

crops within the tree rows was not likely to be attributed to nutrient competition as 

all treatments received adequate or luxury amounts of fertiliser. Consequently, by 

a process of elimination the decreased crop productivity in the 3rd cropping season 

was attributed to increased light competition as tree height exceeded 4 m, causing 

considerable shading in the competition zone. It has been reported that light 

competition caused by tree shading decreased maize yield subject to various 

degrees of light interception or shading from a range of tree species including  

Leucaena leucocephala (at 40 to 60% light interception) (Lawson and Kang 1990), 

Flemingia macrophylla (at 50% light interception) (Friday and Fownes 2002), Acer 

saccharinum (at a tree height of 7.8 m) (Simpson 1999), and Gmelina arborea (at 

60-70% of tree shade) (Bertomeu et al. 2011). Other studies that have reported 

reductions in crop productivity due to tree shade and reduced light availability 

include Simpson (1999) and Reynolds et al. (2007) in 11.1 and 13.3 m high Populus 

deltoides-maize/soybean agroforestry systems, and by Rivest and Vezina (2015) in 

10 m high Pinus sylvestris-maize agroforestry system. Bertomeu et al. (2011) 

suggested that light competition between trees and crops could be minimised, and 

agricultural crop productivity increased through tree pruning and thinning to 

increase light penetration to the crops.  

The Acacia-crop model simulation for the 3rd cropping season also indicated 

that the competition zone, where trees negatively impacted on crop productivity, 
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extended to 9 m from the tree-crop interface. This concurred with the results from 

the interface planting field-experiment (Chapter 3) which suggested that the 

competition zone in the 3rd cropping season extended to at least 9 m from the tree-

crop interface, at tree age of 27 months. In this 3rd cropping season, crop 

productivity at 14.5 m was 8.59 t ha-1 compared to adjacent maize monoculture 

treatment which was 4.83 t ha-1. Similarly, soybean yield was 3.88 t ha-1 at 14.5 m 

distance compared to the adjacent soybean monoculture treatment of 1.52 t ha-1. A 

possible mechanism for this increased crop yield at the edge of the competition zone 

was attributed to reduced wind and associated improved microclimate. Baker et al. 

(2018) in their review on the impacts of windbreaks on crop production in Australia 

found that crop productivity improvements of up to 74% could be observed in the 

sheltered zone in response to appropriately designed and situated windbreaks, 

which Nuberg (1998) indicates normally occurred at distances ranging between 3 

and 20 times the tree height (Cleugh et al. 1998; Cleugh et al. 2002). The results 

from the A. auriculiformis agroforestry system study suggest that, in the 3rd 

cropping season, there was a benefit from the trees on crop productivity between 9 

and 15 m distance from the tree-crop interface. Knowledge of the width of the 

competition zone in agroforestry systems is needed by growers to design their 

system in a way that optimises their costs and benefits. Growers also can further 

explore different management practices such as pruning (crown or roots) to increase 

available light for crops or to improve the growth of the remaining trees from the 

measured competition zone. 

The width and yield penalty of the competition zone was also able to be 

modelled up to a full tree rotation. However the APSIM model outputs suggested 

that in the 4th to 8th cropping season, the width of competition zone increased from 

15 to 50 m associated with an increase in tree height from 9 to 22 m. Ong et al. 

(2000) and Lott et al. (2000b) have also reported increased width of the competition 

zone with tree height in a Grevillea robusta-maize agroforestry system in Kenya in 

which the crop yield in the agroforestry system was unaffected by trees up to tree 

height of 3 m, after which the crop yield became significantly lower as tree height 

increased from 3 to 8 m. 

The APSIM Acacia-crop modelling also predicted that a 25% reduction in 

rainfall/dry climate scenario would not affect the width of the competition zone. 

The dry climate scenario suggested that there was a reduction in soil moisture 
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availability resulting in a decrease in maize and soybean yield (Fig 4.11, 4.12, 4.13, 

and 4.14). It has been reported that the combined effects of increased tree age or 

height and decreased soil moisture availability resulted in decreased maize yield in 

a Grevillea robusta agroforestry system in Kenya (Ong et al. 2000; Lott et al. 

2000b).  

The absence of competition for water, light, and nutrients between trees and 

crops in an A. auriculiformis agroforestry system in the first 2 cropping seasons 

(tree age up to 15 months) demonstrated that growers can receive maximum benefit 

from their land from both trees and crops (maize and soybean) during this period. 

In the 3rd cropping season, between a tree age of 22 and 27 months, there was no 

significant difference in soybean yield but a significant decline in maize yield in the 

alley-cropping agroforestry system compared to the crop monoculture. The Acacia-

crop model simulation also suggested that soybean yield and biomass was less 

affected than maize by competition for light and water from the 4th to 8th cropping 

seasons. This suggested that for shade tolerant crops such as soybean there was no 

yield penalty in an A. auriculiformis agroforestry system up to 27 months. However, 

with shade intolerant crops such as maize, a yield penalty is likely to occur. The 

results are supported by other studies which had found that soybean yield in crop 

monocultures was not significantly higher compared to that in the comparable 

agroforestry systems; with black walnut or pecan (Manceur et al. 2009), L. 

leucocephala (Karim et al. 1991), and silver maple (Nasielski et al. 2015). The 

implications of the results of the Acacia-crop simulations suggested that from the 

3rd cropping season to the end of the rotation (4th to 8th seasons), growers could 

reduce crop losses by planting shade-tolerant crop species, and maximising light 

incident at the ground level through pruning and/or thinning.  

