
Exploring and modelling the effects of agricultural land 

management and climate change on agroecosystem services in the 

Eastern Cape, South Africa  

 

 

 

Dennis Junior Choruma 

 

 

A thesis submitted in fulfilment of the requirements for the degree of  

Doctor of Philosophy 

 

Rhodes University 

Faculty of Science 

Institute for Water Research 

 

January 2020



i 

Abstract 

The aims of this study were to evaluate the impacts of agricultural land management strategies 

and climate change on irrigated maize production in the Eastern Cape, South Africa. To achieve 

these aims, the study was guided by two overarching research questions, subsequently broken 

down into more specific questions. The first research question examined the reasons behind 

farmers’ current agricultural land management practices, the values they assigned to different 

agroecosystem services, their perceptions of climate change and the adaptation strategies they 

used to address challenges associated with agricultural crop production and climate change. To 

answer these questions, a survey of conventional farmers in the Eastern Cape was carried out. 

The survey targeted farmers who used fertilisers and irrigation water in their day to day 

farming. Results showed that farmers recognised the different benefits that agroecosystems 

provided even though they were not familiar with the term ‘ecosystem services.’ Farmers 

assigned a high value to food provisioning compared to other agroecosystem services and 

managed their farms for maximum crop yields or maximum crop quality. Fertiliser and 

irrigation water management decisions were based on multiple factors such as cost, availability 

of farming equipment and crop yield or crop quality considerations. Survey results showed that 

while most farmers were able to state the amount of fertiliser used per growing season, the 

majority of farmers did not know the amount of water they used per growing season. From the 

farmers’ survey it was recommended that extension services and agricultural education 

programmes be strengthened in the region to increase farmers’ knowledge on effective 

agricultural land management strategies that support sustainable intensification. 

The second research question investigated the effects of agricultural land management 

strategies and climate change on crop yields in the Eastern Cape. This investigation was done 

in three steps. First, a crop model, the Environmental Policy Integrated Climate (EPIC) model 

was calibrated and validated using limited field data from maize variety trials carried out at the 

Cradock Research Farm in the Eastern Cape. Calibration and validation results proved 

satisfactory with model efficiencies (Nash Sutcliffe, NSE) greater than 0.5 for both calibration 

and validation. It was concluded that limited data from field trials on maize that only included 

grain yield and agricultural land management dates can be used for the calibration of the EPIC 

model to simulate maize production under South African conditions.  
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In the second step, the calibrated model was applied to simulate different irrigation and 

fertiliser management strategies for maize production in the Eastern Cape. Different irrigation 

and Nitrogen (N) fertiliser levels were compared to find optimal irrigation and N fertiliser 

management strategies that would increase maize yields while minimising environmental 

pollution (nitrate leaching). Model outputs were also compared to the average yields obtained 

in the field trials (baseline) and to maize yields reported by farmers in the farmers’ survey. 

Results showed that improved management of irrigation water and N fertiliser could improve 

farmers’ maize yields from approximately 7.2 t ha-1 to approximately 12.2 t ha-1, an increase 

of approximately 69%. Results also revealed a trade-off between food provision and nitrate 

leaching. Simulations showed that increasing N fertiliser application under sufficient irrigation 

water levels would increase maize yields, however, this would be accompanied by an increase 

in N leaching.  

Lastly, the EPIC model was then applied to simulate the effects of future climate change on 

irrigated maize production in the Eastern Cape. For these simulations, the model was driven by 

statistically downscaled climate data derived from three General Circulation Models (GCMs) 

for two future climate periods, (2040-2069) and (2070-2099), under two Representative 

Concentration Pathways (RCPs): RCP 4.5 and RCP 8.5. Future maize yields were compared 

to the baseline (1980-2010) maize yield average. All three climate models predicted a decline 

in maize yields, with yields declining by as much as 23.8% in RCP 8.5, 2070-2099. Simulations 

also predicted increases in average daily maximum and minimum temperatures for both the 

two future climate periods under both RCPs. Results also indicated a decrease in seasonal 

irrigation water requirements. Nitrate leaching was projected to significantly increase towards 

the end of the century, increasing by as much as 373.8% in RCP 8.5 2070-2099. Concerning 

farmers’ perceptions of climate change, results showed that farmers were aware of climate 

change and identified temperature and rainfall changes as the most important changes in 

climate that they had observed. To adapt to climate change, farmers used a variety of adaptation 

strategies such as crop rotations and intercropping. Apart from challenges posed by climate 

change, farmers also faced other challenges such as access to markets and access to financial 

credit lines, challenges that prevented them from effectively adapting to climate change. The 

study therefore recommended that appropriate and adequate strategies be designed to help 

farmers in the region offset the projected decrease in maize production and increase crop yields 

while minimising negative environmental impacts.  
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Chapter 1: Introduction 

This chapter gives an introduction to the overall study (section 1.1). Section 1.2 provides the 

rationale for the research. Next, the research questions are presented in section 1.3 and the 

research objectives described in section 1.4. Section 1.5 shows the flow diagram for the study 

and section 1.6 gives a general description of the study area. Lastly, section 1.7 provides an 

outline of the remaining chapters of the thesis. 

1.1 Introduction 

Ecosystems generate a variety of benefits for humans such as food, fresh water, medicines and 

timber. The term ‘ecosystem services’ (ES) is used to describe these benefits, whether direct 

or indirect (Costanza et al., 1997). To meet rising food needs from a growing human 

population, man has transformed natural ecosystems into highly managed ecosystems such as 

farmlands and pastures, and their ecosystem services used intensively (DeFries et al., 2004; 

Foley et al., 2005). Efforts to sustain economic growth while simultaneously conserving the 

natural environment (Sustainable Intensification, SI) present important policy and land 

management challenges, particularly for countries where land and water resources are already 

stressed. SI involves increasing crop production levels from the same area of land while 

reducing the negative environmental impacts of agricultural production and increasing the 

provision of environmental services (Cook et al., 2015). In this study, the focus is on increasing 

maize production while minimising leaching of N fertiliser to water bodies. The focus is on 

maize since maize is an important staple crop in the Eastern Cape whose production has been 

associated with the overutilization and pollution of groundwater in the study area (Goldblatt, 

2011). 

Growing concerns about climate change (Calzadilla et al., 2014; Godsmark et al., 2019; 

Nkhonjera, 2017), biodiversity loss (Lukey et al., 2017; Nattrass and Conradie, 2018; 

Orimoloye et al., 2018), and the poor management of natural resources such as water and 

agricultural lands (Kuschke and Geyer, 2016; Maherry et al., 2010; Tredoux et al., 2009) 

indicate that there is still a limited understanding of the links between natural systems, land 

management and ecosystem services. The focus of this study is on how agricultural land 
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management and climate change affect the supply of ecosystem services in agriculture (from 

here on referred to as agroecosystem services). 

Appropriate agricultural land management practices could avoid further ecosystem degradation 

while safeguarding the continued provision of agroecosystem services. However, to guide 

sustainable agricultural land management practices, detailed information about the present and 

possible future impacts of agricultural land management strategies on agroecosystem services 

is required (Petz, 2014). Although significant efforts have been made to improve the 

quantification of ecosystem services and to understand how they contribute to human well-

being (Crossman et al., 2013), several knowledge gaps still exist about how ecosystems 

generate services, how to quantify ecosystem services trade-offs and how changes in land 

management affect the provision of ecosystem services, particularly within managed 

ecosystems such as farmlands (Carpenter et al., 2009; de Groot et al., 2010; Villamagna et al., 

2013). The continued degradation of ecosystems provides evidence that further research is 

required to gain a better understanding of the social, economic and biophysical aspects of 

ecosystems and the feedback loops that exist between them (Barbier et al., 2011; TEEB, 2008).   

Agricultural land management influences the processes that drive ecosystem function and 

efforts to maximise one ecosystem service (e.g. crop production) may result in a loss or 

depletion of other ecosystem services (e.g. biodiversity). Barbier et al., (2008) proposes that 

appropriate agricultural land management plans can only be developed when the true value of 

an ecosystem and its services is known. Therefore, to avoid setting unrealistic targets for 

sustainable intensification, a better understanding of the interactions between the biophysical 

ecosystem processes, ecosystem services and the effects of alternative agricultural land 

management practices on the ecosystem as a whole is necessary. Further, it is also important 

to develop modelling tools that synthesise information to support decision making concerning 

agricultural land management and predict the effects of alternative agricultural land 

management systems on ecosystem services supply (Nelson and Daily, 2010; Vigerstol and 

Aukema, 2011). Understanding the effects of agricultural land management on ecosystem 

services provision is vital in developing policies that promote sustainable intensification. 

Central to this understanding is compiling and analysing empirical evidence and information 

to support agricultural land management decisions so that agricultural land management is not 

grounded in poorly verified assumptions (ICSU et al., 2008).  
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Previous studies have suggested that empirical information about the ability of ecosystems to 

provide several ecosystem services at the same time is disjointed and a robust scientific basis 

for incorporating ecosystem services into land-use decisions is still lacking (Ehrlich et al., 

2012; Nelson and Daily, 2010). Further, ecosystem services research has traditionally followed 

disciplinary lines mostly either in Economics (Barbier et al., 2011; Costanza et al., 1997; Gallai 

et al., 2009) or Environmental Science (Swinton, Lupi, Robertson, & Hamilton, 2007; 

Lakerveld, 2012). However, it is now becoming widely recognised that natural resources issues 

are trans-disciplinary, often occurring at the intersection of complex natural and social systems 

(Berkes, Colding, & Folke, 2003; Daily et al., 2009; Pagiola, 2008). If sustainable 

intensification is to be realised, there is a need for holistic and inter-disciplinary approaches to 

understanding and quantifying ecosystem services provision under alternative agricultural land 

management strategies and different social-ecological contexts. 

In South Africa, most agricultural ecosystems are a collection of natural (grassland and forests) 

and human-modified (farmlands and forest plantations) systems  (Korner et al., 2005). As such, 

the provision of agroecosystem services is governed not only by biophysical ecosystem 

processes but also by the way humans manage them (Schroter et al., 2005) Factors such as 

climate change, modify the ability of ecosystems to provide ecosystem services and can thus 

alter ecosystem functioning. At the same time, farmers can modify the ability of ecosystems to 

provide services through agricultural land management practices that maximise crop yields and 

profits. For example, the main goal of a farmer, located upstream of a river, when growing 

vegetables might be to sell their produce and make a profit and not necessarily to maintain 

downstream water quality. This has important implications for agricultural policymaking as 

failure to take into account, different stakeholders’ objectives and the values they assign to 

different ecosystem services may result in a mismatch between policy and observed outcomes. 

A situation which in turn may lead to conflicts between stakeholders and further ecosystems 

mismanagement. Consequently a more integrated assessment of ecological and social issues in 

agricultural land management is required when developing sustainable agricultural systems 

(Lescourret et al., 2015). 

Similar to global environmental challenges, current environmental challenges in South Africa 

suggest that the full impact of agricultural land management practices on ecosystems and 

ecosystem services as a whole is still not well understood. This is reflected by a general decline 

in ecosystem services supply in many parts of the country. Problems such as eutrophication 
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(Branch et al., 2013; Matthews, 2014), salinization of irrigated lands (le Roux et al., 2007; van 

Rensburg et al., 2011) and stream-flow reductions from commercial forest plantations (Everson 

et al., 2014; Scott et al., 1998) have become more frequent over the last few years. Population 

growth, increasing water scarcity and climate change currently threaten the ability of 

agricultural systems in South Africa to provide ecosystem services. Currently, it is not yet clear 

whether current agricultural land management practices in these landscapes will be able to meet 

future food demands without further compromising water resources and other ecosystem 

services, all under the backdrop of climate change. 

To address these challenges and increase crop production, several studies in South Africa have 

used field experiments to investigate the links between agricultural land management and 

ecosystem services. For example, studies have been conducted to investigate the effects of 

different fertiliser levels on crop yields (Fanadzo et al., 2009; Lusiba et al., 2017; van Averbeke 

et al., 2007), irrigation scheduling and crop yields (Mavimbela and van Rensburg, 2015; Olivier 

and Singels, 2015), non-point source pollution from agriculture (Schulz and Peall, 2000; Walsh 

and Wepener, 2009) and the effects of forest plantations on catchment water availability 

(Albaugh et al., 2013; Scott and Lesch, 1997). Field experiments offer a reliable method of 

establishing causal relationships between agricultural land management practices and real-

world observed measurements (Durr et al., 2016; Liang et al., 2016). However, field 

experiments are often expensive, time-consuming and labour intensive. In addition, they are 

difficult to interpret as differences between treatments may not show for several years 

(Cabelguenne et al., 1990).   

Alternatively, a computer-based modelling approach can provide reasonably reliable results in 

a short time and save considerable resources in developing agricultural land management 

strategies when compared to traditional field experiments alone (Santhi et al., 2005; Zhao et 

al., 2016). Models can thus be used as complementary tools to field experiments as data from 

field experiments will still be required to run and evaluate model performance. Computer 

modelling is increasingly becoming a useful tool to address the complex interactions in 

agroecosystems that lead to agroecosystem services supply (Bagstad et al., 2013; Boumans et 

al., 2015; Turner et al., 2016). Computer models have the advantage that they can be applied 

to test a range of alternative agricultural land management strategies and evaluate a range of 

policy scenarios within a short time (Costanza et al., 2017).  
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While computer-based models provide a number of advantages, a major drawback is that most 

of the models currently in use in agricultural land management mainly focus on biophysical 

ecosystem processes. As a result, most of the agricultural models lack an adequate 

representation and consideration of different agricultural stakeholders’ objectives and goals in 

ecosystem services production. Yet, stakeholders decisions and motivations are critical 

elements that may influence the outcomes of agroecosystem services (Webber et al., 2014). To 

assure relevancy, Costanza et al., (2017) explain that stakeholders should be actively involved 

in both model and policy development that concerns the provision of ecosystem services. Also, 

for model results to be used with confidence, ideally, models should be calibrated and validated 

with observed field data in the region of interest before being used as decision support tools in 

land management (Daggupati et al., 2015). Nevertheless, computer models are a useful 

decision support tool and are increasingly being used in agroecosystem services management 

in South Africa. 

To have a better understanding of the complex interactions between agricultural land 

management and agroecosystem services, several studies in South Africa have used computer 

models to explore the links between agricultural land management practices, biophysical 

ecosystem processes and ecosystem services. The most frequent model applications have been 

in the fields of hydrology (Hughes, 2009; Perry, 2015; Warburton et al., 2013), crop 

management (Kollongei and Lorentz, 2015; Zinyengere et al., 2015), rainfall/runoff yield 

modelling (Hughes and Slaughter, 2016; Lorentz et al., 2012), hydrological responses of 

catchments to climate change (Warburton et al., 2013) and the effects of forest plantations on 

catchment water yield (Everson et al., 2014; Govender and Everson, 2005; Gush et al., 2002). 

However, few studies have looked at integrated modelling at the farm level to investigate the 

links between biophysical agroecosystem processes, motivations for farmers’ management 

practices, and ecosystems services supply (Oosthuizen et al., 2016). Yet, farming decisions are 

often taken at the farm level where farmers are the key managers of agroecosystems and 

ultimately responsible for implementing sustainable agricultural land management strategies 

and ensuring food security, while protecting and conserving vital ecosystem processes, 

structure and function.   

In view of the above challenges in South Africa, several questions can be asked? (a) What are 

the effects of different agricultural land management strategies and climate change on 

agroecosystem services delivery in South African agroecosystems? (b) What tools can be used 
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to quantify the effects of agricultural land management on agroecosystem services, especially 

in data-scarce and semi-arid areas such as South Africa? (c) How do farmers as key 

stakeholders in agricultural land management perceive and value the benefits derived from 

agroecosystems? These questions are especially relevant for semi-arid areas such as the Eastern 

Cape of South Africa, where declining soil productivity and increasing water scarcity due to 

low rainfall and frequent droughts have led to the increased use and over-application of 

fertilisers and irrigation water, which in turn have led to a general deterioration of ground and 

surface water quality in the commercial farming areas (Goldblatt, 2011). Therefore, the 

objectives of this study were to (i) simulate the effects of agricultural land management 

strategies and climate change on agroecosystem services (ii) evaluate the values farmers assign 

to different agroecosystem services and (iii) evaluate farmers’ perceptions of climate change 

in relation to agricultural land management strategies and agroecosystem services. 

To achieve the above-mentioned objectives, the study used an ecosystem services approach 

that takes into account the social and biophysical aspects of agricultural production in the 

Eastern Cape. First, a survey of conventional farmers in the Eastern Cape was conducted to 

evaluate their motivation for the adoption of current agricultural land management practices 

and the values they assigned to different ecosystem services generated on their farmlands. In 

this context, ‘values’ corresponds to general assessments about ES that are seen as desirable 

by farmers (Dietz et al., 2005; Lamarque et al., 2014). The study focused on conventional as 

well as commercial farmers in the Eastern Cape as they are key decision-makers responsible 

for managing agricultural land and food production in the area. In this study, conventional 

farmers were defined as farmers who regularly used inputs such as synthetic fertilisers and 

irrigation water combined with farming technologies such as sprinkler and drip irrigation 

systems in their day to day farming. Commercial farmers are a type of conventional farmer 

defined as farmers who are in the farming business to produce crops and livestock for sale, 

usually with the use of chemical fertilisers and pesticide. In this study, ‘farmers’ referred to 

both conventional and commercial farmers. 

Second, a crop model, the Environmental Policy Integrated Climate (EPIC) model is presented. 

The EPIC model was applied to simulate the provision of agroecosystem services under 

different agricultural management strategies. This provides a useful tool to analyse ecosystem 

trade-offs from different agricultural land management practices and explore combinations of 

irrigation and fertiliser management strategies that promote sustainable intensification of crop 
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production systems. Finally, the EPIC model was applied to evaluate the impacts of climate 

change on future maize yields in the Eastern Cape using statistically downscaled climate data 

from three driving General Circulation Models (GCMs) under two Representative 

Concentration Pathways (RCPs), RCP 4.5 and RCP 8.5. 

The present study contributes to the current debate on sustainable agricultural intensification 

and how agricultural systems in Africa can be better managed sustainably, indicating tools and 

approaches that can be used to quantify agroecosystem services. The study contributes to the 

policy arena by clarifying the implications of farmers’ decisions and policy options on 

sustainable intensification of agroecosystems and the services they provide.  

1.2 Agroecosystems as social-ecological systems 

Agroecosystems can be described as social-ecological systems linking people with nature. The 

social aspects of agroecosystems include structures such as farmers, extension agents and 

researchers and processes such as agricultural land management regimes, policy regimes, 

institutional arrangements, learning and consultations. The ecological aspects include 

structures such as soil, water and air and processes such as nutrient and water cycles and 

organic matter decomposition. Therefore the evaluation of ES within different SES is 

influenced not just by the ecological properties of the ecological subsystems but also by the 

sociocultural and institutional contexts of the social subsystem as well (Tallis and Polasky, 

2009). The SES framework provides guidance on how to assess the social and ecological 

dimensions that contribute to sustainable resource use and resource management (Ostrom, 

2009). The SES approach explicitly recognises the connections and feedbacks linking human 

and natural systems (Leslie et al., 2015) and therefore can be used in the key processes of 

generating knowledge and the formulation of sustainable governance solutions (Quintas-

Soriano et al., 2018). However, few studies in South Africa have addressed how farmers’ 

perceptions of ES link to the biophysical properties and ecosystem functions of the ecosystems 

on which ES are based, or the extent to which ES are affected by socio-cultural context and 

human interests. (Cebrian 2017). Therefore, this study employed an ES approach under an SES 

framing to explore and model the effects of agricultural land management practices and climate 

change on agroecosystem services 
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1.3 Rationale 

In South Africa, few studies have looked at integrated modelling at the farm level to investigate 

the links between farmers’ motivations with regard to crop production decisions at the farm 

scale, ecosystem services and climate change (Oosthuizen et al., 2016). Farmers remain the 

key decision-makers at the farm level, and thus integrating their views into modelling processes 

is key to the sustainable management of agroecosystems.  

To date, most South African fertiliser and irrigation water recommendations are based on soil 

types and land systems (FAO, 2005). These recommendations are determined by yield 

responses from fertiliser and water field trials and seldom consider environmental impacts. 

During the past few years, field studies have been conducted in South Africa to evaluate the 

impacts of nutrient management on crop productivity and water use (FAO, 2005; Kgonyane, 

2010). Most irrigation and fertiliser management recommendations have been developed from 

such field studies. Although field trials are reliable in assessing crop nutrient and water needs, 

field experiments are often time-consuming, labour intensive and expensive to carry out on a 

regular and long-term basis. Further, field trials also have a limited ability to explore future 

crop and water needs under different climate scenarios. There is, therefore, a need for 

modelling studies that consider the impacts of agricultural management strategies on crop 

yields and the environment (CCA, 2013). Hence, scenario modelling can be a useful tool to 

complement field trials in agricultural and management planning (Mason et al., 2017). Thus, 

in South Africa, there is an urgent need to develop integrated modelling approaches that test 

the effectiveness of irrigation and fertiliser management practices in increasing yields and 

minimising water pollution under present and future climate scenarios, while incorporating 

farmers’ perceptions, motivations and views in such integrated modelling approaches. 

Maize is an important staple food in South Africa constituting a significant proportion of the 

South African diet. In addition, maize is an important feed source for the beef and dairy industry 

in South Africa. Prolonged periods of drought, erratic rainfall and declining soil fertility in 

most production areas have negatively impacted maize production. Efforts to increase maize 

production in provinces such as the Eastern Cape using chemical fertiliser and irrigation water 

have significantly contributed to groundwater pollution (Maherry et al., 2010), eutrophication 

(Matthews, 2014; Sibande, 2013) and salinization of irrigated lands (Aza-Gnandji1 et al., 

2013). Further climate change is projected to have negative impacts on crop production and 

water availability in the Eastern Cape. Previous studies on maize production in the Eastern 
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Cape have mainly focused on maize production without fully considering the underlying 

motivations for farmers’ management practices. Yet, farmers’ motivations for adopting certain 

management practices have a direct effect on both maize yields and the environment. It is 

therefore important to find strategies that increase maize yields in the Eastern Cape while 

minimizing environmental pollution from agriculture and at the same time help farmers adapt 

to the anticipated negative impacts of climate change. 

1.4 Research questions 

Detailed information about the impact of agricultural land management on agroecosystem 

services is important to guide land policy and agricultural land management decisions. 

However, empirical evidence about the effects of alternative agricultural land management on 

ecosystem services is generally limited in South Africa. To contribute knowledge to this gap, 

this study addresses the following research questions: 

1. What are the motivations behind the Eastern Cape farmers’ current 

irrigation and Nitrogen (N) fertiliser management practices and what values 

do they assign to different agroecosystem services? 

2. How can a crop model be calibrated with limited field data for evaluation of 

alternative agricultural land management strategies and climate impact 

studies? 

3. How can maize production in the Eastern Cape be optimised through 

improved irrigation and N fertiliser management strategies and what are the 

trade-offs between increasing maize production and minimising the potential 

risk of water pollution from N leaching?  

4. What are farmers’ perceptions of climate change and what are the impacts 

of future climate change on maize yields in the Eastern Cape? 

1.5 Research objectives 

This study aims to explore agricultural land management strategies, specifically irrigation and 

fertiliser management, to increase maize production in the Eastern Cape while minimizing 

water use and environmental impacts (nitrogen leaching). The thesis contributes to the 

scientific discussion regarding the effects of agricultural land management on ecosystem 
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services supply and the use of biophysical crop models and field data 0to evaluate ecosystem 

services provision. The specific objectives are as follows;   

1. To explore motivations for farmers’ management practices and values assigned to 

agroecosystem services in the Eastern Cape, South Africa.  

2. To calibrate and validate the EPIC model for maize growth and yield simulation 

using limited field-scale data under South African conditions. 

3. To quantify the effects of agricultural land management strategies and climate 

change on selected agroecosystem services at the farm scale.   

4. To evaluate farmers’ perceptions of climate change and compare current and future 

maize yields under different future climate scenarios. 

1.6 Study flow diagram  

This study used an ecosystem services-based modelling approach combining a survey of 

farmers’ current agricultural land management practices and computer modelling to compare 

different irrigation and fertiliser management strategies and evaluate the impacts of climate 

change on maize yield in the Eastern Cape. Figure 1.1 shows the flow diagram for the study. 
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Figure 1.1. Flow diagram used in the study showing EPIC components and inputs. 
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1.7 General study area description 

Field experiments used in the calibration and validation of the EPIC model were carried out at 

the Cradock Research farm. Cradock is situated in the Great Fish River Valley in the Eastern 

Cape Province, South Africa (32°13′ 11.09″ S, 25° 41′ 11.86″ E, elevation 849 m) (Figure 1.2). 

The Eastern Cape exhibits a bimodal rainfall pattern, with a winter rainfall zone in the west, 

and a summer rainfall zone in the east. In the north, east and along the coastal belt, summer 

seasonality encourages C4 grass production. In the semi-arid central and western regions, C3 

grasses and shrubs predominate, favouring sheep and goat production. The northern areas 

generally have a high altitude and little water, which result in semi-arid conditions that 

characterise regions such as the Karoo. To the south, water is more available due to several 

rivers that pass through the area from surrounding mountains. Conditions inland are usually 

drier and hotter with lower rainfall levels compared to the coastal area. In summer, average 

temperatures range from 16º to 26ºC while winter temperatures range from 7º to 20º C. Winter 

months fall between April and August while summer temperatures are usually highest between 

November and April.  
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Figure 1.2 Map showing the location of Cradock in the Eastern Cape, South Africa 

 

Agriculture in the Eastern Cape is dominated by both commercial (intensive beef and dairy, 

cereal, vegetable and fruit farming) in the south-western parts, and subsistence farming in the 

north-eastern regions. This study focuses on farmers who use inputs of chemical fertilisers 

and/or irrigation water in their day to day farming and agricultural land management practices 

related to Nitrogen fertiliser and irrigation water management. Nitrogen and water availability 

have been found to be the major constraints to agricultural production in sub-Saharan Africa 

(Mueller et al., 2012) and the mismanagement of irrigation and fertiliser has been blamed for 

many environmental problems in South Africa (Goldblatt, 2011).  

In recent years, the government has encouraged the production of cereals such as maize in order 

to utilize all available arable land in the Eastern Cape and increase food security (Province of 

the Eastern Cape, 2014). The main source of water in the Cradock area is the Great Fish River. 

Most farms are privately owned and most conventional farms including commercial farms are 

distributed in towns situated along or close to the Great Fish River or its tributaries. Due to low 

soil fertility in the area, many conventional farmers practise the application of chemical 
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fertilisers and pesticides to improve crop productivity (Goldblatt, 2011). Lucerne is also grown 

in the area as a feed source for cattle.  

River ecosystems are under pressure, particularly in the semi-arid western parts of the province 

where there are high demands on limited water resources. Currently, the Eastern Cape faces 

high levels of soil degradation, particularly in commercial farmland areas (Goldblatt, 2011; 

Hamann and Tuinder, 2012). Pressure on groundwater in the western parts of the province is 

high with the main use of water in the province being irrigation, which accounts for almost  

two-thirds of water resources required in the Eastern Cape (Hamann and Tuinder, 2012). 

1.8 Thesis Outline 

This thesis proceeds as follows. In Chapter 2, a literature review of the concept of sustainable 

intensification is given. This includes a discussion of the concept of ecosystem services, the 

framework applied in this study and the tools that can be used in analysing and quantifying 

ecosystem services trade-offs in agriculture.  

Chapter 3 describes a survey of the Eastern Cape conventional farmers’ current agricultural 

management practices and the values they assign to different ecosystem services within 

farmlands. This chapter offers insights into the motivation for farmers’ adoption of certain 

agricultural management strategies and as well as the values they assign to different 

agroecosystem services. This chapter contributes to the basis of developing current and future 

agricultural land management scenarios using computer models as well as agricultural land 

management strategies that are likely to be adopted by farmers.  

Chapter 4 describes the set-up, calibration and validation of the EPIC model under South 

African conditions. Limited data from a field experiment on maize variety trials in the Eastern 

Cape are used to calibrate and validate the EPIC model to simulate maize yield in the Eastern 

Cape. This chapter demonstrates the utility and importance of calibrating computer models in 

the region of interest before application. The chapter describes a stepwise field-scale calibration 

procedure for the EPIC model under South African conditions. 

In Chapter 5 the calibrated and validated EPIC model is applied to the case study area to 

evaluate different irrigation and fertiliser management strategies. Different combinations of 

irrigation water and N fertiliser levels are simulated and evaluated to explore best combinations 
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of N fertiliser and irrigation water levels that maximise crop yields and minimise fertiliser and 

water losses from the farms into the environment.  

In Chapter 6 the EPIC model is applied to simulate the effects of future climate change on 

maize yields in the Eastern Cape. Statistically downscaled climate data from three General 

Circulation Models (GCMs) are used to drive model simulations under two different future 

Representative Concentration Pathways (RCPs), RCP 4.5 and RCP 8.5, for two future time 

periods, 2040-2069 and 2070-2099. Model outputs on future maize yield and N leaching are 

then compared to the baseline period (1980-2010). In this chapter, the results of farmers’ 

perceptions of climate change and their climate change adaptation strategies are also presented.  

Chapter 7 presents a synthesis of the main findings from previous chapters. Recommendations 

are given and conclusions summarised.  The chapter concludes with suggestions for future 

research. 
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Chapter 2: Literature Review 

This chapter begins with an introduction (section 2.1) and reviews literature on the following 

topics: the concept of sustainable intensification (section 2.2); agriculture in a changing 

environment (section 2.3); strategies to increase crop yields (section 2.4); tools to evaluate 

agricultural land management (section 2.5); tools for predicting climate change (section 2.6) 

Lastly, section 2.7 provides a synthesis of the literature and highlights the need for an 

ecosystem services approach to agricultural land management. 

2.1 Introduction 

Balancing the need to produce more food and fibre for a growing population with 

environmental objectives is a key concern for global scientific and policy debates on 

sustainable agriculture. Based on projections from the Food and Agriculture Organisation 

(FAO) food production will need to increase by more than double by the year 2050 to meet the 

food needs of an estimated world population of just over 9 billion (FAO, 2003). A significant 

challenge in food security discussions is how to meet the rising demand for food while 

minimising environmental degradation (Royal Society, 2008). Sustainable intensification (SI) 

has developed as one major pathway for concurrently improving agricultural outputs and 

environmental conditions (Fish et al., 2014). 

A great number of studies exist elaborating the theory and practice of sustainable land use (Fish 

et al., 2014) including the modelling of multifunctional landscapes in a variety of agricultural 

settings (e.g. Rossing et al., 2007) as well as the political and behavioural aspects of agricultural 

production (e.g.Wilson, 2007). In this study, the focus is on how an ecosystem services (ES) 

approach might aid in decision and policy-making concerning the crop production aspects of 

SI. Research with the idea of ES, whose origins are rooted in nature conservation and 

environmental sustainability, and the companion concepts of ecosystems approach and 

ecosystems assessment to decision-making is emerging to be an interdisciplinary issue 

increasingly bringing together once separate research disciplines (Burkhard et al., 2010). 

One key framework for conceptualising and approaching the SI challenge is an ES perspective. 

Fish et al., (2014) explain that the ES approach is one way of describing the environmental 
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resources that support and interact with agricultural production systems. Consequently, the 

study describes the types of approaches that would be relevant using an ES perspective to link 

crop production with environmental sustainability objectives. The necessity to frame issues of 

SI through ecosystem services-oriented references other than those based on wholly economic 

valuations of ecosystem services is highlighted in this review.  

2.2 The concept of sustainable intensification 

The term ‘sustainable intensification’ was introduced in the 1990s by Pretty (1997) to describe 

the need for increases in crop yields while protecting the environment and growing the 

economy in sub-Saharan Africa, where large crop yield gaps, especially cereals, have been 

reported (Struik and Kuyper, 2017). Since then, the definition of SI has changed and evolved 

over time (Garnett et al., 2013). For example, agricultural economists such as Ruben and Lee 

(2000) define SI as the simultaneous increase in returns to land and labour and the maintenance 

of soil nutrient balances. Pretty et al. (2011) and Firbank et al. (2013) redefined SI as producing 

more output per unit land while reducing environmental impacts and increasing contributions 

to natural capital and flow of environmental services. However, a widely cited definition is the 

definition by the Food and Agriculture Organisation (FAO), which defines SI  as producing 

more food and fibre from the same area of land, while conserving resources, reducing negative 

environmental impacts and enhancing the natural capital flow of ES (FAO, 2011). While the 

definition by FAO is limited in that it emphasises the crop production aspect of agriculture and 

does not consider the whole range of factors involved in crop production such as access to 

markets and labour, in this study, the definition by FAO is adopted because of its explicit link 

to the concept of ES.    

Godfray and Garnett (2014) argue that SI is not only about increasing food volume but also 

about improving the efficiencies in food production relative to environmental resources and 

impacts. In this respect, Godfray and Garnett (2014) seek to separate debates of SI with general 

targets for global food production arguing that while some increases in production to meet 

demand will be required, the issue of how to reconcile production with productivity is best 

approached through an understanding of local capacities and circumstances. This is because 

while agricultural systems face many similar challenges, differences in soil, climate and 

agricultural land management practises make individual systems unique. Adopting agricultural 
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solutions developed in other regions without adapting them to local contexts may not 

necessarily bring about the desired results.  

In South Africa, particularly in the Cradock region, as the effects of extended drought periods 

continue, farming in a water-constrained environment may no longer be a short-term challenge 

but rather a long-term challenge that requires a shift in the way water is managed in agricultural 

production. Since irrigated agriculture already accounts for more than 60% of total water usage 

in the province it is unlikely that farming will receive a higher allocation of water in the future. 

A business-as-usual approach to water usage will no longer be sufficient.  The use of models 

such as the EPIC model can help develop optimal agricultural water management strategies 

that save water while maintaining crop yields. Developing optimal agricultural land 

management practices through an ES approach will help in ensuring that the focus is not only 

on crop production but also on the efficient use of scarce water resources and maintaining the 

integrity of the environment. 

2.2.1 A brief history of the ecosystem services concept 

The continued degradation of natural resources such as land and water has led to the 

development of new approaches to better understand how ecosystem changes affect human-

well-being (Mastrangelo et al., 2015). One increasingly popular approach is the ecosystem 

services (ES) approach, which dates back to the 1970s when the economic benefits of natural 

processes and ecosystems to society were recognised (de Groot, 1987; Westman, 1977). 

However, a clear concept of ecosystem services in the scientific literature was only published 

in the 1990s (Daily, 1997; de Groot, 1992). The term ‘ecosystem services’ is therefore 

relatively young and as such, its definition has been heavily debated in the literature (Costanza 

et al., 2008; Fisher et al., 2009). 

Ecosystem services definitions have mostly varied depending on the emphasis given to 

ecological components or economic use (Braat and de Groot, 2012). Daily (1997), defined 

ecosystem services as the conditions and processes through which natural ecosystems and the 

species that make them up, sustain and fulfil human life.  Costanza et al., (1997) defined ES as 

the benefits humans derive directly or indirectly from ecosystem functions. However, the most 

frequently used definition of ES is that by the Millennium Ecosystem Assessment (MEA) 

which defined ES as the benefits people obtain from ecosystems (MEA, 2005). Although 

research on ES has grown considerably since the MEA report was published, the ES framework 
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is still not integrated into many policies and agricultural management decisions such as which 

climate change adaptation strategies to prioritise (Seppelt et al., 2011).   

One criticism of the MEA and related definitions is their lack of differentiation between 

intermediate and final ES (Johnston and Russell, 2011). Intermediate ES are frequently defined 

as those services with little or no direct benefits to people and comprise of the biophysical 

structures and processes that maintain ecosystems in a favourable state for the delivery of final 

ES (correspond roughly to the regulating and supporting ES categories) (MEA, 2005). Final 

ES are described as those services that benefit people explicitly and can be accounted for in 

biophysical or monetary terms through measures such as crop yield output per season 

(provisioning ES) or the number of lake visitors per year (cultural ES) (Lamothe and 

Sutherland, 2018). The lack of a clear distinction between intermediate and final ES can lead 

to double counting of different ES since some ES can be counted twice. Such errors can lead 

to sub-optimal decisions in land management (Briner, 2012). For example, water flow is 

classified as a regulating service, with the generation of hydropower as an output of the process. 

If economic values were attributed to both water flow and hydropower, this could lead to 

double valuation (Ojea et al., 2012).  

Ecosystem services classifications have also been equally varied because of the specific 

biophysical and socio-cultural contexts in which they are defined or the scientific discipline of 

the researcher (Gómez-Baggethun and Ruiz-Pérez, 2011). For the scope of this thesis, the MEA 

classification of ES is adopted. The Millennium Ecosystem Assessment report (MEA, 2005) 

classifies ES into four broad categories: (1) provisioning services – biotic resources derived 

from ecosystems that can be removed such as food and timber; (2) regulatory services – 

services that help to sustain an environment suitable for human life such as water purification 

and flood regulation; (3) cultural services – these are mostly human-centred and refer to 

ecosystem components that are sources of inspiration for art, culture and spirituality; (4) 

supporting services – these are services that support the other three categories but are not a 

direct service to people for example nutrient cycling and soil formation.  

Given the debate regarding the definition of ES some authors have suggested narrower 

definitions of ES. For example, Boyd and Banzhaf, (2007) define ES as the final components 

of nature, directly enjoyed, consumed or used to yield human well-being. The Economics of 

Ecosystems and Biodiversity (TEEB) report defined ES as the direct and indirect contributions 

of ecosystems to human wellbeing (TEEB, 2010). Haines-Young and Potschin, (2012), in their 
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Common International Classification of Ecosystem Services (CICES) report added to TEEB’s 

definition that ES arise from the interaction of biotic and abiotic processes. The varying 

definitions of ES indicate that a universally acceptable definition of ES is highly unlikely as 

definitions largely depend on the reason and view-point of the assessment. Costanza et al., 

(2008) argue that a universal definition will be elusive but definitions can be fine-tuned 

according to the research context. The MEA meant to communicate general findings, CICES 

aimed to develop an ecosystem accounting approach and TEEB concentrated on economic 

valuation of ES, hence the variation in the definitions. In this thesis, the definition by TEEB 

which describes ES as outcomes of ecosystems and as contributions to human wellbeing is 

adopted and the ES considered are food provision and water quality protection within an 

agroecosystem context. 

According to Norgaard, (2010), the ES approach has been promoted in sub-Saharan Africa due 

to its claimed merits in developing countries. For example, given the focus of the ES approach 

on the linkages between the economic, ecological and social aspects of ES supply, the ES 

approach can help in tackling the twin challenges of poverty and environmental degradation. 

Africa currently faces challenges such as high levels of poverty, increasing water scarcity, 

biodiversity loss, ecosystem degradation and low resilience to natural disasters and increased 

vulnerability to climate change (Economic Commission for Africa, 2012). The ES concept is 

proposed as a borderline object for sustainability science facilitating the integration of 

disciplines that have been traditionally separate, for example, ecology and human behaviour 

(Abson et al., 2014). In addition, the ES approach is also seen to be flexible enough to be 

applied in different social-ecological contexts, thereby allowing the production of knowledge 

relevant to local contexts (Opdam, 2009). Importantly, Daw et al., (2016) argue that, because 

the ES approach focuses on the ecological, social and economic aspects of  ES supply, the 

concept can aid in tackling the challenges of poverty and environmental degradation. The ES 

approach is, therefore, ideal for producing policy-making knowledge in countries such as South 

Africa where agriculture forms a significant and important part of the economy.  

In South Africa, the initial studies exploring the concept of ES took place in 2005 (van 

Jaarsveld et al., 2010), the same year the MEA 2005 report was published. Since then several 

ES studies have been conducted in South Africa. The majority of these studies have mainly 

focused on biodiversity conservation (e.g. Cumming and Maciejewski, 2017; Egoh et al., 

2011). Studies have also focused on mapping ES using a variety of methods including 
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Geographical Information Systems (Anderson et al., 2017; Turpie et al., 2017) or focused on 

economic valuation of ecosystems, mostly at the national scale (Davenport et al., 2012; 

Mudavanhu et al., 2017) or local knowledge regarding ES ( Shackleton and Shackleton, 2018). 

With regard to ES research, Mthembu et al., (2019) provided a review of the advantages of 

intercropping in agricultural systems to increase small-scale farmers’ food security in the Kwa-

Zulu Natal area. However, the study by Mthembu et al., (2019) only provided a qualitative 

review of how intercropping can improve multiple ecosystem services supply. Of note, 

however, is the Working for Water Programme, which begun in 1995 and has grown to be one 

of the biggest conservation programmes in South Africa (Turpie et al., 2008), focusing on 

biodiversity conservation through the clearing of invasive alien species. While ES research in 

South Africa has grown since 1995, few studies have focused on farmers agricultural land 

management with regard to multiple ES supply and farmers’ motivation for adopting specific 

agricultural management practices in light of current and potential future climate realities.  

2.2.2 Sustainable intensification and the concept of ecosystem services 

Studies examining the relationship between SI for increased food security, particularly crop 

production and ES, remains weakly developed (Fish et al., 2014). However, of note is the study 

by Bommarco et al., (2013) who argue for an approach to the SI of agriculture based on the 

notion of ecological intensification (EI). Ecological intensification describes the processes by 

which service-providing organisms are utilised in agricultural systems to increase yield levels 

while decreasing negative environmental impacts (Cassman, 1999; Doré et al., 2011). The 

essence of the argument by  Bommarco et al., (2013) is that ES are the features of agricultural 

systems that need to be conserved if increases in food production are to be balanced with 

environmental stability. However, it is important to note that for SI to work, it will require 

managing the entire food production system in a sustainable manner and not just crop 

production. 

Swinton et al., (2007) explain that agriculture both provides and receives ES that go beyond 

the provision of food. Food provision is therefore not against the environment but rather one 

of a range of intertwining services provided by the environment, which supports and enhances 

life. While farmers may value food provisioning services above other ES (Smith and Sullivan, 

2014), the provision of food is underpinned by the delivery of other ES  (Fish et al., 2014). For 

example, invertebrate pollination, nutrient cycling, soil fertility, water provision are all ES that 

contribute to food provision either directly or indirectly (Swinton et al., 2007; Zhang et al., 
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2007). The challenge of SI, therefore, is about ensuring that ES generated from agricultural 

landscapes can sustain the requirements for food production, while at the same time 

maintaining and sustaining the integrity of the environment. This study contributes to research 

that attempts to understand what motivates farmers decision-making concerning agricultural 

land management strategies and how these management strategies can be improved to increase 

crop yields while minimising environmental pollution.  

2.2.3 A Framework for studying ecosystem services 

A framework provides structure to the research and enables better comparison and validation 

of model outcomes (Bockstaller and Girardin, 2003). The current debate in ES research is 

around how ES actually flow and the questions whether all ES can be characterised in a similar 

way and how to differentiate between actual and potential service delivery (Spangenberg et al., 

2014; Villamagna et al., 2013). In response to the question of how ES flow, Potschin and 

Haines-Young, (2011) developed the  ES ‘cascade-model’ to explain the flow of ES from the 

ecological base to society. Nassl and Löffler, (2015) argue that the ES cascade model has 

proved to be a useful idea to define the basic elements of ES supply. The cascade model 

represents ES as part of a production chain that links the biophysical components of an 

ecosystem to socio-economic and cultural gains in human well-being (Nassl and Löffler, 2015). 

In the cascade model, the service is placed between the ecosystem and human well-being, 

implying that no service is provided without ecosystems and no service is used without humans 

(Potschin and Haines-Young, 2011; Spangenberg et al., 2014).  

Despite the cascade model proving to be useful, it has been criticised for neglecting societal 

influence by under-representing societal feedback mechanisms and the influence of land use 

and agricultural land management on ES (Spangenberg et al., 2014; van Oudenhoven et al., 

2012). Consequently, several researchers such as  Spangenberg et al., (2014) and Bastian et al., 

(2012) have further modified the ES cascade model. Of note, has been the addition of a ‘value’ 

step to distinguish between ecosystem properties and ecosystem functions and the 

incorporation of feedback loops such as the influence of society on ES supply to the original 

unidirectional flow of ES. Spangenberg et al., (2014) argue that the cascade model can be 

greatly improved by acknowledging human involvement within each cascade step. Agricultural 

management plays a key role in the delivery of ES and the use of the ES concept may help gain 

useful insights into what motivates farmers to adopt certain agricultural land management 

strategies and how sustainable agricultural land management strategies that are likely to be 
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adopted by farmers can be developed. In this study, the cascade model was modified to show 

how farmers’ management practices influence the provision of agroecosystem services and 

how the values they assign to different agroecosystems may influence the way farmers manage 

agroecosystems. Figure 2.1 shows the adapted cascade model used in this study. The double 

arrows show two-way interactions while the curved arrows show the stepwise flow of ES. 

Along with monetary values, people can express the importance they attach to benefits using 

moral, aesthetic or spiritual criteria. And it is in relation to these values that people and societies 

choose to take steps to adjust or manage the pressures on ecosystems and ultimately the benefits 

they deliver to society. In the model, this feedback is what is shown by the arrow running from 

the benefits and values box back to the left-hand side of the cascade model.  

In this study, the ES idea was used as a way of studying the biophysical and social aspects of 

agroecosystems. The cascade model is used as a tool for representing important elements in the 

crop production system linking ecosystems and people, two important factors critical to 

sustainable intensification and the supply of ES. This study applied a biophysical crop model 

(EPIC) in combination with a survey of farmers to gain useful insights into the links between 

farmers’ motivations for agricultural land management strategies and how these agricultural 

land management strategies can be improved in a way that minimises negative environmental 

impacts and contribute to sustainable food production systems. In the adapted model, the focus 

of this study is indicated by the shaded bold arrow.
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Figure 2.1. Adapted cascade model showing the links and feedback loops between farmers’ values and knowledge, agricultural land 

management practices and ES supply based on Potschin and Haines-Young, (2011) and de Groot et al., (2010). The shaded arrow 

indicates the focus of this thesis. 
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2.2.4 Trade-offs and synergies between ecosystem services 

In a human-managed ecosystem such as agriculture where multiple ES can be produced, the 

decision on which agroecosystem services to maximise can affect other agroecosystems 

directly or indirectly. For example, a decision on changing from agricultural land to a 

commercial forest plantation may not only affect provisioning services from crop production 

to carbon sequestration but may also affect other sectors (water sector) and people (downstream 

farmers). In the context of this study, a trade-off may occur when a farmer decides to increase 

fertiliser application to increase crop production. A trade-off is when an increase in one 

objective or variable leads to a decrease in another (Stevenson and Lindberg, 2010). While the 

farmer’s decision to increase fertiliser application can bring about an increase in crop yield, the 

increase in N application can be accompanied by an increase in the potential amount of N 

fertiliser lost through leaching and runoff if the fertiliser application if not properly managed. 

A key outcome of this study is to demonstrate how trade-offs and synergies work and explore 

ways to minimise decisions and agricultural land management practices that enhance trade-

offs, while currently promoting decisions and agricultural land management strategies that 

enhance synergies. The use of modelling tools through an ES approach that advocates for 

managing agroecosystems for multiple agroecosystem services supply can be useful in 

identifying optimal agricultural land management strategies that reduce trade-offs between 

agroecosystem services supply.   

Apart from trade-offs, synergies between agroecosystem services can occur. Synergy is when 

an increase in the provision of one ecosystem service has a positive effect on the provision of 

other ES and in this case, it is a win-win scenario  (Jax et al., 2013; Raudsepp-Hearne et al., 

2010). For example, studies have suggested the possibility of a synergistic relationship between 

timber production and recreation i.e. in some cases people prefer managed forests compared to 

unmanaged forests (e.g. Gundersen and Frivold, 2008; Ribe, 1989). Other studies have also 

suggested insignificant trade-offs between biodiversity conservation in landscapes and the 

provision of other non-market ES such as clean air (Hooper et al., 2005). An examination of 

yields from agricultural systems globally suggests that on average, agricultural systems that 

conserve multiple ES through practices like crop diversification and conservation tillage 

perform just as much as intensive high input systems (Badgley et al., 2007), suggesting that it 

may be possible to maintain other agroecosystem services while enhancing food provision. To 
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this end,  Baulcombe et al., (2009) suggest that achieving SI  will depend on the management 

of multiple ecosystem processes rather than the use of high inputs. 

To minimise unintended agricultural land management consequences, farmers and land 

managers need to have a complete understanding of the benefits and losses arising from their 

decisions concerning natural resources and consequently the delivery of ES. It is also equally 

important to take into account the biophysical and social implications of agricultural land 

management strategies as trade-offs affect different ES and different groups of beneficiaries 

with different interests and objectives (Howe et al., 2014). For example, converting agricultural 

land to commercial forest land may affect not only water quality but also related sectors such 

as agriculture and downstream water users.  

While information from the different academic disciplines can be used to provide information 

on trade-offs resulting from alternative agricultural land management strategies, studies by 

(Martín-López et al., 2014) show that different trade-offs are revealed depending on the 

research domain they are addressed by. This has implications for policy as a particular approach 

may favour the enhancement of one ecosystem service but may have unintended consequences 

on other ES. An interdisciplinary approach may help avoid such challenges and properly 

inform decision making. Several studies have advocated for methods that combine knowledge 

from different research disciplines in order to properly inform decision making in agricultural 

systems (de Groot et al., 2010; Hooper et al., 2005; MEA, 2005). This thesis combines 

knowledge from the social sciences (survey) and from the agricultural sciences (crop 

modelling) to gain insights into possible trade-offs between alternative agricultural land 

management strategies. 

Climate change will also add to the complexity of decision making at the farm level. Due to 

the often delayed feedback loops and abrupt changes associated with climate change and 

agricultural systems, it is difficult to ascertain whether current management strategies will be 

effective under future climates and whether trade-offs between agroecosystem services will be 

lessened or magnified in the future (Eitzinger et al., 2018). This uncertainty renders changes in 

the climate system difficult to predict and makes the decision-making process for both farmers 

and policy-makers a difficult task. Using a modelling approach such as the one adopted in this 

study can help understand what agroecosystem services trade-offs may be magnified or 

diminished under future climate scenarios and therefore help develop BMPs that will minimise 

such trade-offs and promote synergies. 
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2.3 Agricultural production in a changing environment 

Climate change is projected to have significant impacts on global crop production and water 

availability (Godfray et al., 2010). Increased atmospheric carbon dioxide, changing rainfall 

patterns, increased crop damage due to pests and disease and extreme weather events under 

future climate conditions are likely to affect ES such as water availability that are key to crop 

production, increasing the complexity of implications of ES trade-off and synergies (IPCC, 

2014). The climate projections by the IPCC indicate that crop production will be negatively 

affected in semi-arid countries such as South Africa (IPCC, 2014). 

In South Africa, climate change is expected to negatively impact future agricultural production 

through shifts in precipitation pattern, duration and frequencies, changes in temperature and 

the increasing frequencies of extreme events such as droughts (Calzadilla et al., 2014; Zwane 

and Montmasson-Clair, 2016). Many regions in South Africa are already facing challenges 

such as increasing water scarcity, environmental degradation and frequent droughts – all of 

which have significant impacts on food production. In 2015 the lowest annual rainfall since 

1904 triggered a drought that reduced the national maize harvest by 14% relative to the 2011-

2015 average, and by an extra 25% in 2016, an increasing loss of 35% in two years (Devereux 

and Waidler, 2017). This occasion highlighted the fact that South Africa’s future capability to 

meet food requirements through agricultural production may well be undermined by climate 

change unless innovative mechanisms are deployed both at the farm and policy levels.  

Climate change will add to the complexity of making agricultural land management decisions 

as it is not clear which trade-offs or synergies will be enhanced due to the uncertainty associated 

with projected climate change impacts. Improved agricultural land management that uses an 

ES approach can act as a mitigation strategy to counteract the negative impacts of climate 

change on ES supply. The Intergovernmental Panel on Climate Change, IPCC, (2014) 

estimates that adopting agricultural management practices such as improved irrigation and 

fertiliser management could improve crop yields under future climate conditions by 15-18% of 

the current yield levels compared to a business as usual scenario. However, adoption of 

agricultural land management will largely depend on farmers’ decision-making processes and 

their perceptions of climate change. Therefore, understanding farmers perceptions of climate 

change is a key precondition to developing adaptation strategies likely to be adopted by farmers 

as farmers’ perceptions of climate change can ultimately influence their adoption of climate 

change adaptation strategies. Walthall et al., (2013) point out that since agricultural systems 
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are human-dominated, the vulnerability of agriculture to climate change depends not only on 

the biophysical effects of climate change but also on the responses taken by humans to lessen 

those negative effects.  

To maintain agricultural productivity in the face of climate change, South African farmers, 

especially cereal farmers producing major staple crops such as maize and wheat, need to 

respond with effective adaptation strategies. At the farmer level, which is the main focus of 

this thesis, potential production adaptations include modifying agricultural inputs such as 

fertiliser, crop rotations and harvesting methods, reducing or eliminating tillage, utilizing 

drought-tolerant, corn hybrids, as well as diversifying into different types of crops expected to 

be more resilient to new weather patterns (Walthall et al., 2013). However, in order to develop 

agricultural land management and climate adaptation strategies that are effective currently and, 

in the future, it is important to have an understanding of the possible effects of  alternative 

agricultural land management strategies as well as the effects of future climate scenarios on 

agricultural systems. 

2.4 Strategies to increase crop yields as an agroecosystem provisioning service 

Studies such as those by  Folberth, (2013),  van der Velde et al., (2014) and  Pastori et al.,( 

2017)  in sub-Saharan Africa indicate that increases in crop yields can be achieved in four 

major ways: (a) expanding irrigated areas, (b) improved nutrient and water management, (c) 

genetics and breeding of improved cultivars and (d) improved pest and disease control. In this 

thesis, the focus is on improved nutrient and water management as this is what is commonly 

practiced in the Eastern Cape of South Africa. Further, data on the other three strategies are 

sparse for the Eastern Cape. 

In South Africa, the expansion of land under irrigation will be difficult due to limited  land 

suitable for crop production. Already, less than 14% of South Africa's land is suitable for 

dryland agriculture with only about 3% regarded as high potential arable land (Collett, 2013; 

Simpson et al., 2019). Further, the limited amount of land available and other competing land 

uses such as bioenergy production and biodiversity conservation will make the expansion of 

irrigated agriculture in South Africa difficult. Improved agricultural land management 

strategies, coupled with increased resource-use efficiency and an improved farmers’ 

agricultural knowledge base, will be required to produce more crops with the same area of 

available land. Crop yields can  be improved by developing drought tolerant, disease tolerant 
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and high yielding crop cultivars through traditional breeding and genetic engineering (Datta, 

2013; Gill et al., 2014; Passioura, 2006). However, improved crop cultivars will only produce 

to their maximum yields under good environmental conditions such as the right amount of 

nutrients and water, conditions that are scarcely found naturally in agricultural fields in South 

Africa.  

Further, controversy regarding the possible harmful effects of genetically modified crops 

restricts their widespread adoption. Apart from genetic engineering and use of improved crops,  

agricultural Best Management Practices (BMPs) such as irrigation management and crop 

nutrient management have the potential to significantly improve crop yields  (Ali and Talukder, 

2008; Passioura, 2006). Use of BMPs can also improve the water quality of surrounding water 

bodies by reducing nutrient leaching and run-off from farmlands  (van Gaelen, 2016). 

Several studies have demonstrated the usefulness of various management practices to improve 

crop yields and water quality. Wang and Xing (2016), who analysed the effects of irrigation 

and fertilization on tomato fruit yield and quality, concluded that irrigation and nutrient 

management was a significant factor in increasing crop yield. Similarly, efficient pesticide use 

shows great potential as a study by Oerke, (2006) found that global crop losses due to pests can 

vary between 50% and 80% if no pest control is applied. The management of water, nutrients 

and pesticides are the three major factors affecting crop growth and productivity. Conversely, 

excess nutrients and pesticides applications can negatively affect environmental quality. The 

use of improved irrigation and nutrient management strategies in the Eastern Cape have the 

potential to improve crop production in the Eastern Cape while minimising environmental 

water pollution. 