Optimisation of A. auriculiformis agroforestry systems for growers requires 

further research to; (i) gain a greater understanding of the radiation environment 

(potential or actual competition for light), particularly beyond the 2nd cropping 

season, (ii) undertaking field trials with shade tolerant crop species in the 3rd and 

subsequent cropping seasons, and (iii) understanding the mechanisms and 

reliability of the observed crop productivity improvement in the tree-crop transect 

compared to the monoculture. This study was not yet able to empirically address 

either the impacts of crops on trees or the impacts of trees on crops for an entire 

tree rotation. Thus, further experimentation is required to explore the tree-crop 



 

108 

 

interactions beyond the 3rd cropping season to validate the model and inform its 

improvement. Improved modelling would enable increased accuracy in predicting 

the impacts of trees on crop production and the exploration of the impacts of 

management such as early thinning, pruning (crown and/or roots), and planting 

configuration on tree growth and crop productivity for a full tree rotation. Financial 

analysis based on both field trial and modelling results is required to assist growers 

make decisions that will optimise the potential benefits of A. auriculiformis 

agroforestry systems.  

 

5.3 Conclusion 

The above discussion has addressed the three research questions presented in 

Chapter 1: 

1. Question 1: What is the nature (complementary, supplementary, or 

competitive) of the interaction between trees and crops in an A. 

auriculiformis agroforestry system, what is the impact of this tree-crop 

interaction on tree growth and crop productivity, and was water the key 

limiting factor that affects the system productivity? 

a. Hypothesis 1 - The nature of the interaction is competitive which 

decreases both tree growth and crop productivity. 

Results: The interaction was neutral during the first two cropping 

seasons. In the third cropping seasons, as tree ages competition from 

the trees was decreasing crops productivity while crops had no 

effects on tree growth.  

b.  Hypothesis 2 - Water is the primary resource for competition 

between trees and crops. 

Results: Water was not the primary resource for competition during 

the study period. 

2. Question 2: How did the effects of trees on crop productivity and soil-plant 

water status (soybean) change with distance from the tree (A. 

auriculiformis)? 

Hypothesis - Competition for water decreases the productivity of 

crops that grow adjacent to the trees. 

Results: There was no water competition between tree and crops 

within the tree rows and across the tree-crop interface. Crops 
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productivity was not affected by tress up to the 2nd cropping seasons 

however, in the 3rd cropping seasons as the distance to the trees 

increase crops productivity decrease. 

3. Question 3: Can modelling tools successfully help us to understand potential 

outcomes to the end of tree rotation and be used to explore the effects of 

climate variability (lower rainfall than the historical average) in 

Gunungkidul? 

Hypothesis - An appropriate modelling framework will allow the 

data available from this study to be extended in a way that predicts 

the nature of interactions between trees and crops over a rotation of 

A. auriculiformis in a drier environmental condition than the 

historical average. 

Results: APSIM Next Generation modelling framework allowed the 

data available from this study to predicts the nature of interactions 

between trees and crops over a rotation of A. auriculiformis under 

drier environmental condition than the historical average. 

The results and their interpretation suggest that in Gunungkidul the total 

productivity of an A. auriculiformis agroforestry system was equal to the combined 

productivity of monocultures of trees and monocultures of crops up to the 2nd 

cropping season, when the tree heights remained below 4 m, due to the absence of 

competition for resources. It was found that when the tree height exceeds 4 m, 

competition (most likely for light) influenced crop productivity up to at least 9 m 

in the (field trials) and also up to 9 m (model output) from the tree-crop interface. 

The Acacia-crop agroforestry modelling confirmed these field trial results and 

suggested that the competition zone may extend to 50 m from the tree-crop interface 

by the 8th cropping season when trees were predicted to be 22 m height. Further 

field-based validation is necessary to increase the accuracy of the Acacia-crop 

model. This study forms the basis for future economic analyses of different 

agroforestry layout and management options that will help growers’ decision-

making process to optimise the A. auriculiformis agroforestry system based on their 

preferences/necessity.  
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Glossary of Abbreviations 

 

A plots   Tree monoculture plots 

ABA   Abscisic acid concentration  

AC plots  Agroforestry system plots 

ACIAR  Australian Centre for International Agricultural Research 

APSIM  The Agricultural Production Systems sIMulator 

C plots   Crop monoculture plots  

D   Tree Diameter  

DAS   Day after sowing 

D10   Tree diameter at 10 cm height  

D1.3   Tree diameter at breast height (1.3 m) 

D30   Tree diameter at 30 cm height 

DGL    Diameter at ground level 

DUL   Drained upper limit  

FAO   Food and Agriculture Organization 

H    Tree height  

h   height 

LL   Soil water content at lower limit 

LL 15    Soil dry limit 

Log10V  Tree volume transformed to logarithm10 

MAE    Mean absolute error 

ME    Mean error 

Na   Not available 

NASA   National Aeronautics and Space Administration 

NPK   Nitrogen, phosphorus, and potassium 

ns   No significant different found  

NSE    Nash-Sutcliff efficiency 

OB   Observed  

P   Predicted 

P value   Probability value 

PARCH  Predicting Arable Resource Capture in Hostile environments  

RLD   Root length density  

SAFE   Silvoarable Agroforestry for Europe 
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SAT   Soil water content at saturation 

SBELTS   Shelterbelts and soybean model 

SCUAF  Soil Changes Under Agriculture, Agroforestry, and Forestry  

SE    Standard error 

SiC   Silty clay 

SiCL   Silty clay loam  

SWD    Soil water deficit 

TSP   Triple Super Phospate 

USD   United States dollar  

V   Tree volume  

WaNuLCAS   Water, Nutrient, and Light Capture in Agroforestry Systems 

Wd   Dry weight 

WIMISA  WIndbreak Millet Sahel 

Ww   Fresh weight 
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