2.4.1 Agricultural best management practices 

Irrigation and crop nutrient BMPs can be described as a variety of agricultural practices that 

are meant to reduce nutrient leaching and runoff from farms while maintaining or increasing 

agricultural productivity. Sharpley et al., (2006) define agricultural (BMPs) as the water and 

soil conservation practices including social and cultural actions, which have been recognised 

as effective and practical ways to conserve water and soil on the farm. Best Management 

Practices can include maintaining riparian buffers between a farmer’s field and a nearby 

stream. Structural BMPs such as grassed waterways and wetlands are strategies used on the 

farm site to reduce pollutants using processes of filtration and infiltration (Liu et al., 2019). 
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Non-structural BMPs such as nutrient management strategies are used to improve crop yields 

while reducing pollutants at the source. 

Although BMPs have been developed for agriculture, most of them are voluntary and farmer 

adoption remains low (Gillespie et al., 2007; Liu et al., 2013; Paudel et al., 2008). Non-adoption 

of BMPs, especially those developed by the government, often reflects practical concerns by 

farmers such as lack of compatibility of the proposed strategies with existing farm management 

practices, as well as contextual mismatches (Page and Bellotti, 2015; Yapa and Mayfield, 

1978). Martinho (2019) argues that to promote, implement and encourage the adoption of 

BMPs, it is fundamental to involve stakeholders, particularly farmers. Martinho (2019) further 

stresses that without farmers involvement, there is the risk of low adoption by farmers, 

indicating that, understanding the factors that influence farmers’ adoption of BMPs is 

fundamental to developing effective BMPs that are likely to be adopted by farmers (Liu et al., 

2018). 

Even though BMPs often include irrigation and crop nutrient management approaches, it is 

critical to select the appropriate management approach for an area (Getahun and Keefer, 2016; 

Sharpley et al., 2006). Evaluating the effectiveness of a specific BMPs such as fertilisation by 

field trials or by collecting monitoring data is both expensive, time-consuming and labour 

intensive (Özcan et al., 2017). In this thesis, nutrient and irrigation management, as well as 

adaptation strategies to climate change, were considered and modelled as part of a suite of 

BMPs at the farm scale.  

2.5 Tools to develop and evaluate agricultural management practices 

2.5.1 Field experiments 

Field experiments present a way of evaluating the efficiency of crop management practices. 

The efficiency of agricultural land management strategies is usually evaluated by carrying out 

research on representative plots with experimental designs that involve replication and 

randomisation (Mason et al., 2017). Results from the field experiment analysis can be used to 

determine yields and impacts on environmental quality, including water resources resulting 

from a particular management strategy. Field experiments have the advantage that they can be 

implemented on many field sites with better representations of soil and climate variability. The 

disadvantages, however, are that field-based evaluations of agricultural land management 

strategies are often expensive and time-consuming. Also, field experiments are limited in terms 
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of predicting the long-term effects of agricultural land management strategies under different 

climate conditions (Dechmi and Skhiri, 2013; Wu et al., 2015). As a result, the transferability 

of results from field experiments in space and time is limited. To overcome these limitations 

in the use of field experiments, crop simulation models are useful tools to complement field 

experiments in the development and evaluation of agricultural BMPs 

2.5.2 Simulation models 

Increasingly, computer simulation models are being used as a complementary approach to field 

experiments that can be used to simulate the effects of different agricultural land management 

practices on agricultural productivity and the environment. Simulation models have the 

advantage that they can be used to test alternative agricultural land management strategies at a 

lower cost and less time than field experiments. In addition, simulation models can be used to 

investigate the effects of climate change on agriculture (Challinor et al., 2009) under various 

climate change scenarios.  

Physically-based models such as the Environmental Policy Integrated Climate (EPIC) model 

(Williams et al., 1989) describe the interactions between water, carbon and nitrogen cycles, 

vegetation growth and management practices. As a result, models such as EPIC constitute good 

tools for exploring the effects of farm management practices on crop yields as well as 

environmental qualities in relation to current and predicted future climate conditions  (Ferrant, 

2014).  Physically-based models describe the system based on well-known physical principles 

and laws. As a result, physically-based models can be used to study various system inputs, 

transformation, and outputs. While other models in South Africa exist such as the Agricultural 

Catchments Research Unit (ACRU) model (Schulze and Arnold, 1984) and the Soil Water 

Balance (SWB) model  (Annandale et al., 2005), they have been developed from hydrological 

models and lack a robust crop growth and fertiliser management component compared to EPIC 

(Williams et al., 1984).  

Care must be taken, however, when using physically-based models. As physically-based 

models are only an approximation of real-world phenomena, several uncertainties are 

associated with the use of physically-based models. Model uncertainty can arise from 

inaccurate input data (e.g. soil and weather data) or model structure uncertainty (Fengmei et 

al., 2011). Uncertainty can be reduced, for example, by using the right model for the scale it 

was meant for and avoiding the use of inaccurate data for model calibration and validation 
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(Mulla et al., 2006). Different models inherently have their own weaknesses and strengths and 

it is important to select the model that is appropriate for the context and study objective. 

In this study, the biophysical crop model Environmental Policy Integrated Climate Policy 

(EPIC) model (Williams et al., 1989) is used to simulate the effects of irrigation management,  

N fertiliser management and climate change on maize yield in the Eastern Cape. The model 

simulates approximately eighty crops with one crop growth model using unique parameter 

values for each crop. It contains a variety of crop management options including fertilization, 

irrigation and pesticide fate. EPIC operates on a daily time step and can be used for long term 

assessments spanning hundreds of years (Balkovič et al., 2014). It has been used for crop 

production studies (Folberth et al., 2013; van der Velde et al., 2014) and water resource studies 

(Forster et al., 2000; Intarapapong et al., 2002; King and Balogh, 2009). Studies in Africa have 

also found the model to be effective in simulating crop growth and crop management scenarios 

under resource-limited conditions (van der Velde et al., 2014; Worou et al., 2015). 

Additionally, soil nitrogen and phosphorus biogeochemistry models are incorporated into the 

EPIC model (Xu et al., 2014). The model is therefore well suited for simulating nutrient and 

irrigation management practices in agricultural systems.  

Crop simulation models such as the EPIC model have several parameters and a significant 

problem arises in obtaining parameter values. For crop model results to be used with confidence 

it is therefore important to calibrate and validate the models in the area of interest. Calibration 

and validation are also critical to improve the accuracy of predictions in climate change studies 

(Jagtap and Jones, 2002). However, a major constraint to calibration and validation of crop 

simulation models is that the amount of experimental data for calibration is in general, limited 

because experimentation on crop systems is lengthy and is costly in terms of labour, time and 

equipment (Wallach, 2006). Klein, (2013) further explains that another important aspect is that 

the greater the number of parameters, the greater the risk of reproducing observations without 

a correct representation of the processes involved. Therefore, the number of parameters that 

have to be calibrated needs to be reduced in order to prevent computational problems 

(Confalonieri et al., 2016; Tremblay and Wallach, 2004; Wallach, 2011).   

A significant challenge, therefore, in modelling agroecosystem services is to develop 

approaches that are complex enough to accurately represent the system, but simple enough to 

be understood and parameterised with limited data (Tallis and Polasky, 2009). While 

biophysical models are able to use secondary data obtained from various sources making them 
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applicable when primary data are limited (Petz, 2014), a significant criticism of biophysical 

models has been their inadequate representation of the social aspects of ecosystems. For 

example, many crop models are unable to account for the influence of farmers’ socio-economic 

constraints such as access to markets and credit lines on farmers management decisions 

(Webber et al., 2014). Combining a modelling framework with survey data or interviews can 

triangulate result and increase confidence if the findings support each other or add knowledge 

that broadens the understanding of potential adaptation or management strategies (Nuijten, 

2011). 

 Thomas et al., (2011) argue that with regards to simulating management options, looking at 

farmers current management and adaptation practices should inform modellers. Combining the 

predictive poor of models with farmers’ knowledge or perception can give rise to potential 

synergies (Webber et al., 2014). For example, qualitative outputs from crop models can 

triangulate qualitative information gathered from farmers. Studies by (Howden et al., 2007)  

emphasised the need for crop modelling studies to capture the reality in which management 

decisions are made and be linked to action research with farmers on the ground. Few studies in 

South Africa have combined the use of surveys and crop modelling to develop agricultural land 

management and adaptation strategies based on farmers’ motivations for management practices 

and perceptions of climate change. Therefore, this study will use a biophysical model, EPIC, 

together with a social survey to investigate ways to optimise agricultural land management 

practices that promote SI, enhance the delivery of agroecosystem services while ensuring the 

protection of environmental integrity and evaluate the possible impacts of climate change on 

maize production in the Eastern Cape.  

2.6 Tools for predicting climate change 

To predict future climate conditions, General Circulation Models (GCMs) have been developed 

to project future climates based on greenhouse gas emissions and complex earth-atmosphere 

interactions (Mqadi, 2005). However, GCMs typically run at 250 km2 resolutions, designed to 

simulate climate variables such as temperature and rainfall at the global or continental scale. 

The coarse resolution severely limits the application of GCMs to support decision making at 

the local scale (Mason 2011, Ramirez 2012). An increasingly popular approach is downscaling 

GCM climate data to finer resolutions typically 50 km2 to produce downscaled climate data 

that are more representative of local-scale conditions  
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Downscaling is often reported as a method of making crop climate model outputs more relevant 

to farmers  (Challinor et al., 2018). Methods such as dynamic downscaling and statistical 

downscaling have been developed for downscaling climate data, with each method having 

particular advantages and disadvantages (Wilby and Wigley, 1997). The majority of these 

methods involve using statistical methods or principles of physics to generate small scale data 

sets (Tadross et al., 2005; Ziervogel et al., 2014). While downscaling is often combined with 

bias correction whereby the output of climate models is corrected towards observations, it is 

impossible to eliminate all bias associated with downscaling. Downscaling techniques thus 

potentially add uncertainty to climate modelling.  

Climate change impact studies in South Africa have grown over the last decades as 

technological advances in computer modelling have progressed. Modelling studies in 

agriculture have looked at the impact of climate change on different crops in South Africa. 

These included studies by Oosthuizen et al., (2016) assessing the impacts of climate change on 

several crops in different farming regions in South Africa while Haverkort et al., (2013) 

conducted a study on the effects of climate change on crop yield and land and water use 

efficiencies. Both studies used crop simulation models. Also, Walker and Schulze, (2006), 

focused on assessing sustainable maize production under different management and climate 

scenarios KwaZulu-Natal, South Africa. The study by Walker and Schulze, (2006), did not 

consider farmers motivations for using certain agricultural land management practices or 

perceptions of climate change, both factors which affect farmers adoption of BMPs for present 

and future climate scenarios. Therefore, this study will focus on farmers’ motivations for 

agricultural land management strategies and perceptions of climate change. The study will 

combine a survey of farmers and crop modelling to integrate the knowledge from farmers and 

scientists to develop new insights into how sustainable intensification can be achieved in the 

Eastern Cape for current and future climate scenarios. 

Although the EPIC model was developed by the US Department of Agriculture for use in the 

United States, the model has been successfully applied in the study of erosion, water pollution, 

and crop growth and production globally. However, it is yet to be introduced for field-scale 

studies in South Africa. The wide use of the EPIC model globally makes it an ideal model for 

comparison with locally developed models such as the ACRU model. Model inter-comparison 

is important to compare model performance against other models and reduce uncertainties 

associated with  model structure (Bao et al., 2016). EPIC is able to simulate the growth of many 
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crops with the same data file (Adejuwon, 2004). This represents an advantage over other crop 

models in simulating the productivity of crop farming systems in the Eastern Cape in which 

multi- and intercropping systems rather than mono-cropping are dominant. Hence, the same 

run of the model could result in outputs including yields of both the main crop and cover crops. 

EPIC also provides for analysing trade-offs between plant growth and environmental impacts. 

For example, EPIC can be used to approximate the extent to which N fertiliser can be leached 

into nearby rivers and stream networks. This is of growing concern in the Eastern Cape as N 

meant for crops is lost to the environment with harmful negative environmental effects. Further, 

EPIC can analyse options of sustainable agriculture including soil irrigation water 

management, crop nutrient management and climate change impacts. The application of the 

EPIC model in the Eastern Cape can, therefore, help in informing policymakers and local 

government on the potential of agricultural systems in the Eastern Cape to contribute to 

meeting climate and food security targets in both the Eastern Cape and in South Africa.  

2.7 Synthesis  

Sustainable intensification has received a growing popularity as a framework to address the 

challenge of meeting the food demands of a growing population. While the origins of the 

concept go as far back as 20 years, presently the term is a contested one, with controversies 

coming primarily from the use of the term by different actors with different interests, values 

and scope of issues that it can address in the food system.  Most discussions on sustainable 

intensification have focused on the technical aspects of sustainable intensification while 

neglecting the social and political considerations which are important because the 

implementation of the sustainable intensification concepts needs to be determined in different 

contexts with local stakeholders rather than external agents.  

Food security does not only include crop production but encompasses the whole farm 

production system including aspects such as livestock production and access to markets. An 

integrated approach which takes into account the social-ecological and economic aspects of 

food production is required. Sustainable intensification is a useful guiding principle for 

addressing crop production in the total food production system. Successful actions in managing 

agroecosystem services supply in agriculture will depend on strong supporting policies and 

effective BMPs together with developing knowledge and capacity in farming communities to 

evaluate potential benefits.  
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While agroecosystems provide a variety of services essential to human wellbeing, maximising 

crop provisioning services can result in trade-offs with other agroecosystem services that 

support crop production. An ecosystem services approach to agricultural land management can 

reduce these trade-offs to produce win-win outcomes. The use of agricultural BMPs in 

agricultural land management is key to achieving SI and reducing the negative environmental 

impacts of agriculture. The challenge to produce more food while minimising negative 

environmental impacts will be magnified in the face of climate change. However, the use of 

technologies such as computer models can help find agricultural land management strategies 

that increase yields while minimising environmental pollution both for present and future 

climate scenarios.  

In addition to the use of computer models, finding the most sustainable agricultural land 

management strategies will require a better understanding of the factors influencing farmers’ 

decisions and the whole range of challenges farmers might be facing in farming. Further, 

contextualization and increased stakeholder involvement during model development and 

discussion of results are also required to make modelling results relevant and practical to end-

users such as farmers.  

The maintenance of ES, the long-term productivity and stability of agroecosystems requires a 

paradigm shift in agriculture that moves away from managing agroecosystems for single ES 

(food) to managing agroecosystems for multiple ES through more efficient use of soil, water 

and abiotic resources on farmlands. Coupled with an ES approach, the concept of SI can be 

used to help shift food production systems from managing farmlands for single ES (food 

provision) to multiple ES.  

Increasing crop production in a sustainable manner at the farm level will require optimising 

irrigation efficiency and nutrient management for each individual farmer or field. Increasing 

future crop yields and minimising the impacts on water resources will take place in a rapidly 

changing world where the population is growing, agricultural land is scarce and society has to 

deal with the burden of water pollution from agricultural runoff. From an agricultural 

standpoint, sustainable intensification based on an ES approach can provide a way of thinking 

through the requirements for increasing food production while minimising environmental 

degradation  (O’Higgins and Al-Kalbani, 2015).
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Chapter 3: Exploring Farmers’ Management 

Practices and Values of Ecosystem 

Services in an Agroecosystem Context – A 

Case Study from the Eastern Cape, South 

Africa 

Section 3.1 provides a concise introduction to the chapter, while section 3.2 gives a brief 

summary of the key definitions, assumptions and the conceptual framework used in the chapter. 

Section 3.3 outlines the selection of farmers for the survey and the survey method; section 3.4 

discusses how the data was analysed; section 3.5 discusses the results of the survey. Section 

3.6 is a discussion of the results and finally, section 3.7 gives the conclusion highlighting the 

key findings from the study and their implications.   

 

The following paper has been published as part of this chapter: 

Choruma, D.J and Odume, O.N (2019) Exploring Farmers’ Management Practices and Values 

of Ecosystem Services in an Agroecosystem Context – A Case Study from the Eastern Cape, 

South Africa, Sustainability, 11, 6567, doi:10.3390/su11236567.  
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3.1 Introduction 

Agroecosystems provide a variety of benefits to humans, such as food, fibre, timber, and 

recreation. These benefits, whether direct or indirect, are defined as ES and contribute 

significantly to the wellbeing of human societies (TEEB, 2010). In agroecosystems, the supply 

of ES depends not only on the biophysical processes that regulate ecosystem function (e.g., 

climate, soil) but also on the way humans manage the ecosystem and related decision-making 

processes. In addition, challenges including climate change, increasing resource needs from a 

growing population have a significant effect on the ability of agroecosystems to continue 

generating ES. For example, based on projections from the Food and Agriculture Organisation 

(FAO), food production is expected to double by 2050 to meet the needs of an estimated world 

population of 9 billion (FAO, 2017). However, achieving this increase in food production while 

simultaneously maintaining the integrity of the environment within an agroecosystem presents 

a significant challenge, particularly in areas where land and water resources are already limited. 

Historically, the food needs of society have been met through agricultural expansion and the 

intensive use of inputs, such as chemical fertilisers and pesticides, to boost crop production. 

However, competing land uses such as the expansion of urban areas now makes it difficult for 

agriculture to expand into new areas and the expected food demand will have to be met through 

increased agricultural productivity (Lipper et al., 2014). The overuse of agricultural inputs, 

such as chemical fertilisers and irrigation water, has had negative impacts on the environment 

often causing problems such as eutrophication of water bodies and salinisation of soils, 

respectively. In addition, climate change threatens the sustainability of agricultural systems 

through changes in factors influencing crop production such as temperature and precipitation. 

To increase food security, farmers are increasingly expected to increase agricultural 

productivity while minimising land degradation through improved farm management and, at 

the same time, manage the risks associated with climate change and extreme weather through 

tools such as agricultural insurance (Fusco et al., 2018; Porrini et al., 2019). 

To help achieve sustainable intensification (SI) in agricultural systems, the use of agricultural 

‘best management practices’ (BMPs) has gained interest in agricultural research (Kroll and 

Oakland, 2019; Mulla et al., 2006). Best Management Practices (defined earlier in Chapter 2, 

Section 2.5.1) such as integrated irrigation and fertiliser management, can minimise the 
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negative impacts of agriculture on the environment while maintaining agricultural productivity. 

This is in contrast to extractive agricultural intensification practices such as over-application 

of chemical fertilisers that can lead to environmental problems such as eutrophication and 

significantly undermine sustainable intensification efforts (Zhang et al., 2007). In practice, 

BMPs are therefore meant to enhance the provision of multiple agroecosystem services while 

maintaining the integrity of the environment. Hence, the use of BMPs is central to the principle 

of sustainable intensification (Haas et al., 2017) and crucial to guiding agroecosystems 

management towards the goal of SI. 

While BMPs are meant to enhance the supply of multiple agroecosystem services, the final 

decision to adopt BMPs rests with the farmer. Although BMPs have been developed for 

agriculture, farmer adoption of BMPs remains low (Paudel et al., 2008; Shen et al., 2013). This 

low adoption of BMPs often reflects practical concerns by farmers such as lack of compatibility 

of proposed management strategies with prevailing contexts – whether biophysical, financial 

and otherwise (Page and Bellotti, 2015). This study suggests that a better understanding of the 

reasons behind farmers' management practices and the values they assign to ES is needed to 

develop effective BMPs that contribute towards the realisation of SI goals.  

At the farm scale, farmers remain the key decision-makers in agricultural land management 

and therefore, play an essential role in sustainable agricultural intensification (Mehdi et al., 

2018; Purushothaman et al., 2013). Complementary approaches, such as climate-smart  

agriculture (Jagustovic et al., 2019; Lipper et al., 2014) that have the potential to increase food 

security while minimizing land degradation, all depend on farmers taking a central and active 

role in agricultural land management. Several studies have shown that farmers’ decisions are 

complicated, driven by personal factors (e.g., farming traditions) as well as external factors 

(e.g., markets) (Enström and Eriksson, 2018; Karali et al., 2011).  Vanclay (2004) further adds 

that, while farmers are influenced by the resources they possess to manage their lands (e.g. 

machinery), they are also motivated by the social and traditional farming practices of the 

farming community. In such cases, trade-offs often exist between the agroecosystem services 

that are biophysically necessary to maintain crop production and those valued by farmers in a 

particular socio-cultural and farming context (Eide et al., 2014; Ribaudo et al., 2010). 

As already argued in Chapter 2, the existence of trade-offs suggests an important link between 

valued and desired agroecosystem services and the way farmers manage their farms. For 
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example, farmers assigning a higher value to food provisioning services over other ES may 

implement measures that enhance food provisioning (e.g., high fertiliser use), whereas farmers 

valuing cultural services, may adopt measures that favour cultural services outputs (e.g., 

biodiversity conservation). The values farmers assign to different agroecosystem services have 

important implications for SI as failure to take into account farmers’ values of different 

agroecosystem services may result in mismatches between agricultural land management 

policies and farmers’ practices at the farm scale. In turn, the mismatch between policy and 

practice may lead to further agroecosystem degradation and low adoption of BMPs that may 

impede the realisation of SI.   

In South Africa, current challenges such as declining crop yields due to low soil fertility and 

agricultural water pollution indicate that there is still an incomplete understanding of how 

management practices affect agroecosystem services at the farm scale. However, studies 

exploring the links between farmers’ values of ES and their local land management practices 

are scarce. The few studies on conventional farmers have focused mainly on enhancing crop 

varieties (Dlamini, 2014; Oosthuizen, 2005), improving irrigation and on-farm water use 

efficiency (Njoko and Mudhara, 2017; Singels et al., 2010) or determining crop fertiliser 

requirements (FAO, 2005; Van Der Laan et al., 2012). However, if the goal of SI is to be 

realised, it is critical to explore the reasons behind farmers’ agricultural land management 

strategies and whether the values farmers assign to agroecosystem services influence the way 

they manage their farms. Such exploratory studies can contribute new perspectives and insights 

that can inform agricultural land management policies and strategies aimed at optimising 

agricultural production in a sustainable manner. 

Therefore, the objective of this chapter was to explore the motivations for farmers’ agricultural 

land management strategies and the values they assigned to agroecosystem services at the farm 

scale. This Chapter thus fulfils objective 1 of this study: “To explore motivations for farmers’ 

agricultural land management practices and the values assigned to agroecosystem services in 

the Eastern Cape, South Africa”. The results in this chapter can provide useful insights into 

farmers' decision-making and help develop strategies to increase crop production while 

minimising environmental degradation and enhancing the sustainable delivery of multiple 

agroecosystem services at the farm scale.  
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3.2 Key definitions, assumptions, and conceptual framework 

3.2.1 Classification of ecosystem services 

As already described in Chapter 2, various classifications of ES exist.  For this study, the MEA 

classification of ES is adopted. The MEA classifies ES into provisioning, regulatory cultural 

and supporting services. Dietze et al., (2019), explain that in literature, although various 

definitions and classifications of ES exist, the concept of ES is well known by scientists but 

not by practitioners such as farmers. 

3.2.2 Sources of information for farmers 

One way of understanding why farmers adopt certain management practices is to identify 

sources of information farmers use when making farm-related decisions. Several studies have 

shown that farmers rely on a variety of sources of information (Licht and Martin, 2007; 

Radhakrishna et al., 2003) to manage their farms. Such studies investigating farmers’ sources 

of information in the Eastern Cape are few. Knowledge of farmers’ sources of information in 

the Eastern Cape could be helpful in developing alternative agricultural land management 

strategies and policies that promote SI. Several authors have argued that the concept of ES is 

well known to scientists but less known to practitioners such as farmers (Dominati et al., 2010; 

Koschke et al., 2014) while the literature on farmers' sources of information when making 

agricultural land management decisions is limited (Dietze et al., 2019). This study, therefore, 

focuses on farmers' sources of information when making farm management-related decisions. 

3.2.3 Consideration of agricultural land management practices and ecosystem 

services 

Schuler, (2016) explains that provisioning agroecosystem services are viewed as the most 

important ES for farmers as they form the basis of farmers' livelihoods and income sources. 

However, studies show that agroecosystem services are interrelated (Lescourret et al., 2015) 

and maximising the provision of a single ecosystem service may lead to a decline in other ES 

and ultimately the degradation of the agroecosystem as a whole. This study focuses on 

agricultural land management practices related to irrigation and fertiliser as they are directly 

related to increasing crop production through additional inputs of nutrients and water. Inorganic 

fertilisers combined with irrigation can maximise crop yields but, if not well-managed, they 

can have negative impacts on scarce water resources especially water quality (Bennett et al., 

2009). On the other hand, organic fertilisers can increase the carbon content of the soil, improve  
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soil structure thereby promoting the creation and conservation of soil organic matter (Tilman 

et al., 2002). In the Eastern Cape, crop production is mostly affected by soils with declining 

nutrient availability, low rainfall, and frequent droughts (Goldblatt, 2011). To increase soil 

productivity, farmers often use fertilisers combined with irrigation water. 

3.2.4 Ecosystem services flow in agroecosystems 

The cascade model presented in Chapter 2 was modified to include the role of farmers in 

agroecosystems management and agroecosystem services supply. The modification was 

necessary to account for the social dimension of farming processes as numerous authors have 

criticised the cascade model for neglecting social factors in influencing the flow of ES.   

In the adapted framework (Figure 3.1), it is assumed that farmers’ agricultural land 

management decisions are influenced by both the knowledge they have on agricultural land 

management and the values they assign to agroecosystem services and external drivers such as 

climate, government policies and the political context within which such decisions are made. 

Knowledge in the framework refers to farmers’ understanding of how agroecosystems provide 

benefits to society and the effects of their agricultural land management practices on such 

agroecosystem services. Values here refer to the importance farmers assign to different 

agroecosystem services within an agroecosystem context, while external drivers could be 

biophysical, e.g. climate, soils; and socio-economic, e.g. government policies, desired income, 

and profit from farming. There are also feedback loops between biophysical drivers and socio-

economic drivers, for example, prolonged droughts can influence the development of policies 

on water usage which in turn, can significantly affect the way farmers manage their farms. 

Decisions refer to the desired action chosen among alternatives after taking into consideration 

the knowledge and values about agroecosystem services in addition to the influence of external 

drivers (Lamarque et al., 2014). 
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Figure 3.1. Adapted ‘ecosystem services cascade’ showing how farmers’ agricultural land management practices affect the flow of ES.  

The framework shows the links and feedback between farmers’ values and knowledge, management practices, and agroecosystem services. 

Benefits and values from ES can have direct effects (A) and indirect effects (B) on farmers’ decisions. The model is adapted from  Potschin 

and Haines-Young, (2011) and Lamarque et al., (2014). 
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3.3 Materials and methods 

3.3.1  Study area 

The study was carried out in the Cradock town of the Eastern Cape described in Chapter 1, 

section 1.7. Most subsistence farming occurs in rural areas while commercial crop farming is 

mostly concentrated around ‘farming’ towns (towns in which agriculture is the major economic 

activity). The Cradock area has maize, pasture, dairy, and beef producing farmers while nearby 

towns such as Somerset produce beetroot, carrots, and most vegetables (Nelson Mandela Bay 

Tourism, 2017). In the inland areas of the Karoo, the harsh climate limits agriculture to 

livestock farming. The increased use of fertiliser and irrigation water in the area to maintain 

agricultural productivity has led to a general deterioration of environmental water quality in 

commercial farming areas (Goldblatt, 2011).  

3.3.2 Farmers selection 

The study targeted farmers in the major farming towns in the Eastern Cape (Cradock, Somerset 

East, Middleburg, Golden Valley, and Adelaide). The targeted farmers were either the farm 

owners or farm managers who managed the farm on behalf of the farm owner. The towns were 

selected due to their close proximity to the Great Fish River where water from the river is used 

to irrigate farmlands. Crops are irrigated with water transferred from the river to farms through 

a series of canals and pipes (The Water Wheel, 2004).   

Purposive sampling (Gakuubi and Wanzala, 2012; O’Keeffe et al., 2015; Shortall et al., 2017) 

was used in this study to select farmers that used inputs such as fertilisers and irrigation water 

regularly. Although random sampling procedures are considered more rigorous and accurate 

than non-probabilistic sampling methods, there may be instances where it is not feasible or 

practical to apply a random sampling method (Khapayi and Celliers, 2016). At the time of 

carrying out this research, there were, and still are, ongoing political debates in South Africa 

on issues of land reform and land redistribution. As a result, many farmers that were contacted 

were not willing to participate in a study involving giving out information concerning details 

of their farm enterprises. 

To overcome this challenge, farmers’ organisations in the Eastern Cape (Agri Eastern Cape, 

Great Fish River Water Users Association and Eastern Cape Farmers Group) were approached 

to identify farmers that would be willing to participate in the study. Ten farmers were initially 

identified and then contacted via email and also asked to identify other farmers that would be 
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willing to participate in the survey. Through this snowballing sampling process (Babbie and 

Mouton, 2001), an additional 21 farmers were identified. An online version of the survey 

questionnaire was developed and the link attached to a request letter, which was shared via 

email with the identified farmers. Additionally, the survey link was shared on the online social 

networking platform of the Eastern Cape Farmers Group, after approval from the farmers’ 

platform administrators, inviting farmers to complete the survey following (Page and Bellotti, 

2015). This was done to accommodate farmers who were not identified beforehand but would 

be agreeable to participating in the survey. This meant that farmers also had the option to self-

select and participate in the study. 

The survey was conducted from January to April 2019. A period of two months after April was 

given to allow feedback from online/e-mail participants. During this two-month period, regular 

follow-ups were carried out to encourage participation. According to Babbie and Mouton 

(2001), the longer a respondent delays replying, the less likely he or she will be to do so. 

Therefore, at the end of the two-month period, it was assumed that no more responses would 

be received. The study was conducted in accordance with the Declaration of Helsinki, and the 

questionnaire and research design approved by the Rhodes University Research Ethics 

Committee (Ethics approval no. SCI2018/007). 

3.3.3 Questionnaire development and survey 

The survey questionnaire, adapted from Mack et al., (2017) and Smith and Sullivan, (2014) 

(see questionnaire in Appendix A), consisted of both open and closed-ended questions to elicit 

responses that could be analysed qualitatively and quantitatively. For closed-ended questions, 

respondents were allowed to add to the existing categories (Babbie, 2013; De Vaus, 2013). The 

questions were formulated and presented in sections according to the following aspects: (1) 

agricultural management practices; (2) the values assigned to different agroecosystem services 

by farmers; and (3) demographic information. For the sections on ES and payments for 

ecosystem services (PES), a brief description and explanation of the terms were given at the 

beginning of the section (see questionnaire in Appendix A). At the end of the questionnaire, 

participants were given the room to express any comments they had regarding agricultural land 

management practices and agroecosystem services. 

For quality assurance, the questionnaire was pre-tested in focus groups with postgraduate 

students at Rhodes University, who had a background in agriculture and survey research 

methods. Only students who had gone for internships for more than a year in farms in the 
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Eastern Cape were chosen for the test group. These students were deemed knowledgeable about 

the type of farming practices in the Eastern Cape. Feedback from the group was incorporated 

to improve unclear and misleading/confusing wording.  

3.4 Data analysis 

3.4.1 Thematic analysis 

Open-ended questions such as reasons for the type of fertilisers and irrigation methods were 

analysed using thematic analysis. The questions were developed with the intention of getting 

insights into why farmers used particular management practices and the values they assigned 

to ES. Thematic analysis is a technique for classifying recurrent and emerging themes (Ritchie 

and Lewis, 2003) and establishing a framework for presenting the meaning of collected data. 

The method is flexible and can be modified according to the needs of the study. The method 

can also be used for both explorative and deductive studies. Thematic analysis was chosen 

because the method can be used to produce an insightful analysis that answers the research 

question based on the data collected from key informants, in this case, farmers. 

The data were compiled in Microsoft Excel 2016 and each question and response coded, 

grouped, and ranked. The thematic analysis method used in this study was based on a 6-step 

framework developed by Braun and Clarke, (2006). The six steps were as follows; Step 1 

involved becoming familiar with the data by reading and re-reading the transcripts and writing 

down ideas and early impressions from the data. Step 2 involved generating initial codes 

relevant to the research objectives. Codes could also be modified during the coding process. In 

this study, open coding was used, meaning that there were no pre-set codes but codes were 

developed during the coding process. New codes were created while some codes were also 

modified. Step 3 involved searching for themes and combining codes into prospective or 

potential themes and collecting all data relevant to each prospective theme. Step 4 comprised  

of reviewing codes, modifying and developing codes from the preliminary themes generated 

in Step 2. All data relevant to each theme was gathered. Step 4 also included checking whether 

the themes made sense with respect to the research context and if the data supported the themes. 

Step 5 involved defining themes by generating names of the themes and clear definitions. The 

final step, Step 6, involved producing the report for analysis. 
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3.5 Results 

3.5.1 Profile of farmers 

A total of 48 farmers participated in the study and completed the questionnaire, the number 

having been limited by project resources and a low willingness to participate in the survey by 

commercial farmers. From the 31 farmers identified through the snowballing process, 14 

farmers filled out and returned the questionnaire through email representing a 45% response 

rate. For the online questionnaire, 34 complete responses were returned.  

The basic characteristics of farmers who participated in the survey are summarised in Table 

3.1. The average farming experience was 12 years and the average age of respondents was 46 

years. Of the 48 farmers who participated, 56% had a university degree, 40% had completed a 

diploma or technical vocation training and 4% had a high school education only. The farmed 

area managed ranged between 2 hectares to 2000 hectares with an average of 246 hectares per 

farm. Most farms greater than 300 hectares were skewed towards beef and  dairy cattle 

production. The majority of farmers were mixed farmers (70%) having both crops and livestock 

whilst 24% were ‘crops only’ farmers and 6% ‘livestock only’ farmers. There were 75% of 

farmers who engaged in cereal farming, mostly wheat, and maize, 31% who grew legumes on 

their land and 23% who engaged in fruit and citrus farming.  

Table 3.1: Demographic information of farmers showing the age, gender, education, and 

type of farming (n = 48) 

Summary of farmers’ demographic information Total (n = 48) 

Mean age (years)  46 

Gender (%) 
Male 

Female 

70 

30 

Education (%) 

University degree 
Diploma and Technical college 
High school and lower 

56 
40 
4 

Crop type (%) 

Cereals 

Fruits and citrus 
Vegetables 

Legumes 

75 

23 
58 

31 

Livestock (%) 

Beef cattle 
Dairy cattle 

Poultry 
Sheep and goats 

38 
17 

52 
54 
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Farm size (%) 

Small < 5 hectares 
Medium 5–100 hectares                  
Large > 100 hectares 

25 
52 
23 

Farm type (%) 

Crop only 
Livestock only 
Mixed 

24 
6 
70 

 

3.5.2 Sources of information when making farm management decisions  

The survey results show that the majority of farmers consulted other farmers when making 

farm decisions. Other noteworthy sources of information were the Internet, Farmer 

Organisations and Agricultural magazines. The least cited source of information was books 

(2%). Figure 3.2 shows a summary of the sources of information farmers used when making 

farm decisions. 

 

Figure 3.2. Sources of information used by farmers when making farm management-related 

decisions. Farmers had multiple sources of information hence percentages do not add up to 

100. 
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3.5.3 Irrigation and fertiliser management practices 

 Irrigation Management 

A total of 83% of farmers irrigated their land with the rest relying on rainfall. Irrigation 

scheduling was primarily determined by farmer experience (58%) and plant appearance or need 

(47%) (Table 3.2). Regarding irrigation methods, farmers applied irrigation via overheard 

sprinklers (58%), drip (33%), or surface irrigation (20%). Thematic analysis identified four 

main themes farmers cited as reasons for their choice of irrigation method, which included 

available irrigation equipment, water-saving, saving money, and crop type (Table 2). For 

example, one of the farmers responded: 

“I use Sprinklers for better germination on direct-seeded crops, drip to avoid disease on some 

crops.”  

Another farmer indicated that: 

“Cannot afford drip system.” 

Table 3.2. Survey of irrigation scheduling and reasons for the use of particular irrigation 

methods by farmers (n = 40). Respondents were asked open-ended questions about how 

they scheduled irrigation and the motivations for the adoption of specific irrigation 

methods. 

How do you schedule irrigation? (n = 40)  Respondents (%)1 

Experience 58 

Plant need 47 

Set schedule 10 

Sensors 2 

Reasons for type of irrigation method used (n = 40) Respondents (%)1 

Crop type 43 

Saves money 30 

Saves water 23 

Available irrigation equipment 20 

Environmental considerations 10 

1 Farmers could choose more than one option; hence percentages do not add up to 100. 

With regard to income and irrigation type, farms with higher income mainly used sprinkler 

irrigation systems (Figure 3.3). there were more farms with smaller incomes using drip 
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irrigation compared to farms with higher income. The highest number of farmers using surface 

irrigation was recorded in the category in which farm income was less than 50,000 Rands per 

annum. 

 

Figure 3.3. Type of irrigation used by farmers in the different income groups. 

Fertiliser Management 
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Only one farmer cited that they used aerial spraying. Fertiliser application timing was based 
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The most recurrent themes cited for the type of fertiliser used were crop yield or crop quality 
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“Organic fertiliser is good for the environment, but I don’t get it in sufficient amounts so I also 

use chemical fertilisers which I can readily buy.” 

The ease with which inorganic fertiliser can be applied featured as a recurring theme as echoed 

by one of the respondents: 

“Inorganic fertilisers are easy to apply and increase yields.” 

Table 3.3. Survey of fertiliser management strategies given to farmers (n = 47). 

Respondents were asked open-ended questions on how they scheduled fertiliser 

application timing and the reasons they practised particular methods of fertiliser 

application.  

How do you schedule fertiliser application timing? (n = 47) 
Respondents 

(%)1 

Experience 70 

Plant appearance need 60 

Soil testing  45 

Supplier recommendations 38 

Consultant/extension 21 

Other farmers 6 

Reasons for type of fertiliser used (n = 47) 
Respondents 

(%)1 

Crop yield/crop quality 53 

Cost/cheap/save money 47 

Environmental considerations 23 

Soil test recommendations 2 

1 Farmers could choose more than one option; hence percentages do not add up to 100. 

3.5.4 Ecosystem services 

Knowledge of agroecosystem services 

After a brief explanation of the concept of ES, farmers were asked if they had ever come across 

the term ES before the present study. A total of 77% of farmers indicated that they had never 

heard of the term, while only 23% reported they had heard the term. Farmers were then asked 

to indicate how frequently they thought croplands provided eleven selected agroecosystem 

services or benefits to society. The selected agroecosystem services included provisioning, 

regulatory, supporting, and cultural services (Table 3.4). The provision of food was ranked 
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highest as the benefit that croplands always provided followed by ‘farmlands are pleasing to 

look at’ i.e. aesthetic. Provision of fuel was cited as the least frequent agroecosystem service 

farmlands provided. 

Table 3.4. Farmers’ responses to the question, how frequently do you think farmlands 

provide the following agroecosystem services to society? 

 
Number of farmers (%) 

Ecosystem service 
Always 

provided 

Sometimes 

provided 

Never 

provided 

Provide food 75 25 0 

Farmlands are 

pleasing to look at 
65 23 13 

Provide medicine 60 15 25 

Provide clean air 48 46 6 

Provide recreation 44 56 0 

Reduce soil erosion 25 58 17 

Maintain species 
diversity 

17 58 25 

Provide fuel 13 69 19 

Regulate local 
climate 

10 73 17 

Provide fresh water 8 60 31 

Reduce flooding 8 73 19 

 

Values of agroecosystem services from agriculture  

Farmers were asked to rank how valuable to them the benefits croplands provided were. Table 

3.5 shows the results of how farmers ranked agroecosystem services according to the perceived 

value they derived from the agroecosystem services. Food provisioning was valued higher than 

all the other agroecosystem services followed by the provision of clean air. The provision of 

fuel was cited as the least valuable agroecosystem service coming from agroecosystems. 
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Table 3.5. Values assigned to different agroecosystem services by farmers. 

 
Number of farmers (%) 

Ecosystem service 
Very 

valuable 

Moderately 

valuable 

Not 

valuable 

Provide food 88 10 2 

Provide clean air 83 17 0 

Reduce soil 
erosion 

67 31 2 

Provide fresh water 58 35 6 

Are pleasing to 

look at 
54 42 4 

Reduce flooding 54 38 8 

Maintain species 
diversity 

50 31 19 

Provide recreation 42 29 29 

Regulate local 
climate 

42 48 10 

Provide medicine 38 42 4 

Provide fuel 21 48 31 

 

Payments for ecosystem services 

Eighty-six percent (86%) of the farmers specified that they would be prepared to participate in 

a conservation program that offered payments for improving agroecosystem services on their 

farmlands, whilst 4% said that they would not be willing to participate and 10% were not sure 

if they would be willing to participate in a PES scheme at the time of the survey. Concerning 

who should be responsible for maintaining agroecosystem services from farmlands, 50% of the 

farmers indicated that society should be responsible, while 50% thought it was the 

responsibility of farmers.  

3.6 Discussion 

3.6.1  Farmers’ management practices 

An examination of the study participants showed that they were mostly crop farmers, livestock 

farmers, and mixed farmers, which was judged to be representative of the range of farmers in 

Cradock and the surrounding towns. (Jordaan, (2017), personal communication). A spatial 
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analysis of the responses revealed representation of the main farming towns around Cradock, 

including the town of Cradock. The Eastern Cape, and in particular the Cradock, area has been 

predominantly a livestock producing region due to its semi-arid climate. These conditions are 

generally not ideal for cereal production compared to the warmer and traditional cereal 

producing areas such as Kwa-Zulu Natal (ARC, 2017). However, the production of cereals 

such as maize has gained interest in recent years due to government efforts to increase grain 

production in the Eastern Cape (Nelson Mandela Bay Tourism, 2017). This explains why there 

are more farmers engaged in both livestock and crop farming compared to single enterprises. 

Concerning fertiliser management, farmers mainly considered fertilisers that enhanced crop 

appearance or crop quality or led to increased yields when choosing fertilisers. The most 

common reason for using organic fertilisers on vegetables was to improve the quality of 

vegetables while inorganic fertilisers were preferred for cereals to ensure maximum grain yield. 

Studies have shown that consumers have a higher preference for organically produced 

vegetables as consumers perceive them to be healthier than conventionally produced vegetables 

(Peck et al., 2006; Rembialkowska, 2000; Vukasovič, 2016). This may explain why farmers 

used organic fertilisers for vegetables, to improve the quality of vegetables, and inorganic 

fertiliser for cereals, where quality may be less important compared to yield.  

Studies have also shown that the long-term application of chemical fertilisers can lead to soil 

acidification, nutrient imbalances and groundwater pollution through leaching (Lin et al., 

2019)while the long-term additions of organic manure can have beneficial effects on grain 

yield, soil quality and the environment (Liu et al., 2010) To promote sustainable agricultural 

practices, farmers in the region may need more education on how ES are interlinked and how 

maximizing the provision of one ecosystem service may, in the long run, lead to a general 

decline of all ES from a given parcel of land. However, since farmers consider profits, farmers 

may need incentives for them to seriously consider the environmental implications of fertiliser 

choices and not focus only on economic goals. 

The broadcast method was a common fertiliser application method as it provides an easy and 

convenient way of applying solid fertilisers such as nitrogen compounds and manure. However, 

in a study by Khan et al., (2007), comparing fertiliser application methods, the broadcast 

method was found to be less efficient than other methods such as ring application and 

fertigation, with fertiliser being easily washed away as leachate or lost in runoff. The use of 
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this method indicates that farmers are losing part of their fertilisers through this application 

method and this affects crop yields and farmers’ income, undermining SI. 

While inorganic fertilisers provide a quick source of nutrients for the crop, organic fertilisers 

work over a longer time period, releasing nutrients when the soil is warm and moist, which 

tends to correspond with the plants’ times of greatest need for nutrients. Organic fertilisers are 

less prone to leaching compared to inorganic fertilisers and continue to improve the soil 

structure and texture through the addition of organic matter long after the plants have taken the 

nutrients they need. So, while inorganic fertiliser is cheaper in the short term, it adds less to the 

soil in the long term.  

Several studies have shown that while organic farming systems are more environmentally 

sustainable, they produce lower yields compared to conventional systems (Cavigelli et al., 

2009; Seufert et al., 2012). This difference in yield between conventional and organic systems 

may discourage farmers who are ‘maximum yield-oriented’ from converting to organic farming 

systems. A review by (Fess and Benedito, 2018), comparing organic farming systems versus 

conventional farming systems concluded that, despite the lower yields in organic systems, the 

environmental benefits including microbial diversity, soil building, carbon sequestration and 

reduced leaching could far outweigh the yield benefits from conventional systems. In the long 

term, the adoption of organic management practices may enhance the farming system 

sustainability and minimise water pollution in the region due to the limited use of chemical 

fertilisers and reduced reliance on production methods that are energy-intensive highly 

influences the sustainability of organic-based farming systems. In South Africa, changing 

customer preferences towards more healthy foods and increased environmental awareness has 

led to an increase in the demand for products produced using sustainable production methods 

However barriers to the development of organic farming systems such as high certification fees 

and a lack of an active organic farming policy and legislation still exist in South Africa.   

With regard to irrigation management, the most cited method of irrigation, overhead sprinklers, 

has been shown to be less efficient compared to drip irrigation when it concerns water-saving 

(Albaji et al., 2010; Rodrigues et al., 2013). Given that South Africa is a water-stressed country 

and agriculture already accounts for approximately 70% of water withdrawals in South Africa, 

it is important to prioritise water saving in the agriculture sector. While drip irrigation might 

be the logical choice because of its higher efficiency in saving water, farmers’ responses 

showed that besides water-saving, the choice of irrigation method was also dependent on what 
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irrigation equipment was available to the farmer, the cost of maintaining the irrigation system 

and what irrigation system the farmer could afford. This calls for the development of innovative 

and local strategies in the agricultural sector to save water that consider farmers’ socio-

economic status and knowledge on irrigation management. For example, the efficiency of 

surface irrigation systems can be improved by levelling fields and collecting and re-using 

runoff. Demonstrating this information to farmers through farmer field schools might be useful 

to farmers who cannot afford the most efficient irrigation system and encourage them to 

manage their existing irrigation systems more efficiently. 

Although the irrigation and fertiliser methods being used by farmers in this study vary in their 

efficiency of use, none of the fertiliser and irrigation application and scheduling methods are 

100% efficient and all result in fertiliser and water loss from the growing area. Results of the 

present study also indicate that most farmers manage fertiliser and irrigation separately using 

methods such as experience and plant observation, which may not be entirely accurate in 

determining crop irrigation and fertiliser scheduling. However, fertiliser and irrigation 

management closely interact in determining crop yields (Mack et al., 2017). Farmers must 

manage both inputs carefully to achieve high yields and make a profit on their investments 

while reducing the impact of water and nutrients use on ecosystems and ES. Using the 

appropriate amounts of fertiliser and water at the right time is key to improving yields and 

minimizing negative environmental impacts. However, the results of this study show that 

farmers may not be practising this balanced application of fertiliser and water due to financial 

capacity, logistic constraints or lack of appropriate knowledge simultaneously managing 

irrigation water and fertiliser.  

In this study, farmers mentioned experience as an important knowledge source for scheduling 

irrigation and fertiliser management practices. A literature review by Ritter et al., (2017), came 

to the conclusion that farmers often used knowledge from their farming experience more than 

knowledge from education. The review went further to suggest that this experience included 

information learned from exchanges and discussions between farmers themselves. This is also 

in agreement with the results of this study as the major source of information for farmers was 

from other farmers. Events such as farmer field school or farm tours organised by Farmers’ 

Organisations or government agencies such as the Eastern Cape Rural Development could 

provide a platform for researchers and government officials to introduce and discuss the 

concepts of sustainable intensification and ES with farmers. These discussions could help fill 
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the gap between scientific information and farming practices by bringing together theory and 

practice in a practical and all-inclusive manner for all stakeholders. Ground-level support from 

extension officers and dialogue between farmers and scientists are conducive for the 

implementation of effective and sustainable fertiliser and irrigation management practices. 

With regard to sources of information, results show that most farmers obtain their information 

for making farm-related decisions from other farmers. The results of other studies with farmers 

have shown that the majority of farmers also get their information when making farming 

decisions from other farmers (Khapayi and Celliers, 2016; Marra et al., 2012). The Internet and 

Farmer’s Organisations were also important sources of information in this study. Research 

shows that internet use in South Africa is on the rise, especially through mobile phones, with 

more people being able to access a variety of information on their mobile smartphones 

(Salahuddin and Gow, 2016). Studies by Lu and Chang, (2016) and Phillips et al., (2018), have 

demonstrated that farmers are increasingly using social media platforms including Facebook 

for knowledge exchange to support on-farm decisions. This is in agreement with the results of 

this study in which the majority of farmers indicated the use of the internet as a source of 

information for making decisions. This suggests that potential for engaging farmers in policy 

and agricultural land management discussions may entail outreach through internet platforms 

such as online farmer groups and electronic agricultural magazines or through Farmers’ 

Organisations which have online platforms as these sources seem to be popular with farmers. 

Interestingly, government extension accounted for less than half of the farmers as a source of 

information. Several studies in South Africa have highlighted challenges currently being faced 

by government extension services such as lack of skilled manpower and financial support in 

extension and conservation (Davis and Terblanché, 2016; Khapayi and Celliers, 2016). Studies 

by Mnkeni et al., (2010), at the Zanyokwe and Tugela Irrigation Schemes in the Eastern Cape, 

highlighted that extension officers lacked basic technical skills in crop husbandry and irrigation 

management and could not fully support farmers. There is, therefore, an opportunity for the 

government to work with farmers to increase awareness of the ES concept. Efforts to work 

with farmers and invest more resources in building capacity of extension services should be 

prioritised so that government extension specialists are able to fully support farmers in 

developing and adopting strategies that improve crop yields while protecting the environment 

at the same time. 
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3.6.2 The concept of ecosystem services in practice 

Researchers and policymakers are increasingly using the ES concept to deal with natural 

resources management. However, this does not seem to be the case at the farming community 

level. In this study, 77% of farmers were not familiar with the term ES. This is in agreement 

with studies by Bernués et al., (2016) in which more than 70% of the survey respondents were 

not familiar with the term. Although farmers were not familiar with the term ES, the results of 

this study show that farmers were knowledgeable about ES without calling them ES. By 

ranking (always, sometimes, or never) the selected ES that agriculture provided, farmers 

demonstrated knowledge and understanding of what ES were, even if they did not specifically 

use the term ES. This is similar to studies by Lamarque et al., (2014) and Koschke et al., (2014), 

in which farmers were knowledgeable about ES without calling them ES. In a similar study, 

Smith and Sullivan, (2014), highlighted that poor familiarity with the term ES is a reflection of 

different exposure levels towards the concept of ES with a low awareness at the farming 

community level, while there is a high level of awareness at the research level. For management 

purpose, the result suggests the relevance of bridge the research-practice interface, as academic 

concepts such as ES may only be taken up in practice if practitioners are deeply involved in 

their formulation and evolution.  

3.6.3 Consideration of ES in agricultural farming practices 

Food provisioning was considered as the most important ES for farmers because it is the source 

of livelihoods and income for farmers. This is supported by studies by Logsdon et al., (2015), 

who found that farmers placed a higher value on the provision of food compared to other ES 

such as climate regulation. This shows that farmers typically manage agricultural lands for food 

provision and economic reasons and not necessarily for the provision of other ES. While this 

may be obvious, farmers may not be aware that ES are interlinked with other ES such as 

pollination supporting crop production. Crop production, therefore, relies on the maintenance 

of other agroecosystem services. An approach in which farms are managed for optimising a 

single agroecosystem service reflects a poor understanding of the interlinkages between 

different ES, and may also accelerate environmental degradation and hence the ecological base 

supporting the continued supply of the valued and desired ES.  For example, climate regulation 

was not highly valued compared to provision of food. However, climate regulation and 

agricultural production are highly interlinked (Dietze et al., 2019) with the majority of 

greenhouse gas emissions coming from agricultural land uses such as deforestation and the 
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application of chemical fertilisers and manure on farmlands (FA0, 2016). Farmers, therefore, 

need information and a greater understanding of the different types of ES and how they are 

related to farming. One way of increasing farmers’ knowledge of ES would be through the use 

of funding or regulatory instruments that enhance the provision of ES related information to 

farmers.  

From an SI and ES point of view, farmers are critical stakeholders responsible for 

agroecosystems management and ES supply. While farmers may manage agroecosystems for 

the sole purpose of food provision, food provision is just one of a variety of interconnected ES 

supplied by agroecosystems. Swinton et al., (2007) explain that agriculture supplies and 

receives ES that range well beyond the provision of food. Previous research has demonstrated 

that when farmlands are managed for maximum food production, other ES may decline and 

ultimately lead to a decline in overall agricultural productivity (Pilgrim et al., 2010), 

highlighting an urgent need to adopt an ES approach to managing agroecosystems. Such an 

approach would ideally involve managing farmlands for the concurrent delivery of multiple 

agroecosystem services.  

3.6.4 Research findings in relation to policy and practice implications  

In this study, the majority of farmers indicated a willingness to participate in conservation 

programs that would offer payments to improve ES management. The implication for 

sustainable intensification and land management policy development is that farmers may 

require ongoing financial payments ‘on behalf of society’ to manage ecosystems in a more 

sustainable way for present and future generations. Other studies such as those by Hanslip et 

al., (2008) and Xiong and Kong, (2017) have demonstrated that farmers are generally willing 

to receive payments to manage agroecosystems more efficiently. Payments for ES (PES), while 

beyond the scope of this study, have been the focus of several studies (Bryan and Crossman, 

2013; Engel et al., 2008; Prager et al., 2011). 

For example, The Regional Integrated Silvopastoral Ecosystem Management Project in Costa 

Rica, has been assessing the use of PES to encourage the adoption of silvopastoral practices in 

Costa Rica (Pappagallo, 2018). Results show that in the project’s first two years, the area of 

degraded pasture fell by two thirds, while pastures with high tree density increased 

considerably. Also, by 2007 the project appeared to have been successful in persuading farmers 

to increase significantly the use of practices that generate higher levels of ecosystem services. 

The environmental benefits associated with the project included a 71% increase in carbon 
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sequestered, increases in bird and butterfly species and a modest increase in forested area. The 

production of milk increased by 10% and farm income also increased by 115%. (Pappagallo, 

2018) 

Although not a cure-it-all solution to address ecological problems in agriculture, PES can be a 

useful policy tool to enhance agroecosystem services management in agricultural landscapes. 

The results of this study provide further evidence to motivate the implementation of such 

policies in South Africa. Farmers’ willingness to participate in PES programs is an indication 

to policymakers to develop PES programs and incentives for farmers to manage their farmers 

in a more efficient and sustainable manner. However, further studies would be required to 

ascertain whether such PES programmes would be economically feasible and how such PES 

programmes could be structured and managed. The Eastern Cape government should also 

consider the potential use of subsidies and tax instruments as mechanisms to encourage farmers 

to adopt sustainable practices and overcome financial constraints. 

3.7 Conclusion 

Farmers have a variety of reasons (e.g. costs, crop yield) when choosing agricultural land 

management practices and assign different values to different agroecosystem services which in 

turn, influence the way they manage their farms. While farmers can identify the range of ES 

provided by farmlands, most farmers in the Eastern Cape are not familiar with the term ES yet. 

To achieve sustainable management of croplands in South Africa and increase the adoption of 

sustainable agricultural land management practices in by farmers requires: (1) a common 

language between researchers, policymakers and farmers, (2) a knowledge of the factors that 

motivate farmers when choosing farm management strategies, and (3) the values and 

importance farmers assign to different agroecosystem services. The study presents a 

preliminary study that offers insights into some of the important factors related to farmers’ 

decision making and how this affects the provision of agroecosystem services. Future studies 

should investigate the amount or types of PES that would be attractive to farmers as well as 

test farmers’ knowledge on the interrelationships between multiple ES. 
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Chapter 4: Calibration and Validation of the EPIC 

model for Maize Production in the 

Eastern Cape, South Africa 

This Chapter addresses the calibration and validation of the EPIC model before it is applied to 

simulate different irrigation and fertiliser management strategies in Chapter 5 and the effects 

of future climate change in Chapter 6. Section 4.1 gives an introduction to the study. Section 

4.2 describes the materials and methods used in the study including the calibration procedure 

used. Section 4.3 presents the calibration and validation results and section 4.4 is a discussion 

of the results. Finally, section 4.5 provides a conclusion highlighting the implications of the 

results regarding the use of field data for calibration of the EPIC model. 

 

The following paper has been published as part of this chapter: 

Choruma D.J., Balkovic, J., Odume, O.N. (2019) Calibration and Validation of the EPIC model 

for Maize Production in the Eastern Cape, South Africa. Agronomy 9(9), 494; 

doi.org/10.3390/agronomy 909049
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4.1 Introduction 

A key area of interest in agronomic research is to find agricultural land management strategies 

that maximize food production without degrading land and water resources. To develop such 

strategies, field experiments have been used to investigate the impacts of different management 

strategies on crop yields and the environment (Greer and Pittelkow, 2018; Tian et al., 2018; 

Zhou et al., 2019). Field experiments are sources of reliable data for establishing causal 

relationships between agricultural land management practices and real-world observed 

measurements (Durr et al., 2016; Liang et al., 2016). However, field experiments are often 

expensive, time-consuming, and labour-intensive. 

Crop growth simulation models are alternative methods that offer a quicker and less expensive 

way of investigating the effects of agricultural land management practices on crop yields and 

the environment. A modelling approach can provide reasonably reliable results in developing 

agricultural land management strategies, provided the models are calibrated and validated 

using reliable observed field data (Arnold et al., 2012; Zhao et al., 2016). For example, crop 

models have been applied to refine management practices, such as fertiliser application and 

water usage at the farm and plot scales (Khan and Walker, 2015). Further, crop models have 

been used to test the effectiveness of alternative agricultural land management practices under 

varying climate change scenarios. However, to yield meaningful results, it is prudent to 

calibrate crop models in the region of intended use before their application (Folberth et al., 

2012).  

Model calibration is the procedure where model parameters are fine-tuned to increase the 

agreement between model simulations and real-world observations (Xiong et al., 2013). 

Calibration is important to increase model accurateness and decrease model prediction 

uncertainty (Daggupati et al., 2015). Calibration is done by judiciously choosing model 

parameter values, adjusting them within recommended ranges, for example, from literature or 

expert opinions, and comparing the simulated outputs with observed data for a given set of 

conditions (Arnold et al., 2012). A successful calibration would be when the model reproduces 

observed data within a satisfactory degree of accuracy and precision for the intended model 

use  (James and Burges, 1982; Moriasi et al., 2007). Once calibrated and validated, the model 

can be reasonably applied in the area of interest. Calibrated crop growth models can, therefore, 
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be useful tools to complement field experiments and support decision making for sustainable 

agricultural land management. 

The Environmental Policy Integrated Climate (EPIC) model (Williams et al., 1984), originally 

developed in the United States of America (USA), is a process-based, field-scale model with a 

daily time scale. It simulates the chemical processes occurring in the soil–water–plant  

interaction under different agricultural management regimes (Williams et al., 2015). The main 

components of EPIC are weather simulation, crop growth, carbon and nutrient cycling, tillage, 

soil erosion, and hydrology (Balkovič et al., 2013). Globally, the model has been applied to 

study crop yield responses to nutrients and water management (Folberth et al., 2013; Zhang et 

al., 2018), irrigation management and scheduling (Ko et al., 2009; Rinaldi, 2001), soil erosion 

(van Zelm et al., 2018), and climate change impacts on crop yields (Lychuk et al., 2017; Xiong 

et al., 2016). However, the majority of these studies have been conducted at the global and 

regional scales using a Geographic Information Systems (GIS) modified version of the EPIC 

model, Global-EPIC (GEPIC), with few studies conducted in South Africa. 

In Africa, studies using EPIC have mostly been performed in West Africa (Adejuwon, 2004; 

Gaiser et al., 2010; Worou et al., 2012) where soil and weather conditions differ from the semi-

arid conditions in South Africa. Studies that have applied EPIC in South Africa have been at 

the sub-Saharan scale (Folberth et al., 2012; van der Velde et al., 2014) where combined data 

from provincial statistics have been used to calibrate models due to data scarcity issues (Singels 

et al., 2010; Zinyengere et al., 2015). The application of the EPIC model at the regional scale 

in Africa implies that field-scale conditions, such as local heterogeneity in climate, soil, and 

farm management practices, are difficult to incorporate, potentially resulting in high levels of 

uncertainties in model results (Arunrat et al., 2018; Therond et al., 2011). The use of field-scale 

data can greatly increase model accuracy and reduce uncertainty in model predictions, 

particularly if results are to guide local decision-making processes. To date, information on 

field-scale calibration and validation studies using EPIC in South Africa are limited. In South 

Africa, the models that have been applied widely in the field of agricultural management have 

been the Agricultural Catchments Research Unit (ACRU) model (Kollongei and Lorentz, 2015; 

Schulze and Arnold, 1984), Decision Support System for Agrotechnology Transfer (DSSAT) 

(Jones et al., 2003) and the Soil Water Balance (SWB) model (Annandale et al., 2005). 

However, the majority of these models have mostly been hydrological models that have been 

adapted for agricultural water management and lack a robust crop growth and fertiliser 
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management component compared to EPIC, which was specifically developed for agricultural 

management (Williams et al., 1984). Therefore, using limited field data (maize grain yield and 

management practices) from the Cradock Research Farm in the Eastern Cape, this Chapter 

addresses the second objective of this study: “To calibrate and validate the EPIC model for 

maize growth and yield simulation using limited field-scale data under South African 

conditions.” A global EPIC-based modelling framework 

4.2 Materials and methods 

4.2.1 Study Site 

Field studies for calibration of the EPIC model were carried out at the Cradock Research Farm 

in the Eastern Cape, South Africa. The Cradock Research Farm is situated within the Great 

Fish River valley catchment (Figure 4.1), where intensive irrigation and commercial farming 

are practised. Soils and climate within the research farm are representative of the broader 

catchment. The soil is classified as a fine-loamy mollic ustifluvent (Soil Survey Staff, 2014) of 

alluvial origin, characterized by high sand and silt contents of the alluvial and colluvial material 

derived from Beaufort sediments in the Eastern Cape. Table 4.1 shows the general 

characteristics of the soil profile used in the study. Cradock has an average annual rainfall of 

341 mm with most of the rainfall occurring in February and March (late summer). Cradock is 

mostly a farming town, situated along the Great River Fish River where water from the river is 

used for irrigation purposes. 
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Figure 4.1. Map of Africa showing South Africa and the location of the Cradock 

Research Farm within the Great Fish River System. 

 

Table 4.1. Selected soil properties and depths of the soil profile used as input into the 

Environmental Policy Integrated Climate (EPIC) model at Cradock Research Farm. 

 

Soil Parameters 

Soil layer number 

1 2 

Bulk density (g cm–3) 
1.48 1.52 

Clay (%) 
20.4 15.1 

Sand (%) 
52.8 42.5 

Silt (%) 
26.8 42.4 
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pH (water) 
6.5 6.5 

Soil organic carbon (%) 
0.91 0.2 

Cation exchange capacity (cmol (+) kg–1) 
14.3 13.4 

4.2.2 Field experiment 

Field trials on maize were carried out at Cradock Research Farm for the Agricultural Research 

Council (ARC) by the Cradock research manager from 1999 to 2003. The field trials were 

carried out to evaluate the potential yield and cultivar stability of different high-yielding maize 

hybrid cultivars under the semi-arid conditions of the Eastern Cape. Two maize hybrid 

cultivars, CRN 3760 and PHB 30H22, were chosen for the modelling study as they had 

complete records for grain yield and agricultural management for the period 1999 to 2003. The 

maize varieties selected for the modelling study were grown on two independent fields with 

similar soils at the Cradock Research Farm but managed according to the same irrigation and 

fertiliser regime. A randomized block design (RBD) (Clewer and Scarisbrick, 2001), with three 

replications, was used throughout. Plant population was at 50,000 plants per hectare with a row 

spacing of 0.9 m. 

A standard management plan developed by ARC was used to schedule agricultural 

management practices, including irrigation amount and timing, fertiliser amount, and planting 

densities. Irrigation type was flood irrigation with the crop receiving a maximum of 600 mm 

irrigation water per growing season. Nitrogen fertiliser was applied at a rate of 195 kg N ha−1 

season-1. Soil tillage was done using a power plough, and common weed and pest control were 

carried out as needed. Table 4.2 shows the typical irrigation and fertiliser amounts used during 

the trial period. This agricultural management plan was used throughout the trial period from 

1999 to 2003. During the trial period, the same management practices were performed around 

the same time each year with only minor changes according to prevailing local weather 

conditions. 

It should be noted that although agricultural management practices were recorded during the 

trial period, most variables that would be useful in evaluating model performance, such as soil 

organic carbon contents, leaf area index, and nitrogen content in grain, were not recorded 

during the trial period. Only the final grain yield was recorded, and this limited the observed 

data that could be compared with model outputs. 
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Table 4.2. Summary of agricultural land management plan used for both field sites 

during the five years of the trial period. 

 

Date1 Operation Type Amount 

22 October Planting Maize 
50 000 plants 

ha−1 

22 October 
Fertiliser 

application 
Superphosphate 476 kg ha−1 

22 October 
Fertiliser 

application 

Ammonium 

sulfate 
330 kg ha−1 

22 October 
Fertiliser 

application 
Calcium sulfate 120 kg ha−1 

22 October Irrigation Furrow 75 mm 

15 November 
Fertiliser 

application 

Ammonium 

sulfate 
300 kg ha−1 

26 November Irrigation Furrow 75 mm 

10 December 
Fertiliser 

application 

Ammonium 

sulfate 
300 kg ha−1 

17 December Irrigation Furrow 75 mm 

28 December Irrigation Furrow 75 mm 

18 January Irrigation Furrow 75 mm 

8 February Irrigation Furrow 75 mm 

19 February Irrigation Furrow 75 mm 

11 March Irrigation Furrow 75 mm 

5 June Harvesting Manual 

11 tonnes 

hectare−1 

(average) 

1The dates given in the table are not fixed for each year. They indicate the approximate times of year each 

management activity was carried out during the trial period. 
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4.2.3 Model description 

The EPIC model simulates approximately 80 crops with the model using unique parameter 

values for each crop (Williams et al., 2015). In the crop growth routine, crop yield is estimated 

as a function of the potential and water-limited harvest index (HI, WSYF), biomass to energy 

ratio (WA), planting density (PD), photosynthetic active radiation (PAR), and vapor pressure 

deficit (VPD) (Xiong et al., 2016). Potential biomass is adjusted to actual biomass through 

daily stress caused by extreme temperature, water, and nutrient stress or inappropriate aeration. 

Values of context-specific parameters such as potential heat units accumulated by a crop from 

its sowing to maturity (PHU), harvest index (HI) and optimum temperature (OT) need to be 

adjusted according to the region and context in which the model is to be applied. A further 

description of the EPIC model components is given in Appendix B. 

4.2.4 Data sources 

Daily weather data for the Eastern Cape, which included precipitation, maximum and minimum 

temperature, solar radiation, and relative humidity for the years 1980–2010 were obtained from 

the publicly available AgMERRA (Ruane et al., 2015) climate dataset at 0.5 × 0.5 arc-degree 

spatial resolution. Soil data (bulk density, cation exchange capacity, texture, and electrical 

conductivity) were obtained from records of previous soil analyses done at the Cradock 

Research Farm. However, some soil parameters required to set up the EPIC model were 

missing, and these were obtained from the Harmonized World Soil Database (HSWD) 

(FAO/IIASA/ISRIC/ISS-CAS/JRC, 2009). The missing soil parameters in the EPIC soil file 

were then adjusted with values from the HSWD based on expert opinion (Jordaan, 2017). 

Agricultural management data, such as fertiliser application, irrigation amount, and planting 

and harvesting dates during the trial period, were obtained from the Cradock Research Farm 

manager (ARC, 2017). 

Initial PHUs were estimated from long term (1980–2010) daily maximum and minimum 

temperature values and optimal temperature for maize growth using the PHU calculator at 

Purdue University, Indiana, USA. Base (minimum temperature for plant growth) and OT were 

set to 8 °C and 25 °C, respectively, according to values in the ARC Maize production guideline 

(ARC, 2017). The number of days from planting to maturity were obtained from the maize 

hybrid variety producer (Pannar Quality Seeds, 2018). Planting and harvesting dates recorded 

during the trial period were also used as inputs. Together, the long-term maximum and 

minimum temperature data, base and optimum temperature, as well as the number of days from 
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planting to maturity were used to estimate the potential heat units required from planting to 

maturity based on the following heat unit formulas: 

Equation 1 

𝐷𝑎𝑖𝑙𝑦 𝐻𝑒𝑎𝑡 𝑈𝑛𝑖𝑡

=  
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 + 𝑚𝑖𝑛𝑖𝑚𝑢𝑛  𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒

2

− 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 

 

Equation 2 

𝑃𝐻𝑈 = 𝐷𝑎𝑖𝑙𝑦 𝐻𝑒𝑎𝑡 𝑈𝑛𝑖𝑡𝑠 × 𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑑𝑎𝑦𝑠 𝑓𝑟𝑜𝑚 𝑝𝑙𝑎𝑛𝑡𝑖𝑛𝑔 𝑡𝑜 ℎ𝑎𝑟𝑣𝑒𝑠𝑡 

 

Based on this calculation, initial potential heat units were set to 2340 and the duration of the 

growing season set to 180 days.  

Annual grain yield and management practices including tillage, fertilization, sowing, planting, 

irrigation, and harvesting dates were recorded on site. Data for the period 1999–2003 from one 

field site were used to calibrate the model while data from the second field site were used for 

model validation. The agricultural management plan provided by the Cradock Farm manager 

was used as input for fertiliser application timing, irrigation scheduling, and planting and 

harvesting times. Based on the management plan, the corresponding crop operation schedules, 

including tillage, fertiliser application, irrigation timing, planting, and harvesting dates were 

designed in EPIC’s Operations Schedule file for each site. 

4.2.5 Model setup 

The EPIC-IIASA modelling framework (Balkovič et al., 2014) was used in this study. Obtained 

data sets were converted to simulation grids at a resolution of 5 × 5 arc-min. The modelling 

scheme was set up by combining available GIS layers on soil, relief, and weather (Balkovič et 

al., 2013; Xiong et al., 2013). The model was constructed for the whole of the Eastern Cape 

and divided into homogenous response units according to physical properties given by the 

intersection of site properties, such as elevation and soil texture. Subsequently, a zone raster 

was defined, consisting of homogenous simulation units and weather grids upon which the 

model was run (Balkovič et al., 2014). For this study, the simulation grid in which Cradock 
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was located was chosen for model simulations. One soil profile adjusted for soil properties 

experienced in the study area (see Section 2.1) was therefore used to run the simulations in the 

model. The Priestly–Taylor method for potential evapotranspiration (PET) was used in the 

model for estimation of PET. The Priestly–Taylor method was chosen because it gave PET 

values close to previously reported values for PET in the region compared to other methods of 

estimating PET (Schulze and Maharaj, 2007). 

The model was run for 31 years from 1980 to 2010, corresponding to the length of the weather 

records. Simulated crop yields were compared to observed yields from the period 1999 to 2003 

with the initial 19 years serving as a warm-up period for equilibrating soil functions, water 

erosion, as well as soil nutrient depletion. Irrigation and fertiliser application were set to manual 

scheduling and input into the operations schedule file based on dates recorded during the field 

trials (Table 4.2). 

4.2.6 Model calibration and validation 

Parameters identification 

During calibration, few adjustments were made to the default parameters to reflect local crop 

cultivars and site conditions. Earlier studies in semi-arid conditions by Wang et al., (2005), 

Causarano et al., (2010), and   Folberth, (2013) have found simulated crop yields to be sensitive 

to (i) potential heat units (PHU, Equation 2); (ii) planting density (PD), the number of plants 

per unit area; (iii) biomass to energy ratio (WA), defined as the potential growth per unit of 

intercepted photosynthetically active radiation; (iv) harvest index (HI) or ratio of economic 

yield to above-ground biomass; and (v) microbial decay rate. These parameters were selected 

for calibration to adjust simulated yields to correspond to observed yields as closely as possible. 

The choice of parameters to calibrate was based mainly on observed available data and also on 

suggestions from EPIC developers following (Rinaldi et al., 2011). 

Calibration procedure 

Calibration was done according to the steps in Figure 4.2 adapted from (Xiong et al., 2013). 
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Figure 4.2 Steps followed in the calibration process (adapted from Xiong et al., (2013) 

 

Simulation 0: Simulation with default parameters 

The default maize crop parameter dataset (provided with EPIC version 0810) was used as the 

starting basis to establish a modified parameter set for maize yield simulation. The default 

maize parameters were modified using data from the calibration period (1999–2003) and values 

Input data: weather, soil, management (irrigation, fertiliser, planting, harvest) 

Simulation 0: simulation with default parameters 

Simulation 2: calibrate Potential Heat Units 

Simulation 3: calibrate HI 

Simulation 4: calibrate WA 

Simulation 1: parameter adjustment 
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from literature to account for the local context. The modified parameter set was then used to 

run a simulation for the period 1980 to 2010. HI and WA were set to their default values of 0.5 

and 40 kg ha−1 MJ−1 m2, respectively. PHUs were set to 2340 according to calculations using 

the growing season length and the maximum and minimum temperatures. Irrigation and 

fertiliser application were both set to manual and input into the operations schedule file 

according to the management records obtained from the Cradock Station manager. Planting 

and harvesting dates were also taken from management records. Planting density was set to 5 

plants per square meter based on management records. 

Simulation 1: Parameter adjustment 

Model parameters influencing soil organic carbon and crop growth were adjusted based on 

literature, site history (Jordaan, 2017), and expert knowledge (Balkovic, 2018). Interviews with 

Mr. G. Jordaan, the Cradock Farm Manager, were conducted in April 2017. Mr Jordaan 

provided soil and farm management data. Consultations with J. Balkovic, the lead researcher 

using the EPIC model at the International Institute of Applied Systems analysis (IIASA) were 

conducted in June 2017 at IIASA, Austria.  The value that gave the lowest root-mean-square 

error (RMSE, Equation 3) between observed yields and simulated yields was selected as the 

final calibration value. Table 4.3 shows the parameters adjusted and the values before and after 

calibration. The microbial decay rate coefficient Parm (20) was set to 1 after values reported 

in previous EPIC modelling frameworks, such as EPIC-BOKU (Folberth et al., 2016). The 

microbial decay rate coefficient impacts carbon mineralization, which affects crop yield (Wang 

et al., 2005). Century slow humus transformation rate (Parm 47) and exponential coefficient in 

equation expressing tillage effect on residue decay rate (Parm 52) affect carbon dynamics and 

must be estimated to simulate nitrogen supply correctly. The minimum HI under water stress 

(WSFY) was set to 0.01 from 0.4, which gives a stronger weight to water stress in the model's 

calculation of HI (Folberth et al., 2012). 

Table 4.3. Crop and carbon cycle-related parameters, default values, suggested 

parameter ranges, and calibrated values in the EPIC model.
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Parameter Symbol 
Default 

value 
Calibrated 

value 

Suggested 

range 
Source 

Crop parameters 

Potential heat units PHU 2340 2480 1000–2900 
(Williams et al., 

1989) 

Minimum harvest index WSFY 0.40 0.01 0.01–0.40 
(Williams et al., 

2015) 

Harvest index HI 0.5 0.5 0.45–0.60 
(Kiniry et al., 

1995) 

Biomass to energy ratio WA 40 40 30–45 
(Sinclair and 

Muchow, 1999) 

Carbon cycle parameters 

Microbial decay rate coefficient 
Parm 

(20) 
0.1 1.00 0.5–1.5 

(Wang et al., 

2005) 

Slow humus transformation 

rate 
Parm 
(47) 

0.000548 0.00068 
0.00041–
0.00068 

(Causarano et 
al., 2007) 

Tillage effect on Residue decay 

rate 

Parm 

(52) 
5 6.20 5–15 

(Steglich et al., 

2018) 

Exponential coefficient in 

potential water use root growth 

distribution 

Parm 
(54) 

5 2.5 2.5–7.5 
(Williams et al., 

2015) 
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Simulation 2: PHU adjustment 

PHUs were adjusted in steps of 5 to match observed yields as closely as possible. The PHUs 

that gave the lowest RMSE between observed and simulated yields were selected as the final 

calibrated PHU. 

Simulation 3: HI adjustment 

HI has been shown to vary across locations and management practices (Worou et al., 2015). In 

the HI adjustment simulation, HI was adjusted from 0.4 to 0.8 in steps of 0.05 to explore the 

effects of varying HI on crop yields. 

Simulation 4: WA adjustment 

WA is used in the model for converting energy to biomass. Different values of WA were 

changed by steps of 5 to explore the influence of WA on crop growth. WA has been shown to 

significantly affect crop yield and should be one of the last parameters to be adjusted  (Williams 

et al., 2015).  

4.2.7 Statistical analyses 

To evaluate model efficiency in predicting observed yields, the following statistics were 

computed: Root-mean-square error (RMSE), the coefficient of determination (R2), Nash–

Sutcliffe efficiency (NSE) and percent bias (PBIAS) as respectively indicated in the equations 

below. 

. 

Equation 3 

𝑅𝑀𝑆𝐸 = [
1

𝑛
∑(𝑠𝑖 − 𝑜𝑖)

2

𝑛

𝑖=1

]

1
2

 

 

Equation 4 

𝑅2 =
[∑(𝑂𝑖 − 𝑂𝑚𝑒𝑎𝑛 ) (𝑆𝑖 − 𝑆𝑚𝑒𝑎𝑛 )]2

∑(𝑂𝑖 − 𝑂𝑚𝑒𝑎𝑛 )2 ∑(𝑆𝑖 − 𝑆𝑚𝑒𝑎𝑛 )2
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Equation 5 

𝑁𝑆𝐸 = 1 −  
∑ (𝑂𝑖 − 𝑆𝑖)

𝑛
𝑖=1

2

∑ (𝑂𝑖 − 𝑂𝑚𝑒𝑎𝑛)𝑛
𝑖=1

 

Equation 6 

𝑃𝐵𝐼𝐴𝑆 =  
∑ 100(𝑂𝑖 − 𝑆𝑖)

𝑛
𝑖=1

∑ 𝑂𝑖
𝑛
𝑖=1

 

 

Where n is the sample number, Omean and Smean are the observed mean and simulated mean 

values, respectively. Oi and Si are the observed and predicted values of the ith observation (i = 

1 to n), respectively. For RMSE, values closer to zero imply a good fit between observed and 

simulated yields (Bao et al., 2016). A value of zero for RMSE means that the model predicts 

the observations with perfect accuracy. The coefficient of determination, R2, ranges from 0 to 

1, with higher values indicating less error variance (Moriasi et al., 2007). NSE ranges from 

negative infinity to 1. A value of NSE equal to 1 represents a perfect model fit, and negative 

NSE values indicate that the mean observed value is a better predictor than the simulated value 

(Moriasi et al., 2007). PBIAS measures the tendency of simulated data to be larger or smaller 

than the observed data. It has an optimal value of 0, with positive values indicating 

underestimation and negative values indicating overestimation (Gupta et al., 1999). Differences 

in mean values between observed and simulated values were evaluated using the Student’s t-

test in Excel 2016. Model performance was considered satisfactory if R2 ≥ 0.6, PBIAS ≤ 

+/−25% and NSE ≥ 0.4 following (X. Wang et al., 2012). 

4.3 Results 

4.3.1  Model calibration 

Simulation with default parameters 

The simulation with default parameters showed an overall underestimation of observed yields 

with PBIAS = 17.6, r2 = 0.02, RMSE = 3.65 t ha−1, and NSE = −3.3. Simulated yields ranged 

from 7 tonnes per hectare (t ha−1) to 8.3 t ha−1 while observed yields ranged from 9 t ha−1 to 14 

t ha−1. The model underestimated crop yields for all years, as shown in Figure 4.3.  
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Figure 4.3 Simulation with default parameters showing the simulated yields for the 

weather period with observed data. 

 

Parameter adjustment 

Adjusting the parameters Parm 20, Parm 47, Parm 52, Parm 54 and WSFY improved RMSE 

from 3.65 t ha−1 in the default simulation to 1.28 t ha−1. Model efficiency, as expressed by NSE 

improved from negative values to 0.47. Further parameters adjustment did not improve model 

simulations. The calibrated parameter values are summarized in Table 4.3. 

PHU calibration 

The initial PHU calculated from long-term weather records gave a RMSE of 1.86 t ha−1 

between the observed and simulated yields. Increasing PHU value improved model simulations 

with the PHU value of 2480 giving the lowest RMSE value of 1.17 t ha−1. Further adjustments 

of PHU above 2480 did not yield any improvement of RMSE. Following up on the parameter 

adjustment in the previous section, calibrating PHU brought model simulations within the 

criteria set for satisfactory model calibration (R2 > 0.6 and PBIAS < +/−25%) and further 

calibration of the crop parameters HI and WA was not performed. In this calibration simulation 

with PHU = 2480, simulated crop yields ranged from 10 t ha−1 to 12 t ha−1 while observed 

yields ranged from 9 t ha−1 to 14 t ha−1 (Figure 4.4). 
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Figure 4.4. Comparison of observed yields in tonnes per hectare (t ha−1) and simulated 

yields for the period with observed data after initial potential heat units (PHUs) 

calibration of the model. 

Final PHU calibration results showed a coefficient of determination (R2) between simulated 

and observed yields of 0.76 (Figure 4.5). A Nash - Sutcliffe efficiency of 0.56 and a PBIAS = 

0.31% were considered satisfactory and did not require further efforts in calibrating HI and 

WA in the model. RMSE decreased from 3.65 t ha−1 in the default simulation to 1.17 t ha−1 in 

the PHU calibrated simulation (Table 4.4). Model output showed that maize yield was mostly 

constrained by water and N fertiliser stress. There was no stress due Phosphorus (P) indicating 

the crop had adequate P fertiliser. 
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Figure 4.5. Linear regression of simulated crop yields in tonnes per hectare (t ha−1) on 

observed maize yields with the calibrated maize crop file. 

 

Table 4.4. Model evaluation statistics before and after calibration showing Nash–

Sutcliffe efficiency (NSE), root-mean-square error percentage (RMSE), and percent bias 

(PBIAS). 

 

 

Observed 

Mean 

Yield 

(t ha−1) 

Simulated 

Mean 

Yield 

(t ha−1) 

NSE 
RMSE 

(t ha−1) 
PBIAS 

Before 

calibration 
11.26 8.05 -3.34 3.65 28.55 

After 

calibration 
11.26 11.23 0.56 1.17 0.31 
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4.3.2 Model validation 

In the validation site, observed maize yields ranged from 9 t ha−1 to 14 t ha−1 while simulated 

yields ranged from 10 t ha−1 to 12 t ha−1. The model slightly overestimated maize yields for 

three out of the five validation years. The year 2000 had exceptionally high observed yields 

(14.01 t ha−1), which were under-simulated by the model. The year 2003 had low observed 

yields, which were overestimated by the model (Figure 4.6). 

 

Figure 4.6. Comparison of observed yields in tonnes per hectare (t ha−1) and simulated 

yields in the validation simulation with the calibrated model. 

 

The coefficient of determination, R2, between observed and simulated yields was 0.85, as 

shown in Figure 4.7. Model performance was satisfactory with NSE = 0.61, RMSE = 1.06 t 

ha−1, and PBIAS = −1.02. Table 5.5 shows a summary of the model statistics for the validation 

site. A Student’s t-test comparing the observed and simulated mean grain yields showed that 

the observed mean yield was not significantly different from the simulated mean yield (p = 0.9) 

at the 95% significance level. 
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Figure 4.7. Linear regression of simulated crop yields (t ha−1) on observed maize 

yields for the validation period. 

 

Table 4.5. Mean simulated and observed maize grain yield in tonnes per hectare (t ha−1), 

Nash–Sutcliffe Efficiency (NSE) and root-mean-square error (RMSE) and PBIAS for the 

validation simulation. 

 

 

Observed 

Mean 

Yield 

(t ha−1) 

Simulated 

Mean 

Yield  

(t ha−1) 

NSE 
RMSE  

(t ha−1) 
PBIAS 

Validation 11.12 11.23 0.61 1.06 -1.02 

4.4 Discussion 

In this current study, the EPIC crop model was evaluated for its possible use as a decision 

support tool in irrigation and fertiliser management of crops in a semi-arid condition in South 

Africa. The success of crop growth simulation models depends on the real-world accuracy of 
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simulating crop yields and other variables of importance. The calibration results of this study 

displayed a reasonable agreement between observed and simulated crop yields. 

Effective parameter estimation is essential in accurately reproducing field conditions. Wang et 

al., (2005) considered that, although the majority models might be effectively used in many 

environments, uncertainty about many of the parameters persists, and their estimation is 

important in obtaining useful model results. In this study, the simulation with default 

parameters gave a poor agreement between observed and simulated yields, indicating the 

necessity for calibration. However, adjusting parameters related to carbon dynamics using site 

history and expert knowledge greatly improved model simulations, demonstrating the 

importance of calibration with site-specific parameters and giving weight to Niu et al., (2009)  

and Xiong et al., (2013) assertions that detailed data on a local scale can improve the reliability 

and accuracy of model simulations. Model uncertainty can thus be reduced  by using site-

specific data. 

Adjusting PHU improved crop yield simulations to values nearer to observed yields. This 

improvement in model simulations is in agreement with studies by Xiong et al., (2013) and 

Angulo et al., (2013), which showed that refinement of PHUs to the specific region could 

significantly improve the agreement between simulated and observed yields. PHU is directly 

linked to the growth of biomass and its allocation to final yield, hence the significant effect of 

PHU adjustment on crop yields. The results of the present study showed that simulated yields 

were closest to observed yields when PHU was 2480. This value is within the range of PHUs 

reported in the literature for maize. For example, experiments conducted in the USA by 

Williams et al., (1989), showed that the PHUs required for the maturity of maize vary between 

1000 and 2900. The Agricultural Research Council’s maize information guide states that maize 

normally takes 120 days from planting to maturity, but this value is generally for the warmer 

traditional maize-growing areas in South Africa, such as Kwa-Zulu Natal (du Plessis, 2003). 

The Cradock region is relatively cooler compared to other maize growing areas, which may 

explain the long duration of the growing season. 

By default, the potential HI of maize for the EPIC model is set to 0.5, which is typical for 

improved high yield maize varieties (Gaiser et al., 2010). The value of 0.5 was taken as the 

final calibrated value and is the same as the HI values used by Balkovič et al., (2013) and Kiniry 

et al., (1997). The biomass to energy ratio (WA) is a known parameter influencing crop yields 

(Wang et al., 2005). During PHU calibration, a RMSE of 1.17 t ha−1 and PBIAS = 0.31 between 
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observed and simulated yields were observed, indicating that no further adjustment of WA and 

HI were needed as acceptable criteria set for model performance had been satisfied. The default 

value of 40 kg ha−1 MJ−1 m2 was therefore adopted as the final calibration value. This value is 

the same as that used by Wang et al., (2011) and Balkovič et al., (2013). WA increases yield 

through biomass changes and should be adjusted last based on experimental data as it can 

significantly change the rate of crop growth and final crop yield  (Williams et al., 2015). The 

HI value of 0.5 is also close to values reported in studies in nine states in the USA (Kiniry et 

al., 1997) and the value of 0.48 reported by (Wang et al., 2005). 

Although the model simulated observed yields correctly, in some years the model 

overestimated low yields. This is in agreement with studies by Martin, (1993) and Warner et 

al., (1997) that found that EPIC tended to overestimate low yields. Kiniry et al., (1995) 

indicated that overestimation of plant available water at field capacity could cause EPIC to 

overestimate yields in dry years and suggested measuring the maximum depth of water 

extraction using local cultivars. However, this was beyond the scope of the present study. In 

2003, when low maize yields were observed, management records show that the 2003 trials 

suffered heavy weed infestations. While EPIC successfully simulates water and fertiliser 

effects on plant growth, currently the model does not accurately account for the competition 

from weeds (Ko et al., 2009). This may explain why the model over-simulated the lower yields 

observed in 2003. Although EPIC has a pest damage factor, it is only represented as an estimate 

rather than a detailed process in the model (Williams et al., 2015). 

4.5 Conclusion 

The results of the study suggest that limited data from field trials on maize that only include 

grain yield and agricultural management dates can be used for the calibration of the EPIC 

model under the semi-arid conditions of South Africa. The evaluation of the EPIC model with 

observed independent field trial data was reasonably accurate, given the limited data available 

for model evaluation. However, it is important to calibrate parameters related to carbon 

dynamics and PHUs according to local conditions as soil and carbon-related parameters, and 

site-specific PHUs can significantly improve model simulation results. Further studies using 

the calibrated model that evaluate different crop management options, such as deficit irrigation 

and fertiliser application timing, should be carried out in the Eastern Cape. Field trials on maize 

and other crops are also carried out across many sites in South Africa by seed producers to 
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evaluate the stability and potential yield of crop varieties under different weather and soil 

conditions. Availability of such datasets presents opportunities for the calibration and 

validation of crop models before their application. Crop model users should make an effort to 

work with researchers who carry out field trials on crop varieties to ensure collection of detailed 

data needed for model calibration and validation that are not usually collected by seed 

producers. 
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Chapter 5: Application of the EPIC Model to 

Simulate the Effects of Different 

Irrigation and Fertiliser Levels on Maize 

Yield in the Eastern Cape, South Africa                                

This chapter addresses the application of the calibrated EPIC model to simulate different 

irrigation and fertiliser management strategies. Section 5.1 gives an introduction to the study. 

Section 5.2 describes the materials and methods used in the study as well as the description of 

the scenarios used for the study. Section 5.3 presents the results of the scenario simulations; 

section 5.4 is a discussion of the results of the scenario simulations; section 5.5 provides a 

discussion of the study limitations and lastly, section 5.6 concludes the study highlighting the 

importance of combining farmer surveys and development of agricultural management 

strategies using crop models.  

 

 

 

 

This chapter will be submitted to the journal Agricultural Water Management. 
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5.1 Introduction 

Several management factors such as crop pest and disease control influence crop yields. 

However, water and Nitrogen (N) availability remain the two most important agricultural 

management factors critical for crop production (Mueller et al., 2012) particularly in the 

Eastern Cape where water is scarce and most soils are degraded (Goldblatt, 2011). Previous 

research has shown that the major reasons for persistent low yields in South Africa are soil 

degradation and soil mineral nutrient (e.g. nitrogen (N) and phosphorus (P)) depletion (Folberth 

et al., 2012). This is especially true for maize fields where nitrogen (N) is the most limiting 

nutrient (Sipaseuth et al., 2007) and farmers often over-fertilise with N to ensure maximum 

yields, (Gaudin et al., 2015; Liu et al., 2012), a situation which often leads to further soil 

degradation and environmental water quality deterioration.  

Continuous removal of crop residues from cultivated areas and inadequate soil nutrient 

replacement, either through inorganic fertilisers or organic fertilisers, have led to soil nutrient 

reduction in many parts of South Africa. Similarly, low water availability has also been 

identified as a significant yield-limiting factor in most semi-arid regions like South Africa 

(Hammad et al., 2018; Yin et al., 2014). Frequent droughts and unpredictable rainfall patterns 

present a high possibility of yield losses in semi-arid regions (FAO, 2008). Consequently, the 

projected increase in food demand will require more efficient use of water and N to increase 

crop yields. In addition to this, climate change, growing water scarcity and increasing N 

fertiliser prices in South Africa will require even more prudent approaches to N and water 

resources use. 

The efficient or balanced management of water and nitrogen (whether from inorganic or 

organic sources) at the farm scale has been shown to significantly increase crop yields while 

minimizing environmental degradation (Folberth et al., 2013; van der Velde et al., 2014). In 

this context, efficient management means applying water and N fertiliser at the right timing, in 

the right quantities, at the right placement and right source (fertiliser). In irrigated cropping 

systems, water application closely interacts with the efficient use of N, with the relationship 

being described as co-limitation.  Co-limitation means that the crop response to N and water is 

greater than its response to each factor in isolation (Sadras, 2004). This implies that 

management strategies aimed at increasing food production while minimising N losses should 

rely on optimising N and water simultaneously rather than separately. However, studies have 

shown that the majority of farmers do not practice this balanced application of irrigation and 
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fertiliser due to several reasons such costs, equipment available and a lack of adequate 

knowledge on irrigation and fertiliser management For example in a study by Fanadzo et al., 

(2010), on conventional small-scale farmers in the Eastern Cape, lack of adequate knowledge 

on balanced irrigation and N fertiliser application was a significant factor affecting crop yields. 

The increase in cases of eutrophication (Maherry et al., 2010; Sibande, 2013) and groundwater 

pollution (Maherry et al., 2010; Tredoux and Talma, 2006) attributed to nutrient (N and P) rich 

run-off in most commercial farming areas in South Africa suggests that the majority of large-

scale commercial farmers may also not be practicing the balanced application of fertilisers and 

water. A study by Kollongei and Lorentz, (2015) in the Mkabela catchment in KwaZulu-Natal 

identified nutrient-rich agricultural runoff from sugarcane fields as a major source of non-point 

source pollution in the catchment. A common practice by commercial farmers is to apply 

enough N fertiliser (often excess) to ensure that it is not limiting without due concern about 

potential environmental consequences (Dreschel et al., 2015).  

Irrigated agriculture can improve the sustainability of cropping systems while simultaneously 

increasing food production (FAO, 2003). However, when water and fertiliser are applied in 

excess, N in leachates and return flow may contaminate water bodies (Isidoro et al., 2006). For 

example, in South Africa, nutrient-rich runoff from agricultural fields has been blamed for 

problems such as eutrophication and algal blooms (Goldblatt, 2011; Maherry et al., 2010; 

Pearce and Schumann, 2001). Further, excess N losses from agricultural fields represent  

economic losses to the farmers an N meant for crops is lost to the environment. To develop N 

and irrigation water strategies that increase food production while minimising environmental 

degradation, field experiments have been used to test the effects of different management 

strategies on crop yields and the environment. Field experiments have the advantage that they 

can be implemented on many field sites with better representations of soil, which is a vital 

component of crop growth. However, as already argued in previous chapters, field experiments 

are often time-consuming, labour-intensive and expensive to carry out on a regular and long-

term basis.  

Crop growth simulation models offer a quicker and less expensive method of investigating the 

effects of different agricultural management strategies on crop yields and the environment. 

Simulation models can offer reasonably reliable results when developing agricultural 

management strategies for sustainable intensification. For example, crop models have been 

used to determine irrigation requirements at the field level (Alexandrov and Hoogenboom, 
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1999; Guerra et al., 2005) and optimize the allocation of fertiliser and water among crops 

during the growing season (Bryant et al., 1992; Cabelguenne et al., 1999). However, for results 

to be applied with confidence, the models should first be calibrated and validated in the area of 

interest using observed data. Once calibrated and validated, the crop models can then be applied 

with reasonable accuracy to assess the effects of irrigation and fertiliser combinations on crop 

yields and derive optimal irrigation water and fertiliser quantities that maximize crop 

productivity while minimizing environmental degradation.  

In South Africa, interest is growing in applying simulation models to assess fertiliser and 

irrigation water use management strategies in crop production. For example, Kgonyane (2010) 

used the Agricultural Production Systems Simulator (APSIM) model to simulate maize 

response to low inputs of nitrogen and phosphorus for dry regions. Fessehazion et al., (2014) 

used the SWB model to generate irrigation calendars and simulate water dynamics for ryegrass 

growth. However, the majority of fertiliser recommendations are still based on field 

experiments (ARC, 2017; FAO et al., 2005). While interest has grown in crop simulation 

modelling, the majority of modelling studies have investigated water and N management 

separately. Yet, irrigation and fertiliser management are closely linked, interacting to determine 

crop yields and N losses to the environment. There is, therefore, a need to develop location-

specific agricultural management strategies to concurrently optimise water and nitrogen 

fertiliser use at the farm scale. Therefore, the objective of this chapter was to apply the 

calibrated EPIC model (chapter 4) to simulate the impacts of different irrigation water and N 

fertiliser levels on maize yield and identify the optimal N fertiliser and irrigation management 

strategies for maximising grain yield and minimising N leaching risk. As mentioned in Chapter 

4, Section 4.1, maize yields were constrained by N fertiliser and water. Further, consultations 

with the Cradock Manager revealed that the major factors limiting crop yields in the Cradock 

area and surrounding areas were N and water. An assessment on the mineralogy and soil 

fertility status of soils in the Eastern Cape by  (Mandiringana et al., 2007) found that the 

majority of soils from the commercial farming areas had medium to high levels of Phosphorus 

while soils from the rural areas generally had low levels of Phosphorus. Therefore, in this study, 

the focus was on irrigation water and N fertiliser management.  
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5.2 Materials and methods 

In summary, the EPIC crop model was used to assess the impacts of different irrigation water 

and fertiliser strategies on maize yield using limited historical data from a field trial on maize 

cultivar stability carried out at the Cradock Research Farm in South Africa. Grain yield data 

from two independent fields at the Cradock Research Farm were used to calibrate and validate 

the model and statistics used to evaluate model performance. Further details of the calibration 

and validation study are described in Chapter 4. After successful calibration and validation, the 

EPIC model was then applied at the same location to simulate the impacts of different irrigat ion 

and fertiliser management strategies on grain yield and to identify optimal strategies for 

maximising maize production and minimising leaching risk. The following output variables 

were analysed for the different scenarios: economic yield (YLD, in t ha-1), Water use efficiency 

(WUEF) was calculated as (YLD/ET) in kg ha-1 mm-1, with ET as growing season 

evapotranspiration in mm and N lost in percolate (PRKN). A description of the study site and 

crop modelling is given below. 

5.2.1 Site description 

The Cradock Research Farm (32° 13’ 11.09” S, 25° 41’ 11.86” E, elevation 849 m) is located 

within the Great Fish River valley catchment (Figure 4.1), where intensive irrigation and 

commercial farming are practised. Soils and climate within the research farm are representative 

of the broader catchment. The soil is classified as a fine-loamy mollic ustifluvent (Soil Survey 

Staff, 2014), characterized by high sand and silt contents of alluvial and colluvial material 

derived from Beaufort sediments in the Eastern Cape. Further details of the general soil 

characteristics are described in Chapter 4. Cradock has an average annual rainfall of 341 mm 

with the majority of the rainfall occurring in February and March (late summer).  

5.2.2 Model description 

A detailed description of the EPIC model is given in Chapter 4. Here, only the plant growth 

and N transport and transformation components are briefly described. Detailed descriptions of 

other EPIC components and specific relationships can be found in (Williams et al., 1989). 

EPIC transports soil NO3-N through surface runoff and percolation and lateral sub-flow. The 

amounts of NO3-N transported is estimated as the product of the volume of water flow and 

NO3-N concentration at specific soil layers. When water is evaporated from the soil, NO3-N is 

moved upwards into the topsoil. Mineralisation, immobilization, volatilization, nitrification, 
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and de-nitrification are N transformations simulated by the EPIC model. These transformations 

are important as they determine the final amount of N that will be available for uptake by crops 

and that will be potentially lost to the environment.   

EPIC uses a single routine for simulating all the crops considered. In this module, each crop 

has unique values for the model parameters and crop yield is estimated as a function of the 

harvest index (HI), biomass to energy ratio (WA), planting density (PD), radiation use 

efficiency (RUE), photosynthetic active radiation (PAR) and vapour pressure deficit (VPD) 

(Xiong et al., 2016). Potential biomass is adjusted to actual biomass through daily stress caused 

by extreme temperature, water and nutrient stress. Annual crops grow from planting date to 

harvest date or until the accumulated heat units equal the potential heat units for the crop. 

5.2.3 Model inputs 

Site-specific inputs included precipitation, maximum and minimum temperature, solar 

radiation, and relative humidity derived from the AgMERRA climate data set. Soil data (bulk 

density, cation exchange capacity, texture, and electrical conductivity) were obtained from 

records of previous soil analyses done at the Cradock Research Farm. Some soil data 

parameters required to set up the EPIC model were missing and these missing parameters were 

obtained from the Harmonized World Soil Database (FAO/IIASA/ISRIC/ISS-CAS/JRC, 

2009). The soil parameters in the EPIC soil file were then adjusted with values from the HSWD 

based on expert opinion.  

Prior to application of the EPIC model, a survey of farmers’ current irrigation and fertiliser 

management practices using a questionnaire, was conducted in the Eastern Cape. The survey 

study, presented in Chapter 3, was used to find out farmers’ current farm management practices 

and the reasons behind particular management practices. During the survey, data on maize 

farmers’ yields, type of irrigation used, and irrigation water amount per maize growing season 

were collected. Data on farmers’ irrigation strategies, N fertiliser management and average 

maize yield were collected for comparison with simulated agricultural land management 

scenarios and maize yield outputs to determine whether farmers’ irrigation and water 

management strategies could be improved. In this chapter, only crop yields, fertiliser and 

irrigation management practices concerning maize production are presented.  
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5.2.4 Model set-up 

The global based EPIC-IIASA modelling framework described in Chapter 4 was used to run 

crop management simulations. To compare simulated yields, N fertiliser and irrigation 

management strategies with the baseline yields and agricultural management strategies, the 

irrigation and fertiliser amounts used during the field trials on maize (Chapter 4) were taken as 

the ‘baseline’ scenario. Model outputs were further compared to the average yields and N 

fertiliser and water levels reported by farmers in the survey (Chapter 3) to determine whether 

there was room for improvement in farmers’ N fertiliser and irrigation water management 

strategies. Farmers’ irrigation and water management strategies were not simulated due to lack 

of data on farmers’ actual management practices dates such as planting, harvesting and 

fertiliser application dates. However, reported yields, irrigation water and N fertiliser amounts 

were compared to simulated model outputs from different irrigation and N fertiliser level 

scenarios. In the baseline scenario, Nitrogen (N) containing fertiliser was applied at a rate of 

195 kg N ha-1 and Phosphorus (P) containing fertiliser applied at a rate of 95 kg P ha-1. N 

fertiliser was applied three times during the growing season and P fertiliser applied once at 

planting. Irrigation water was applied at a depth of 75 mm per irrigation event using flood 

irrigation eight times during the growing season to give a total of 600 mm irrigation water per 

maize growing season. Further details of the management plan used in the field trials on maize 

are given in Chapter 4.  

In the EPIC model, irrigation scheduling can be manual and fixed according to user dates or 

applied automatically by the model based on plant water stress levels. In simulation scenarios 

where irrigation water is adequate (sufficient for crop and not a limiting factor), irrigation was 

set to automatic. Setting irrigation to ‘automatic’ in the model applied irrigation water 

automatically to ease water stress if water deficit limited plant growth by more than 10% on a 

given day (Liu et al., 2007). The minimum interval between automatic irrigation applications 

was set to 5 days.  Similarly, in scenarios where fertiliser was adequate, the model was set to 

automatic fertiliser application. With this setting, the model applies fertiliser automatically 

based on crop stress. In the scenarios, ‘adequate’ represents the cases were irrigation water or 

fertiliser is not limited and is applied automatically in the model. Since Phosphorus (P) was not 

limiting, the application of P was done automatically in the model simulations except in the 

simulations with baseline fertiliser application, where phosphorus application was set at 95kg 

P ha -1 according to levels and dates applied in the field trials on maize. Other general 
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management operations carried out by the model in the scenarios were soil tillage using a power 

plough before planting and common weed and pest control which were carried out as needed. 

5.2.5 Irrigation and fertiliser management scenarios 

The management scenarios used in the study are presented in Table 5.1.  Scenarios were 

designed to cover a range of possible N fertiliser and irrigation water combinations. The 

different N fertiliser and irrigation water combinations were then simulated with the calibrated 

model. Phosphorus was applied automatically as it was assumed not a limiting factor based on 

simulations from Chapter 4.  Rain-fed only scenarios were included in the simulations as some 

farmers in the Eastern Cape do not use irrigation and rely on rainwater for crop production.  

Table 5.1. Fertiliser and irrigation management scenarios used in the study. Each 

scenario represents a combination of fertiliser and irrigation water supply levels. 

 

Scenario Description Abbreviation 

I 
Baseline fertiliser supply (195 kg N ha -1) and baseline 

irrigation water (600 mm.) 
FbIRb 

II ‘Rain-fed’ only with baseline fertiliser FbR 

III ‘Rain-fed’ only with adequate fertiliser FaR 

IV Baseline fertiliser and adequate irrigation FbIRa 

V Adequate fertiliser and baseline irrigation FaIRb 

VI Adequate fertiliser and adequate irrigation FaIRa 

VII 
Fertiliser supply at different levels with baseline 

irrigation 
FvIRb 

VIII 
Fertiliser supply at different levels with adequate 

irrigation 
FvIRa 

IX 
Adequate fertiliser supply and varying irrigation levels at 

fixed dates according to the field experiment 
FaIRv 

1) Fertiliser (F) and irrigation (IR) water supply (b = baseline, a  = adequate, v = varying levels, r = 

rain fed) 

To assess maize yield responses to improved irrigation and n fertiliser inputs, two groups of 

scenarios were set.  Scenarios I to VI were set for combinations of baseline and adequate supply 
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of irrigation water and N fertiliser. Scenarios VII to IX. For N fertiliser, the adequate level was 

set to 200 kg ha-1, which represents the currently highest application rates in high input 

countries (Folberth, 2013). For irrigation, the maximum, applicable amount was set to 2000 

mm, corresponding to adequate water supply following (Folberth et al., 2012). A brief 

description of the individual scenarios is given next. 

Scenario I represented the management practices used in the f ield trials on maize used to 

calibrate the EPIC model. This is the baseline scenario. Scenario II represented a ‘rain-fed only’ 

scenario with the baseline fertiliser (195 kg N ha-1) while Scenario III represented a ‘rain-fed 

only’ scenario with an adequate N fertiliser value of 200 kg N ha-1 as suggested by (Folberth 

et al., 2013). Scenario IV considered the effects on maize yield of baseline fertiliser with an 

adequate irrigation water supply and scenario V considered the effects on maize yield of 

adequate fertiliser supply with baseline irrigation water supply (600 mm). Scenario VI 

considered the ‘high production’ scenario with no limits on both fertiliser and irrigation water. 

In this scenario, the model was set to automatic irrigation and automatic fertilization. Under 

these fertiliser and irrigation water settings, the maize crop obtains sufficient nitrogen and 

water and has no N and water stress. Scenarios VII considered the effects of combinations of 

different fertiliser levels and adequate fertiliser level with baseline irrigation on maize yield. N 

supply levels were set at 10, 30, 50, 70, 100, 130, 150, 170, 195, 200, and 250 kg N ha -1. 

Scenario VIII considered the effects of different fertiliser levels as set in Scenario VII with 

adequate water supply. Scenario VIII focused on N fertilization that has been identified as the 

main limitation in restricting maize yield production where water is available (Breman et al., 

2001). Scenario IX considered the effects on maize yield of different irrigation water amounts 

with baseline fertiliser. Irrigation water supply levels were set at 25% (150mm), 50% (300mm), 

75% (450mm), 125% (750mm), 150% (900mm) and 200% (1200mm) of baseline irrigation. 

Analysis of survey results revealed that most farmers used sprinkler irrigation in contrast to 

flood irrigation used in the field experiment. The irrigation setting was therefore changed  to 

sprinkler irrigation in the scenarios to reflect current farming practices.  

5.3 Results  

5.3.1 Farmers survey 

A total of 54% of the farmers who participated in the survey on management practices were 

maize farmers. Concerning maize yields, maize yields reported  by farmers ranged from 2 t ha-
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1 to 15 t ha-1 with an average maize yield of 7.2 t ha-1. Regarding the method of irrigation, the 

majority of maize farmers (56%) used sprinkler irrigation followed by flood irrigation (25%) 

and then drip irrigation (19%) (Figure 5.1). The amount of irrigation water applied ranged from 

400 mm to 500 mm with an average of 500 mm per irrigation season. However, 44% of maize 

farmers did not know the total amount of irrigation water they applied each season. Farmers 

mainly scheduled irrigation water and fertiliser application based on plant appearance and 

farming experience. 

  

 

Figure 5.1. Number of maize farmers applying a particular irrigation method for maize  

Fertiliser type applied ranged from Ammonium nitrate (AN), ammonium sulphate (AS), urea 

and Compound D with the most frequent form of fertiliser applied being AN. The amount of 

AN applied by maize farmers per maize growing season ranged from 150 kg AN ha-1 to 450 

kg AN ha-1 with an average AN application of 224 kg AN ha-1.  

5.3.2 Grain yield under ‘rain-fed’ and irrigation scenarios 

A summary of the simulated impacts of different fertiliser and irrigation strategies on maize 

yields is shown in Figure 5.2. The lowest yields were simulated under the ‘rain-fed’ only 

scenarios (II-FbR and III-FaR) with an average maize yield of 0.8 t ha-1. Increasing fertiliser 

amount in the second rain-fed only scenario (III-FaR) did not result in any further increases in 
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maize yield. Water deficit was the main constraint in both the ‘rain-fed’ only scenarios with an 

average water stress days (WS) value of 126 days. With irrigation, crop yields were higher 

compared to the ‘rain-fed’ only scenarios. In scenario V (FaIRb) maize yield was similar to the 

baseline scenario maize yield (I-FbIRb) at 11.2 t ha-1. In Scenario IV (FbIRa) maize yield was 

11.4 t ha-1, 1.79% higher than yields in the baseline scenario. The average maize yield in the 

scenario with adequate nutrients and adequate water (VI-FaIRa) was 12.2 t ha-1. This scenario 

gave the highest yield for all simulations. 

  

 

Figure 5.2. Simulated crop yield under different management scenarios. The Roman 

numerals refer to the scenarios described in Table 5.1. In the box plot, the solid middle 

line in the box represents the median maize yield and the circles represent outliers.  

Concerning the scenarios with different fertiliser levels, VII-FvIRb and VIII-FvIRa, the N 

fertiliser increases to different levels while irrigation is set to baseline or field experiment level 

(600mm) and ‘adequate irrigation level’ (automatic irrigation) respectively. Under both 

scenarios, yields increased linearly with additional N supply from 0 to approximately 150 kg 

N ha-1 levelled off at maximum application rates of 155 to 165 kg N ha-1 with no further yield 

increases beyond 165 kg N ha-1 (Figure 5.3). The greatest incremental yield increase occurred 
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between 30 and 130 kg N ha-1 and beyond 130 kg N ha-1, yield response to additional N 

fertiliser slowed down. Yields for scenario VIII were higher than yields for scenario VII for 

the same fertiliser levels as shown in Figure 5.3.  

  

 

Figure 5.3. Relationship between yield (t ha-1) and N fertiliser amount (kg N ha-1) for 

scenarios VIII with adequate water and scenario VII with baseline irrigation water 

level. 

 

In scenario (IX), with adequate fertiliser and fixed irrigation dates, the relationship between 

grain yield and applied irrigation water was of a second-order nature (Figure 5.4). Additional 

water amounts resulted in a relatively higher yield. A maximum yield of 11.4 t ha-1 was 

obtained at an irrigation level of 750 mm and the minimum yield of 0.8 t ha-1 at 0 mm. Grain 

yield increased with additional amounts of water up to 750 mm where further additions of 

irrigation water did not result in increases in grain yield. 
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Figure 5.4 Relationship between irrigation water applied and grain yield 
 

5.3.3 N leaching 

Under sufficient water and varying N fertiliser levels (VIII-FvIRa), N leaching increased with 

increasing N fertiliser applied (Figure 5.5). At N fertiliser applications below 50 kg N ha-1, N 

leaching was less than 10 kg N ha-1, however, above 160 kg N ha-1 application, N fertiliser 

leaching significantly increased, with N fertiliser applications above 200 kg N ha-1 resulting in 

N leaching values greater than 50 kg N ha-1.  Figure 5.6 shows that as grain yield increased, 

nitrate leaching also increased. Grain yield levels off at 11.4 t ha-1 corresponding to an N 

leaching rate of 29 kg N ha -1.  Beyond 11.4 t ha-1 there were no further increases in grain yield 

while N leaching increases indicating economic losses of N fertiliser and potential 

environmental water pollution.  
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Figure 5.5 Relationship between fertiliser amount applied (N kg ha-1) and amount of 

Nitrogen leached (kg ha-1). 
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Figure 5.6 Relationship between grain yield (t ha-1) and N leaching (kg N ha-1) 
 

 

In the scenario with different irrigation water levels and adequate fertiliser (IX-FaIRv), 

increasing the amount of irrigation water increased average water use efficiency (WUEF) up 

to a maximum WUEF of 19.74 kg ha-1 mm-1 at 750 mm irrigation water level (Figure 5.6). 

Average WUEF increased by 85% from 10.68 kg ha-1 mm-1 at 0 mm to 19.72 kg ha-1 mm-1 at 

600 mm. Between 600 mm and 750 mm irrigation water level, WUEF increased by only 0.9%. 

Beyond an irrigation water level of 750 mm, there were no further increases in WUEF. 
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Figure 5.7. Relationship between irrigation amount (mm) and water use efficiency (kg 

ha-1 mm-1). 

 

The relationship between WUEF and grain yield showed a second-order relationship (Figure 

5.7). WUEF increased as grain yield increased. Beyond 12.2 t ha-1, there were no further 

increases in WUEF.  
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Figure 5.8. Relationship between yield (t ha-1) and water use efficiency (kg ha-1 mm-

1) 

In summary, for the scenario in which irrigation water and N fertiliser were sufficient and the 

model applied irrigation water and N fertiliser when needed by the crop, the maximum potential 

yield simulated was 12.2 t ha -1. This yield was achieved at an irrigation water amount of 

approximately 750 mm and an N fertiliser level of approximately 155 kg N ha-1. In the 

scenarios with irrigation and N fertiliser applied according to fixed dates based on the 

management plan used in the field trials, the maximum potential yield simulated was 11.4 t ha-

1.  

5.4 Discussion 

Farmers’ survey results show that most farmers apply fertiliser in the form of Ammonium 

nitrate which contains approximately 21% N by composition. In this study, farmers applied an 

average of 224 kg AN, which translates to approximately 52 kg N ha-1. This N fertiliser 

application level is similar to surveys conducted by Fanadzo et al., (2010), who found that on 

average, farmers in the Zanyokwe Irrigation Scheme in the Eastern Cape applied approximately 

an average of 47.6 kg N ha-1 per maize growing season. The average grain yield of 7.2 t ha-1 

achieved by farmers in the current study is less than the potential yield of 9 to 12 t ha-1 possible 
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under irrigation in South Africa (du Plessis and Bruwer, 2003). The lower N application rates 

by farmers may explain the lower yields obtained by farmers compared to the field experiment. 

Simulations showed that between 0 and 150 kg N ha-1 maize yield increased linearly with 

additional fertiliser application. To achieve higher yields, farmers may increase current 

fertiliser application levels.  

Survey results also revealed that the majority of farmers did not practice a balanced application 

of N fertiliser and irrigation water. Most farmers did not know the total amount of irrigation 

water they applied per season and applied water based on farming experience or plant 

appearance. This may lead to incorrect fertiliser and water application timing and hence lower 

yields. Several studies in South Africa have identified poor agricultural management practices 

as one of the major reasons for low yields in South African irrigated farming systems  

(Bembridge, 2000; Fanadzo et al., 2010). If significant efforts towards sustainable 

intensification and food security are to be made, it is important to optimise nitrogen and water 

to match crop requirements. 

With regard to the scenario simulations, the ‘rain-fed’ only (Scenario II) simulation yield of 

0.8 t ha-1 is comparable to studies by Ndhleve et al., (2017) in the Eastern Cape who found 

average farm maize yields below 1 t ha-1 for rain-fed farming systems. In the absence of 

irrigation, (Scenario III), increasing the amount of fertiliser did not increase maize yields 

demonstrating that in semi-arid conditions, water availability is a major constraint to 

sustainable intensification and hence, achieving food security. This result is similar to field 

trials conducted by Moeletsi et al., (2009) who found water deficiency as the main limiting 

factor for dryland maize production in South Africa. Low yields are usually typical of 

subsistence/small scale farmers who are unable to purchase irrigation equipment. Small scale 

farming can play a significant role in reducing the vulnerability of food-insecure households. 

Improving the productivity of small-scale farmers can help towards ensuring long-term food 

security in South Africa. The productivity of small-scale farmers can be improved by 

encouraging farmers to adopt sustainable intensification of food production through the use of 

improved agricultural land management strategies. This will involve the sustainable use of 

fertiliser and water saving technologies as well as increasing small-scale farmers’ access to 

markets so they can earn money to purchase improved farming equipment.  

Comparing scenarios IV and V, higher yields were achieved when water was adequate (IV) 

rather than when fertiliser was adequate (V). This suggests that in this study, water supply may 
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play a greater role in limiting crop yields compared to fertiliser. These results further support 

field studies by Moeletsi et al., (2009) who found that in semi-arid environments typical of 

South Africa, the major limiting factor in maize production was water supply. Studies by          

Mandiringana et al., (2007)showed that while most of the rural areas in the Eastern Cape had 

low soil fertility naturally, the commercial farming areas had a higher soil fertility compared 

to soils in the rural areas Given that agriculture already accounts for 70 % of water withdrawals 

in South Africa there is need to develop innovative technologies that save water in agriculture 

without reducing crop yields and food security. Planning for a sustainable agricultural future 

remains critical given that South Africa is already water-stressed, a situation which may get 

worse in the future due to the projected negative impacts of climate change on water resources.  

In scenario VIII when the model was set to automatic irrigation and water applied as needed 

by the crop, the maximum yield simulated was 12.2 t ha-1, which was achieved at 155 kg N ha-

1. This is within range of possible yields attainable under irrigation in South Africa (du Plessis 

and Bruwer, 2003). The yield in this scenario is higher than the maximum yield of 11.4 t ha-1 

simulated with fixed irrigation dates in scenario VII. This slightly higher maximum yield with 

automatic irrigation indicates that the fixed dates used in the field experiment may not be the 

optimum dates when water is needed by the maize crop.  This mismatch between crop water 

needs and irrigation application my lead to lower grain yields and warrants further studies to 

determine exactly when the crop requires fertiliser and irrigation water application. Scenario 

VI with sufficient irrigation and fertiliser also had a maximum yield of 12.2 t ha-1 suggesting 

that irrigation water might play a more significant role when fertiliser is adequate. 

Scenario IX showed a second-order relationship.  Similar studies such as those by Bozkurt et 

al., (2006), Kipkorir et al., (2002) and Farré and Faci, (2009) have also reported non-linear 

relationships between grain yield and irrigation water. However, Payero et al., (2006) found a 

linear relationship between grain yield and irrigation water amount. According to Tolk and 

Howell, (2003), the relationship between maize yield and irrigation water applied is influenced 

by several factors such as climate, soil and irrigation practices. This variation in the relationship 

between yield and irrigation highlights the importance of investigating crop responses to 

irrigation under local growing conditions. Adopting irrigation and fertiliser management 

practices developed somewhere else might not bring about the desired yield increases and 

environmental goals.  
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The optimal seasonal irrigation water requirements of approximately 600 - 750 mm found in 

this study are similar to the results of Djaman et al., (2018) who carried out a study of irrigated 

maize under semi-arid conditions and found an average irrigation water requirement of 730 

mm per maize growing season. (Trout et al., 2017) reported that irrigation water requirements 

for maize varied from 616 to 774 mm in semi-arid environments in the Great Plains of the 

United States. Similarly, the optimal fertiliser application level of approximately 150 kg N ha-

1 found in this study corresponds to a level that is currently common in industrialised regions 

with high yields such as America and China (FAO et al., 2005). Studies by Folberth et al., 

(2012) have found a fertiliser application level of 150 kg N ha-1 close to adequate N supply in 

most part of sub-Saharan Africa. 

Comparison of farmer survey results with sufficient irrigation scenarios simulation results 

shows that at an irrigation level of 750 mm farmers may increase N fertiliser application from 

52 kg N ha-1 up to 155 kg N ha-1. This would result in a yield increase of 69% from the current 

yield levels. From Figure 5.5 it can be deduced that at the current farmers’ level of N fertiliser 

application of 50 kg N ha-1, N leaching is approximately 10 kg N ha-1 while at the field 

experiment level of 195 kg N ha-1, N-leaching is approximately 45 kg N ha-1. This implies that 

if farmers increase the amount of fertiliser applied, grain yield will increase, however, the 

potential risk of nitrate leaching to water bodies will also increase. This presents a trade-off 

between different ES. Applying more N fertilisers to increase food provision will lead to 

increased risk of nitrate leaching which may reduce environmental water quality. This 

information can help decision-makers evaluate the consequences of certain agricultural 

management practices both economically and environmentally as well as choose optimal 

strategies that promote sustainable agricultural intensification. 

The relationships between irrigation amount and crop yield with WUEF showed a positive 

correlation between grain yield and WUEF up to a certain yield and then levelled off. This 

relationship implies that increasing irrigation water, but only up to a certain level, will increase 

yield. Beyond this level, in this case, 750 mm, any additional water application will not result 

in further crop yield increases and would also be inefficient in terms of crop water use. This 

information is useful for farm managers and policymakers when making water management 

decisions based on WUEF and crop production. The values of WUEF found in this study are 

also similar to values by (Guo et al., 2010) in semi-arid Northern China that ranged from 11 to 

20 kg ha-1 mm-1.   
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With increasing rainfall variability, water scarcity and prevalence of droughts in the Eastern 

Cape of South Africa, there would be major local and regional water supply and demand 

consequences to consider if current ‘rain-fed only’ agricultural systems were to convert to 

irrigated agriculture to increase crop yields. For example, policymakers and the government 

would have to consider the implications of such a conversion on municipal and industrial water 

demand and supply in the Eastern Cape, which is already under pressure from other competing 

water uses such as municipal and industrial water use. It is unlikely that agriculture which 

already accounts for more than 60% of water withdrawals in the region would be allocated 

more water over municipal water requirements. This implies that to increase crop yields 

agricultural systems will be required to produce more food with limited water resources. 

Results of this study suggest that farmers can increase crop yields by improving N fertiliser 

and irrigation application timing. 

The simulations at the farm-scale in this study show that the EPIC model can be used as a 

decision support tool for maize crops under different irrigation water and fertiliser amounts in 

the Eastern Cape. The capability of the EPIC model to simulate different irrigation and fertiliser 

management strategies without carrying out long and expensive field experiments makes it an 

effective research and application tool in agroecosystem services management. However, the 

results of the simulations must be taken in comparative and not absolute terms as the final crop 

yield is the result of several complex interactions in the soil-plant-atmosphere which can cause 

real-world values to vary from model simulation values, for example, pests and diseases can 

have a significant negative effect on crop yields if not managed well.  

5.5 Study limitations  

The study assumed no deficiencies in other macronutrients except N. However, in reality, this 

may not be the case with farmers’ individual soils and farmers would  need to have their soils 

assessed for any other nutrient deficiencies. It was also assumed that there were no deficiencies 

in soil micronutrients. According to Voortman et al., (2003), most soils in sub-Saharan Africa 

contain low amounts of micronutrients due to the chemical composition of the parent material 

and weathering over long time periods. While micronutrients are seldom a limiting factor under 

low input conditions, they can be a significant limiting factor under high input, intensive 

agriculture (Gaiser et al., 1999). 
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The automatic irrigation and fertilization option used in the model may lead to an 

overestimation of crop yields by assuming that local farmers have complete knowledge 

concerning water and fertiliser management. Irrigation and fertiliser timing can significantly 

affect crop yield and water use efficiency and would need further detailed data on water and 

fertiliser management to determine optimum dates for fertiliser and irrigation application 

timing based on crop growth stages. In addition, in the adequate water supply scenarios, the 

model assumed unlimited water supply but in practice, the irrigation water supply may be 

restricted by water authorities. Further research would also need to consider the potential yield 

implications due to seasonal restrictions in water abstraction for irrigation and priorities for 

maize against other crops such as vegetables. Despite these limitations, this study provides a 

useful assessment of the potential maize yield benefits and environmental consequences when 

considering different fertiliser and irrigation management strategies. 

5.6 Conclusion 

A previously calibrated and validated EPIC crop growth model was used to simulate the yield 

impacts of different fertiliser and irrigation regimes and compared to a researcher-led  

experiment and current farm management practices identified from a farmer survey of 

irrigation and fertiliser management practices. It can be concluded that the optimal 

management practices for irrigated maize production in the Cradock area are to irrigate the 

maize crop with approximately 600 to 750 mm water spread out over eight times in the 

irrigation season and to fertilise the soil at a rate of 155 to 160 N kg ha-1. Implementation of 

this management strategy would increase maize yields by 69% from the current farmers’ 

average maize yield of approximately 7.2 t ha-1 to approximately 12.2 t ha-1 while increasing 

irrigation water use by 20% (from approximately 500 mm to 600 - 750 mm). However, an 

amount of 35kg N ha-1 can be potentially lost through leaching and trade-offs between 

increasing crop yields and minimising nitrate leaching will have to be reached. There is room 

to improve farmers’ current maize yields by improving nitrogen and irrigation water 

management. The study highlights the use of crop models in combination with knowledge of 

farmers’ practices to develop practical irrigation and fertiliser management strategies that help 

to achieve the sustainable intensification of agricultural food production. 
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Chapter 6: Evaluating Farmers’ Perceptions of 

Climate Change and Future Impacts of 

Climate Change on Maize Production in 

the Eastern Cape, South Africa. 

This Chapter evaluates farmers’ perceptions of climate change and the impact of future climate 

change on maize production in the Eastern Cape. Section 6.1 provides an introduction of the 

chapter and section 6.2 describes the materials and methods used in the study and the climate 

data used for the study. Statistically downscaled data from three driving GCMs are used to 

drive the simulation. This section also describes how the outputs of the climate scenarios were 

analysed; section 6.3 presents the results of the climate scenario simulations and the survey 

results concerning farmers’ perceptions; section 6.4 is a discussion of the results of the climate 

scenario simulations including a discussion of farmers’ perceptions of climate change, 

adaptation strategies and factors affecting farm production. Section 6.5 provides a discussion 

of the study limitations. Finally, section 6.6 concludes the study highlighting the fact that 

farmers face various challenges in farming that may hinder efforts to improve food security in 

South Africa.  
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6.1 Introduction 

Climate change is anticipated to have a significant impact on the resilience of agricultural 

systems in South Africa.  Based on projections by the Intergovernmental Panel on Climate 

Change (IPCC), increases in greenhouse gases particularly carbon dioxide (CO2), will modify 

global climate by causing an increase in surface air temperature, altering rainfall patterns and 

increasing the frequency of extreme weather events (IPCC, 2007). While the increased 

temperature may boost the yields of some crops in some regions by increasing the rate of 

biomass accumulation  (Ainsworth and long, 2005), the negative effects of climate change such 

as increased rainfall variability and droughts are expected to far outweigh the positive benefits 

associated with climate change (Webber et al., 2014). 

It has become increasingly important to predict and evaluate the possible impacts of climate 

change on future crop yields in order to develop effective adaptation strategies and develop 

sustainable agricultural land management practices. An early understanding of the effects that 

climate change might have on crops may help farmers and decision-makers minimise 

agricultural production risks and take advantage of opportunities that may arise from climate 

change and thus increase food security. This knowledge of how future climate conditions may 

affect agricultural production is especially important in semi-arid regions such as South Africa 

where water scarcity and increasing frequencies of droughts are already limiting crop 

production (Goldblatt, 2011).  

One way of predicting and evaluating the effects of future climate conditions on agricultural 

production is through the use of crop models and general circulation models (GCMs). Crop 

models have been used in agricultural research to simulate crop growth, soil water balance and 

nutrient management under different climate conditions (He et al., 2018; Uzoma et al., 2015), 

assess the effects of climate change on crop production and environmental risks (Basche et al., 

2016; Wang et al., 2015), and explore potential adaptation strategies (Folberth, 2013). In South 

Africa, crop models have been applied in the fields of hydrology and agriculture. For example, 

Warburton et al., (2013) investigated the impacts of climate change on the hydrological 

response of catchments while Abraha and Savage, (2006) investigated the potential impact of 

climate change on maize yields in the KwaZulu Natal area. However, to predict future climate 

change impacts, crop models require future weather parameters including precipitation and 

rainfall as input. 
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General Circulation Models (GCMs) have been developed to project future climates based on 

different greenhouse gas scenarios and complex earth-atmosphere interactions. General 

Circulation Models are numerical models that use complex mathematical equations to simulate 

the earth’s atmospheric processes and predict climate (Tang et al., 2016). Currently, GCMs 

project climate parameters at a resolution of approximately 250 km2 (Ziervogel et al., 2008). 

While at this resolution, accurate prediction can be made at the global scale, the resolution is 

coarse at the local scale to support decision making and planning. To reduce the uncertainty 

involved with the use of GCMs, data from GCMs is usually downscaled either statistically or 

dynamically to produce local climate data or  Regional Climate Models (RCMs) that reflect 

local conditions more accurately (Tadross et al., 2005). Statistical downscaling for example 

makes use of the quantitative relationships between the state of the larger-scale climatic 

environment and local variations sourced from historical data while dynamical downscaling 

makes use of the boundary conditions (e.g. surface pressure and wind) and principles of physics 

within an atmospheric circulation system to generate high-resolution datasets (Oosthuizen et 

al., 2016). However, dynamical downscaling is a computationally and technically expensive 

method, limiting the number of institutions employing the approach. Coupling specific local 

baseline climate data with GCM output provides a valuable way of reducing the uncertainty 

associated with climate projections. In this study, freely available climate data, statistically 

downscaled by the Climate Systems Analysis Group of Cape Town University (CSAG) to 

reflect local weather more accurately, were used for the climate simulations.  

While it is evident in the literature that crop models are the primary tools to assess the impacts 

of climate change on crop productivity, the majority of crop models have the shortcoming that 

they cannot fully account for many of the drivers that affect crop productivity at the farm scale 

(Malawska et al., 2014; Rounsevell et al., 2012). For example, the majority of crop models 

cannot provide answers to the questions of how farmers’ management behaviour could be 

changed to introduce new agricultural land management strategies (Wei et al., 2005). Webber 

et al., (2014)  explain that perception of climate change is not the only factor leading to changed 

farm practices, but that farmers face a myriad of challenges such as access to markets, access 

to credit lines and extreme weather events such as droughts and flooding when making farm 

management-related decisions.  

What is not evident from the literature, however, is how crop models should be used in 

informing climate change adaptations beyond the prediction of climate change impacts on crop 
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yields (Webber et al., 2014). To inform climate change adaptation, it is important to understand 

the dynamics of farmers’ decision-making processes at the farm scale in the face of both 

biophysical and economic uncertainty. While research on climate change impacts and farmers’ 

views and responses have been conducted recently in South Africa (Findlater et al., 2019; 

Oduniyi and Tekana, 2019), few studies have combined the use of crop models and survey data 

on farmers’ perceptions of climate change and the risk and adaptation management strategies 

implemented at the farm scale.  

In South Africa, research groups such as the Council for Scientific and Industrial Research 

(CSIR) and the Climate Systems Analysis Group (CSAG) have developed downscaled future 

climate data for South Africa. However, despite the availability of this locally developed 

downscaled climate data, few climate change impact studies in South Africa have used 

downscaled climate data to assess the impacts of future climate change on crop yields 

(Ziervogel et al., 2014). Therefore, the objective of this chapter is to evaluate farmers’ 

perceptions of climate change and compare current and future maize yields under different 

future climate scenarios. This chapter thus addresses objective four of the study.  While the 

focus of this study was not on climate uncertainty, three climate models were compared to 

reduce the uncertainty of climate change projections associated with different models that 

could affect crop response. An understanding of farmers’ current perceptions of climate change 

and the impacts of future climate change on maize can help to anticipate how farmers might 

adapt to and mitigate the impacts of future climate on crop yields. This understanding can also 

help in facilitating the development of sustainable adaptation strategies that farmers are likely 

to adopt and increase food security in the region.  

6.2 Materials and methods 

6.2.1 Study area 

The biophysical data were collected from the Cradock Research Farm (Figure 1.2) in the 

Eastern Cape, South Africa (32° 13′ 11.09″ S, 25° 41′ 11.86″ E, elevation 849 m) as fully 

described in Chapter 1 section 1.6. 

6.2.2 Model description 

The EPIC model described in Chapter 4 was used for all climate scenarios simulations. Future 

climate data sets were used as weather input into the EPIC model to simulate crop yields under 

the different future climate data sets. The model was calibrated and validated for maize yield 
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using data from field trials on maize carried out at the Cradock Research Farm. Further details 

and discussion of the calibration and validation experiment can be found in Chapter 4, section 

4.2.6. Briefly, the model uses the concept of radiation use efficiency (RUE) by which a fraction 

of daily photosynthetically active radiation (fPAR) is intercepted by the crop canopy and 

converted to biomass (Lychuk et al., 2017). EPIC also requires other weather inputs such as 

precipitation, minimum and maximum temperature, wind speed and relative humidity. 

Biomass is reduced by stresses caused by shortages of radiation, water, nutrients and 

temperature extremes. The value of the most severe stress is used to reduce biomass 

accumulation, root growth, harvest index and crop yield (Rinaldi and de Luca, 2012). 

6.2.3 Farmers’ survey 

To explore the perceptions of farmers on climate change, a survey was conducted on 

conventional farmers in the Eastern Cape. The climate change section was part of the survey 

from Chapter 3. The main questions in this section asked farmers whether they had noticed any 

changes in climate, whether climate change had affected crop production in any way and any 

other factors that had influenced farmers to change the type of crops grown on the farm. 

Farmers were also asked to explain the major challenges they were facing on their farm, 

whether they thought these were related to climate event and how they were mitigating their 

effects or adapting to such events. 

6.2.4 Climate data 

Future maize yield simulations were based on statistically downscaled climate input data from 

three General Circulation Models available from the Coupled Model Intercomparison Project  

Phase 5 (CMIP5) (Taylor et al., 2012). The climate data were downloaded from the Climate 

Systems Analysis Group (CSAG) Climate Information Portal (CIP) website 

(http://cip.csag.uct.ac.za). The data come from two main sources – the Computing Centre for 

Water Resources located at the University of KwaZulu-Natal and the South African Weather 

Services. The data were collated and quality controlled prior to being uploaded to the CIP 

(MacKellar et al., 2014). Due to inherent uncertainties in individual models, three GCMs were 

used to bracket a range of changes in global mean temperature and precipitation and consider 

a wide range of plausible future scenarios. The selected GCMs have been previously applied 

in climate change impact studies in South Africa and found to be representative of the region 

in terms of projection signal (see  Lekalakala, (2017) for example). The driving GMCs chosen 

for this study were the BCC-CSM1.1, GFDL-ESM2M and MIROC-ES models (Table 6.1). 

http://cip.csag.uct.ac.za/
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Table 6.1. List of driving GCMs and the model abbreviations used in this study. 

No 
Driving Regional 

Circulation Model 

Source Abbreviation of 

the model used 

in this study 

1 BCC-

CSM1.1 

Beijing Climate Centre, China 

Meteorological Administration, 

China 

BCC 

2 GFDL-

ESM2M 

Geophysical Fluid Dynamic 

Laboratory, USA 

GFDL 

3 MIROC-

ESM 

 

Atmosphere and Ocean Research 

Institute (University of Tokyo), 

National Institute for 

Environmental Studies and Japan 

Agency for Marine-Earth Science 

and Technology 

MIROC 

 

For future greenhouse gas emission scenarios, two Regional Concentration Pathways (RCPs), 

RCP 4.5 and RCP 8.5 for two future 30-year periods, from 2040-2069 and 2070- 2099, were 

chosen to compare two different possible climate scenarios depending on the level of 

greenhouse gas emissions. RCP 4.5 was developed by the GCAM modelling team at the Pacific 

Northwest National Laboratory’s Joint Global Change Research Institute (JGCRI) in the 

United States. It is a stabilization scenario in which the total radiative forcing is stabilized 

shortly after 2100, without overshooting the long-run radiative forcing target level (Smith and 

Wigley, 2006; Wise et al., 2009). RCP 8.5 was developed using the MESSAGE model and the 

IIASA Integrated Assessment Framework by the International Institute for Applied Systems 

Analysis (IIASA), Austria. RCP 8.5 is characterized by increasing greenhouse gas emissions 

over time, representative of scenarios in the literature that lead to high greenhouse gas 

concentration levels (Riahi et al., 2011).  

For the baseline simulation, weather data for 31 years from 1980 to 2010 for the Cradock 

Research Farm obtained from the AgMERRA (Ruane et al., 2015) data set was used as input 

into the EPIC model. Weather data included daily maximum and minimum temperature and 

rainfall. Management practices including planting dates, fertiliser and irrigation levels used 
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during the maize cultivar evaluation trials were used as the baseline management practices 

being used in the area. In the future simulations, the three climate model simulations under 

RCP 4.5 and RCP 8.5 scenarios, for the two 30-year periods plus the baseline were simulated 

giving a total of 13 EPIC simulations.  

It is important to note that, in the field experiment in Chapter 4, the maize crop was lef t to dry 

out in the field even though it had reached physiological maturity. However, the time from 

physiological maturity to actual harvest date was not recorded, only the final harvest date was 

given. Due to this lack of information on the actual time from physiological maturity to harvest, 

changes in the length of the growing season under future climate scenarios were not included 

in the data analysis.  

6.2.5 Data analysis 

Farmers’ survey 

Survey responses on climate change from the farmers’ survey in Chapter 3 were analysed using 

thematic analysis to identify recurrent and emergent themes regarding farmer’s perceptions on 

climate change, perceived impacts on crop production as well as mitigation and adaptation 

strategies at the farm scale. 

Climate scenarios 

The following model output variables for the simulations were analysed: biomass yield (YLDF 

in t ha-1), seasonal irrigation water applied (IRGA, in mm), seasonal evapotranspiration (ETa, 

in mm) and N leaching (kg N ha-1). Water Use Efficiency (WUE) in kg mm-1 was calculated 

as YLDF/ETa. The means of the output variables for the current scenario were compared to 

the means of the output variables for the future periods. Model variables were analysed using 

analysis of variance (ANOVA) computed using Statistical Package for Social Scientists (SPSS) 

version 21 software. For all ANOVA analyses, post hoc Tukey tests were used to determine 

the significant differences between treatments. To identify the sources variation between 

means, Tukey’s HSD test was used. An independent samples t-test was performed to test for 

mean differences in the output variables between the two future periods, 2040-2069 and 2070-

2099.  
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6.3 Results 

6.3.1 Farmers’ perceptions of the impacts of climate change 

All 48 farmers responded that they had heard of the term ‘climate change’ and had a variety of 

responses on how climate change had affected their farming activities. For example, one of the 

farmers indicated that: 

        “Rainfall patterns have changed, on average annual rainfall figures have fallen in the last 

5 years ... it is not spread out over the growing season as before and although the season 

average does seem consistent, the number of rain days are less and concentrated towards the 

middle/end of the growing season. This leads to irregular growth patterns with dry/saturated 

periods. Leaching of fertilisers also occur and herbicide applications become more difficult to 

manage” 

Yet another farmer indicated that “Yes, climate change has affected production. Dry pastures 

in the summer mean having to feed hay for a greater amount of time each year, which is more 

expensive.” 

Thematic analysis revealed four major ways farmers thought climate change had affected their 

farming activities. Figure 6.1 shows the major observations made by farmers on how climate 

change had affected farm production. 
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Figure 6.1 Farmer’s perceptions of climate change 

 

When farmers were asked how rainfall patterns had changed, the majority of farmers (75%) 

responded that the rainy season started late and 60% reported that the length of the growing 

season had decreased (figure 6.2). Regarding rainfall amount, 45% of farmers observed a 

decrease in rainfall amount and 40% observed an increase in rainfall amount. Regarding 

temperature changes, 80% of farmers reported that average temperatures had increased while 

only 5% reported that temperature had decreased.   
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Figure 6.2 Farmers’ perceptions of changes in rainfall and temperature 
 

6.3.2 Effects of climate change on agriculture  

Climate change is having an effect on agriculture in the Eastern Cape. Table 1 shows that 80% 

of the farmers agreed that climate change had a negative impact on crop yields while 20% did 

not agree. In addition, 83% of farmers cited that climate change had led to increased food costs. 

Results also revealed that 73% of farmers reported that climate change was responsible for the 

increase in land degradation while only 21% disagreed. 
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Table 6.2 Distribution of farmers by perceived effects of climate change (n = 48) 

Farmers’ perception of climate change  Percentage (n = 48) 

Decrease in crop yields  

Strongly agreed 63 

Agreed 17 

No response 0 

Disagree 13 

Strongly disagree 7 

Increase in food costs  

Strongly agreed 73 

Agreed 10 

No response 0 

Disagree 13 

Strongly disagree 4 

Increased land degradation  

Strongly agreed 52 

Agreed 21 

No response 6 

Disagree 17 

Strongly disagree 4 

Increase in crop and livestock pests and diseases  

Strongly agreed 58 

Agreed 21 

No response 0 

Disagree 21 

Strongly disagree 0 
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6.3.3 Climate change adaptation strategies being used by farmers  

Farmers reported using a wide variety of strategies to adapt to climate change.   Table 6.2 

shows the strategies commonly being used by farmers to adapt to climate change.  

Table 6.3. Adaptation strategies being used by farmers. 

Adaptation strategies  Percentage  

(%) *  

Crop-livestock diversification (e.g. crop rotation, mulching) 75 

Intensification of farming (e.g. use of chemical fertilisers, pesticides) 83 

Diversification of income-generating activities 35 

No adaptation strategies 8 

* n = 48, Farmers had multiple adaptation strategies  

6.3.4 Barriers to climate change adaptation  

The most-reported challenge farmers were facing was access to markets (83%) followed by 

access to loans and credit lines (73%). Other significant challenges farmers cited were access 

to education and extension support and climate and weather. Climate and weather challenges 

included an increased frequency of droughts. Figure 6.4 shows the major challenges cited by 

farmers when asked the question, what are the major challenges you are currently facing in 

your farming enterprise?” 
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Figure 6.3. Challenges being faced by farmers in the Eastern Cape. Numbers indicate 

percentages of farmers 

6.3.5 Climate data analysis 

All three GCMs showed, for both scenarios, an increase in the average temperatures from 

March to October (Figure 6.4). The increase was more pronounced in the RCP 8.5 scenario 

and for the MIROC model were average temperatures in June and July were above 10oC and 

approximately 6.8oC higher than the baseline average for the two months. For the RCP 4.5 

scenario, the increase in average temperature was lower compared to the RCP 8.5 scenario. 

The highest monthly average temperature in the RCP 4.5 scenario was 23.7oC in January and 

February for the model MIROC and approximately 21oC for the GFDL and BCC models. In 

the months from September to December, the temperatures were similar across the all three 

models.  

An increase in winter rainfall was also observed from May to July for both RCPs with higher 

average rainfall values in RCP 8.5 (Figure 6.5). The MIROC model showed a different trend 

for rainfall for both the RCP 4.5 and RCP 8.5 scenarios with higher average monthly rainfall 
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for the months September to December, showing peaks of about 70 mm in November (Figure 

6.5).  The baseline, BCC and GFDL scenarios also showed peaks in November in the RCP 8.5 

scenario but having rainfall peaks lower than the MIROC model.  

 

 

 

Figure 6.4 Monthly average (of the two 30-year future periods and 31 years of 

baseline data) temperatures for RCP 4.5 (a) and RCP 8.5 (b). 
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Figure 6.5 Monthly average (of the two 30-year future periods and 31 years of 

baseline data) rainfall for RCP 4.5 (a) and RCP 8.5 (b). 
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period 2070 – 2099. (Figure 6.6). RCP 8.5 showed higher temperature differences from the 

baseline compared to RCP 4.5 for both climate models and future time periods. The highest 

percentage difference from the baseline in RCP 8.5 was given by the MIROC model reaching 

a peak of 71% in July. 

 

Figure 6.6. Percentage differences from the baseline of average monthly temperatures 

for the two thirty-year periods generated by the simulation and for the three climate 

models. 

6.3.6 Climate scenario simulation results 

The simulation results displayed a common trend among all the three GCMs used in the RCPS 

(RCP 4.5 and RCP 8.5) to the baseline maize yields. There was a reduction in maize yield for 
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BCC and MIROC for both RCPS and the two future periods. Maize yield decreased by up to 

20% RCP 8.5 2070-2099 (Table 6.4), WUE decreased buy up to 21.7 % in RCP 8.5 2070-2099 

and seasonal irrigation amount decreased by up to 13% in RCP 8.5 2040-2069. However, N 

leaching increased in all future climate scenarios, increasing by as much as 375% in RCP 8.5 

2070 – 2099. Table 6.3 shows the average values between the different scenarios and model 

outputs. 
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Table 6.4. Average model output values and mean comparison test for the different scenarios, climate models and future time periods 

 

Yield 
(t ha-1) 

Irrigation water used (mm) WUEF 
 (kg ha-1 mm-1 

 

N leaching 
(kg N ha-1) 

Seasonal Et 
(mm) 

Scenario 

Baseline 12.24A±0.58 562.89A ±82.53 24.13A ±1.33 19.91B ±24.17 907.78C ±46.79 

RCP 4.5 11.51B ±1.10 541.09A ±74.29 23.46A ±1.96 36.79B ±34.09 943.10A ±39.08 

RCP 8.5 10.20C ±0.81 460.81B ±61.86 22.40B ±1.19 66.13A ±53.58 918.84B ±40.94 

GCM 

BCC-ESM 10.89A±1.17 509.23A±66.43 23.24A±2.34 49.22A ±41.35 922.45A ±32.91 

GFDL 11.05A ±1.32 510.82A ±92.8 22.95B ±1.33 47.34A ±52.37 933.88A ±45.78 

MIROC 10.62A ±0.95 481.52A ±73.55 22.58BC ±1.09 56.49A ±48.18 936.34A ±44.62 

Period 

2040 - 2069 11.31* ±0.73 525.26*±68.77 23.37* ±0.76 39.35* ±34.14 938.76* ±36.59 

2070 - 2099 10.39* ±1.33 475.82* ±81.78 22.48* ±1.33 62.78* ±55.77 922.62* ±45.13 
Note: For Tukey’s test, different superscript letters on means in the same column indicate significant difference at p < 0.05, the same superscript on means in the same 

column indicates no significant difference between means.  

* indicates a significant difference at α = 0.05 for independent samples t-test. 

WUEF = Water Use Efficiency, Et = Evapotranspiration 
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Table 6.5. Percentage differences (Future – baseline) of EPIC simulations of future 

climate scenarios with respect to the baseline of maize.  

Scenario and Period 
Yield Seasonal 

irrigation 

Water Use 

Efficiency 

N leaching 

BCC 

RCP 4.5 2040-2069 -8.2 -5.4 -4.3 -26.4 

RCP 4.5 2070-2099 -7.4 -5.9 -5.1 108.8 

RCP 8.5 2040-2069 -10.7 -5.9 -7.0 148.4 

RCP 8.5 2070-2099 -15.6 -8.0 -14.1 215.5 

GFDL 

RCP 4.5 2040-2069 0.0 -1.9 0 17.4 

RCP 4.5 2070-2099 -2.5 0.3 -2.8 39.4 

RCP 8.5 2040-2069 -14.8 -13.6 -13.4 207.5 

RCP 8.5 2070-2099 -20.8 -13.6 -21.7 375.4 

MIROC 

RCP 4.5 2040-2069 -8.2 -13.2 -6.6 113.5 

RCP 4.5 2070-2099 -13.1 -8.7 -12.1 178.8 

RCP 8.5 2040-2069 -10.7 -12.9 -9.6 153.2 

RCP 8.5 2070-2099 -23.8 -13.6 -22.7 373.8 

 

6.3.7 BCC model 

The second future period, 2070 – 2099 where the gap from the baseline was more highlighted, 

maize yield was on average equal to 10.3 t ha-1 for RCP 8.5 and 11.3 t ha-1 for RCP 4.5. RCP 

8.5, 2070-2099 gave the largest yield difference from the baseline yield (Figure 6.7a). Seasonal 

irrigation amount showed a decreasing trend in the future periods compared to the baseline 

(Figure 6.7b). The decrease in seasonal irrigation amount was comparable between RCP 4.5 

2040-2069, RCP 4.5 2070-2099 and RCP 8.5 5040-2099, with the three-time periods having 

similar seasonal irrigation requirements. RCP 8.5 2070-2099 had the largest seasonal irrigation 

requirement decrease compared to the baseline scenario with a seasonal irrigation amount 8% 

lower than the baseline. Future WUE also showed a decreasing trend from the baseline scenario 
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for all future time periods (Figure 6.7c). The largest decrease in WUE was in RCP 8.5, 207-

2099 which was 22.7% lower than the baseline WUE. N leaching increased in all future 

scenarios except in RCP 4.5, 2040-2099 where N leaching slightly decreased compared to the 

baseline scenario (Figure 6.7d). RCP 8.5, 2070-2099 had the largest increase in N leaching 

when compared to the baseline scenario.  

 

Figure 6.7. EPIC model outputs from the simulations using BCC-ESM climate data. 

Values were plotted and shown for the two 30-year periods compared to the baseline 

simulation. 

6.3.8 GFDL model 

For this model, crop yield was similar to the baseline scenario but yields slightly lower (Figure 

6.8a). For RCP 4.5 and 8.5 there were only slight differences in yield in the two future periods 

for this scenario. The two future scenarios for RCP 8.5 showed lower yields compared to both 

RCP 4.5 and the baseline scenario. Seasonal irrigation was similar to the baseline period for 

the two future periods in RCP 4.5. However, both future periods for RCP 8.5 showed a marked 

decrease in seasonal irrigation amount compared to the baseline scenario. The largest decrease 
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in seasonal irrigation compared to the baseline scenario was observed for the period 2040 – 

2069 in RCP 8.5 (Figure 6.8b). WUE slightly decreased in the future climate scenarios ranging 

from 15.91 kg ha-1 mm-1 in RCP 8.5 2070-2099 to 20.61 kg ha-1 mm-1 in RCP 4.5, 2040-2069 

compared to 20.61 kg ha-1 mm-1 in the baseline scenario (Figure 6.8c). N leaching increased in 

all future climate periods for all the scenarios compared to the baseline scenario (Figure 6.8d). 

RCP 8.5, 2070-2099 had the largest increase in N leaching with an average of 91.64 kg N ha-1    

 

Figure 6.8. EPIC model outputs from the simulations using GFDL climate data. 

Values were plotted and shown for the two 30-year periods compared to the baseline 

simulation. 

6.3.9 MIROC model 

The MIROC model showed a similar trend of decreasing yield production for all the time 

period with respect to the baseline period. Maize yield decreased by up to 23% in RCP 8.5, 

2070-2099 (Figure 6.9a). Seasonal irrigation also decreased significantly in the future time 

periods for all the RCPs. Seasonal irrigation amount decreased by up to 13% in RCP 4.5, 2040-
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2069 and the two time periods for RCP 8.5 compared to the baseline period (Figure 6.9b). For 

WUE, the model simulated a slight decrease over time particularly in RCP 8.5, 2070-2099 

(Figure 6.9c. N leaching increased for all future time periods compared to the baseline scenario. 

RCP 8.5 2070-2099 had the largest increase in N leaching compared to all the other time 

periods for all the three models (Figure 6.9d).  

 

Figure 6.9. EPIC model outputs from the simulations using MIROC climate data. Values 

were plotted and shown for the two 30-year periods compared to the baseline simulation 

6.4 Discussion 

6.4.1 Farmers’ perceptions of climate change 

Results of the study show that farmers were aware of climate change as more than 80% percent 

of farmers who responded perceived a change in the climate. Farmers’ major pieces of evidence 

of climate change were changes in temperature and changes in rainfall patterns. Several studies 

analysing climate and weather trends in South Africa have shown that average temperatures in 

South Africa have increased over the decades (Davis-Reddy and Vincent, 2017; Department 
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of Environmental Affairs, 2013; Jury, 2018). A study by MacKellar et al., (2014) on observed 

and modelled trends for rainfall and temperature for South Africa found significant increases 

in temperature and rainfall variability in the Eastern Cape. 

Most farmers who had perceived the impacts of climate change developed adaptation 

strategies. The main adaptation strategies identified by farmers included “crop-livestock 

diversifications”, “intensifying farming through the use of chemical fertilisers and pesticides” 

and “diversification of income-generating activities”. The different strategies employed by 

farmers indicates that framers are seeking to improve their farming systems through 

agrobiodiversity and ensure a minimum harvest for their own food security. In this study, most 

farmers practised mixed farming which included maize, a common staple crop in the area. 

Studies have shown that the yields of crops grown in association are often less affected by 

climate impacts. 

6.4.2 Implications of farmers’ adaptation choices 

Farmers’ choices of adaptation strategies can serve either to maximise profit or avoid farming 

losses in the face of climate change (Gebreeyesus, 2017). In this study, all the adaptation 

strategies used by farmers fit into these two purposes. The most cited strategy to cope with 

climate change was to intensify farming through the use of chemical fertilisers and pesticides. 

However many studies have highlighted the negative impacts of chemical fertilisers and 

pesticides on the environment, especially when they are applied in excess of crop requirement 

(Kumari et al., 2014). Given the increase in land degradation which ultimately underpins the 

production of food, it is important for farmers to shift to more sustainable farming practices 

like organic farming or integrated pest management as the long-term effects of high input 

agriculture include losses in biodiversity and soil and water pollution.  

Crop diversification is the agricultural practice of growing more than one type of crop in a 

given area in the form of crop rotations or intercropping (Fadina and Barjolle, 2018). 

Diversified production systems are seen as one of the most ecologically feasible and cost-

effective ways of reducing the uncertainties involved with climate change in agriculture 

(Makate et al., 2016). The results of this study show that many farmers already use this strategy 

to adapt to climate change in the Eastern Cape. Crop diversification can help in improving soil 

fertility through intercropping of cereals with nitrogen-fixing legumes, decreasing reliance on 

chemical fertilisers (Lin, 2011; Makate et al., 2016). In their study using data from over 500 

smallholder farmers, Makate et al., (2016) found that adopting crop diversification strategies 
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improved crop productivity, income and overall food security of farmers. Makate et al., (2016) 

concluded that crop production was a practical climate smart agricultural practice that 

significantly improved crop productivity in rural farming systems. Diversified cropping 

systems, in general, tend to be more agriculturally stable and resilient  (Makate et al., 2016).  

A crop diversification strategy which has proved effective in adapting to climate change and 

increasing food security simultaneously is agroforestry – the integration of trees with crop 

cultivation and livestock production. Trees provide climate mitigation and adaptation benefits 

through carbon sequestration and increase the resilience of agroecosystems by providing 

farmers with both income (sale of tree products e.g. fruits, timber) and increased productivity 

(through enhanced ES such as pollination and biodiversity) (Duguma et al., 2020). According 

to World Vision, (2019), grain yield can significantly increase when farmers incorporate trees 

within crop production systems. The inclusion of agroforestry practices in degraded lands such 

as those that make up the greater part of the Eastern Cape can lead to sustainable environmental 

and economic outcomes in agricultural production systems.  

6.4.3 Barriers to effective climate change adaptation 

Several studies in Africa have demonstrated several barriers that challenge the ability of 

farmers to adapt to climate change. The major barriers identified  include access to credit, lack 

of information on climate change adaptation strategies, poor extension services and 

institutional factors (Assoumana et al., 2016; Juana et al., 2013; Sani et al., 2017). Juana et al., 

(2013) reported that the institutional factors that influence the adoption of new technologies 

are access to information via extension services (climate information and production 

technologies) and access to credit. Juana et al., (2013), further add that farmers who have 

substantial agricultural extension contacts have better chances of being aware of changing 

climatic conditions as well as adaptation measures in response to the changes in these 

conditions. This is confirmed by the findings of Sani et al., (2017) and Mnkeni et al., (2010) 

who came to the conclusion that lack of credit, poor access to markets, and lack of information 

about climate change and high cost of adaptation were the main climate change adaptation 

constraints. 

6.4.4 Impacts of climate change on maize yield 

Model ensemble results also predict a decrease in maize yield for all future scenarios with a 

more pronounces decreases in RCP 8.5 2070-2099. This decrease can be attributed to an 
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increased temperature that would shorten the growth stage of the maize crop. Temperature 

influences the duration of growth through a faster accumulation of growing degree days. 

Several studies have shown that increases in temperature lead to an early maturing of crops, 

which allows for less time to accumulate biomass and form grain yield (Craufurd and Wheeler, 

2009; Dominguez-Faus et al., 2013; Sacks et al., 2010). The projected decrease in maize yield 

in this study is in agreement with other studies in Southern Africa. For example, studies by 

Matarira et al., (1995) projected decreases in maize yield in Zimbabwe under both irrigated 

and rain-fed agriculture. In their study, they used the CERES model driven by GCMs 

(specifically the GFDL and the Canadian Climate Centre Model). Walker and Schulze, (2006), 

also studied the response of smallholder maize production in Potshini village, KwaZulu Natal, 

South Africa up to the late 21st century climates. Their study projected a decrease in average 

maize yields of approximately 30% but also showed that more efficient management of 

fertiliser and manure applications would be a viable management strategy to adapt to climate 

change. 

Rainfall can also influence crop yield as water is key to crop growth and development. In this 

study, rainfall was predicted to decrease in the study area. This has implications for food 

production as rainfall is used to supplement irrigation in the study area. Further, rainfall is the 

ultimate source of irrigation water and a decrease in rainfall would lead to decreased flows in 

the Great Fish River, leading to further water shortages in an already water-scarce area. Further 

water shortages would have a significant impact on food production in the area as the Great 

Fish River supplies most of the irrigation water used by conventional farmers in the area. 

Previous studies by Mnkeni et al., (2010) and results from Chapter 5 have shown that without 

irrigation, rain-fed maize yields in the Eastern Cape are very low even when sufficient fertiliser 

is provided. In light of the predicted impacts of climate change in the study area, there is an 

urgent need for farmers to get financial and technical support to implement on-farm water 

adaptation strategies such as rainwater harvesting and the use field water conservation 

strategies such as mulching.  

With regard to nitrate leaching, all future simulations predicted significant increases in N 

leaching. Generally, increases in temperature accelerate phenological development leading to 

a shorter growing period and less nutrient uptake. Without matching the amount of fertiliser 

applied to crop N needs, excess N can be lost to the environment through leaching. This 

indicates the need to make adjustments of fertilisation schemes under climate change 
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conditions into consideration when developing future agricultural land management strategies 

aimed at maximising the use of N by plants and minimising N losses to the environment.  

It is important to note that in the simulations, no adaptive agricultural land management 

strategies aimed at minimising the effects of climate change were considered. This is unlikely 

to be the case in practice. Agroecosystems are managed and farmers have a variety of possible 

adaptation options (Yang et al., 2014) as the results of the survey have shown. While the study 

did not show possible yield changes due to the implementation of climate change adaptation 

measures, the study does provide a clear picture on maize yield and N leaching if no climate 

change adaptation measures are taken. Increases in temperature and a decreased length of the 

rainfall season predicted in this study suggest that short term growing maize varieties and 

drought-tolerant maize varieties may be needed in the Eastern Cape if crop production is to be 

sustained. 

The results of climate impact studies, however, should not be taken in absolute terms but rather 

as possible pathways for the future of agricultural production. Decision and policymakers 

should take into account other factors that may influence crop yield. In this study, the combined 

influence of other factors such as the development of pests and disease on crop yield was 

assumed to be fully controlled through appropriate management practices. The results of the 

study can be used by farmers and policymakers to plan how to adapt to the projected increases 

in temperature. It is important to develop adaptation strategies that take into account the 

projected increases in temperature and minimise N leaching. N leaching represents an 

economic loss to farmers (N fertiliser not utilised by plants) and a potential water pollutant. It 

is recommended that studies that test the effectiveness of adaptation strategies and current and 

future climate scenarios using the EPIC model be carried out in the region.  

6.5 Limitations of the study 

Downscaled climate projections unavoidably inherit uncertainties from general circulation 

models (GCMs). Sources of uncertainty arise from internal variability of the model, the 

greenhouse gas emission scenario used (RCPs), the statistical downscaling process and 

imperfections in the GCMs from which the downscaled data was derived. Other sources 

include using only one crop model (EPIC) to project the impacts of climate change on crop 

yield. Asseng, (2013) suggested that ensembles of many models could give a better estimate of 

yield than using one model, however, this was beyond the scope of this study.  
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Also, crop management such as fertilization was also assumed to be similar across the future 

time periods which may not be the case in reality as farmers act to adapt to changing farming  

conditions. In addition, one maize cultivar was considered in this study assuming different 

cultivars would give similar responses to the impacts of climate change as presented in Rurinda 

et al., (2015)  and Araya et al., (2015). It is also important to note that in utilizing survey 

responses, reported adaptation strategies were analysed, rather than observed strategies.  

6.6 Conclusion 

Farmers are aware of climate change and use a variety of adaptation strategies such as crop 

rotations and intercropping to cope with climate change impacts. The most noticeable changes 

farmers have observed are increases in temperature and changes in rainfall patterns. Both 

factors will have a negative impact on crop production and lead to decreased yields in the 

absence of agricultural management interventions. Apart from challenges associated with 

climate change such as increased temperature, farmers face other challenges such as access to 

credit lines that prevent them from effectively adapting to climate change.  

Future climate change will have a negative impact on maize production and environmental 

water quality in the Eastern Cape. Already farmers are observing increases in temperature and 

decreases in crop and pasture yields. Mitigating the future impacts of climate change is a crucial 

food security task in the study area. Models can help anticipate a range of possible impacts of 

climate change on crop production and help in planning appropriate agricultural land 

management responses that will contribute to sustainable food production and food security. A 

modelling approach combined with farmers’ knowledge from surveys offers a way of gaining 

useful insights into challenges that farmers encounter when trying to adapt to the climate. The 

EPIC model can be considered a useful tool for exploring the future impacts of climate change 

on crop yields and the environment.  Future studies using EPIC should test the effectiveness of 

various crop rotation and intercropping strategies based on farmers current crop rotation and 

intercropping strategies
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Chapter 7: Synthesis  

7.1 Summary 

Overall, this study contributes to the wider adaptation of the ecosystem services (ES) approach 

for agricultural land management and policy decisions. de Groot et al., (2010) identified 

quantitative methods as essential to move the concept of ES from theory into practice. 

However, better engagement of key stakeholders such as farmers in agriculture is equally 

important and a prerequisite to effectively applying the ES concept to agricultural land 

management policy development and decision making.  

The main objectives of this research were to evaluate (i) the reasons behind farmers’ current 

agricultural land management strategies (ii) the values farmers assigned to ES (iii) farmers’ 

perceptions of climate change and (iv) to quantify the effects of agricultural land management 

strategies and climate change on ES provision in the Eastern Cape Province of South Africa.  

To achieve these objectives, the study adopted a social-technical approach to exploring and 

modelling agroecosystem services at the farm scale, and within the Eastern Cape region.  

First, a survey of Eastern Cape conventional farmers was carried out to find out their current 

management practices, the values they assigned to different agroecosystem services and their 

perceptions of climate change. Next, a crop growth model, the Environmental Policy Integrated 

Climate Model (EPIC), was then calibrated and validated for South African conditions using 

limited data from field variety trials on maize carried out at the Cradock Research Farm in the 

Eastern Cape. After satisfactory calibration and validation, the model was applied to simulate 

different irrigation and Nitrogen (N) fertiliser management strategies to find the optimum N 

fertiliser and irrigation water management strategies for maize production in the Eastern Cape. 

Finally, to assess the impacts of future climate change on maize production in the Eastern Cape, 

statistically downscaled climate data for the Cradock area, driven by three GCMs for two future 

periods, under two different emission scenarios (RCP 4.5 and RCP 8.5) were used as input  into 

the EPIC model to simulate future maize yields.      
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7.2 Addressing the research objectives of the study 

7.2.1 Objective 1: To explore motivations for farmers’ management practices and 

values of ecosystem services in an agroecosystem context in the Eastern Cape, 

South Africa. 

Farmers had several reasons for using particular types of fertilisers and irrigation methods. 

Fertiliser choices were mostly based on crop yield or crop quality considerations.  Choice of 

irrigation was mostly based on the cost of irrigation equipment and irrigation equipment 

available. Further, results show that while most farmers knew the amount of fertiliser they used; 

they did not know the exact amount of irrigation water they used during the crop growing 

season. The assumption that science has readily available technologies that can be used to solve 

farmers’ problems has been described by (Nederlof and Odonkor, 2006) as erroneous. The 

results of this study show that farmers use complex sets of criteria such as crop quality, labour 

availability and access to markets. It is not always the case that solutions that are technically 

sound will be adopted by farmers. Policymakers and extension support should take this into 

consideration when developing or recommending agricultural land management practices for 

farmers.  Farmer uptake of recommended agricultural land management can only be understood 

if the farmers' socio-cultural context is taken into account (Nederlof and Odonkor, 2006). 

Farmers in the Eastern Cape revealed that lack of access to markets was a major constraint to 

farming. The study revealed that besides access to markets, farmers also lacked access to credit 

which may prevent them from buying new equipment and using technology to adapt to climate 

change. Concerning sources of information, farmers mostly exchanged farming-related 

information between themselves. Other important sources were the internet and Farmer’s 

Organisations. While farmers had access to extension services, extension services only 

accounted for 27% as sources of information for farmers. This calls for the government to 

renew and strengthen extension efforts in the region and also presents opportunities for 

researchers to work with government extension services to provide sound information to 

improve farmers’ agricultural management practices and access to climate change adaptation 

information. 

The use of information and communication technology (ICT) in agriculture, also known as e-

agriculture, can help in providing farmers with correct information on agricultural land 

management strategies and climate change adaptation strategies. Internet-based social 

platforms and the use of smartphones can be used to reach farmers that are not easily accessible. 
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The use of e-agriculture can help sustainable intensification efforts through improved 

information and communication processes between farmers, researchers and government 

agricultural extension services. 

With regard to the values farmers assigned to different ES, survey results show that even though 

most farmers had not heard the term ES they recognised the multiple benefits that ecosystems 

provided to people. Farmers assigned a high value to food provisioning ES compared to other 

supporting services such as climate regulation and managed their farms to achieve maximum 

production. This may indicate that other ES may not be well understood by farmers. An 

understating of the values key stakeholders assign to ES can improve the implementation of 

the ES framework in agricultural land management and policy in the Eastern Cape.  

7.2.2 Objective 2: To calibrate and validate the EPIC model for maize growth and 

yield simulation using limited field-scale data under South African conditions 

The calibration of crop models is important to improve the reliability of crop model simulation 

when developing improved agronomic management practices as default crop parameters can 

result in the low predictive capacity of crop models (Guillaume et al., 2011). Experimental data 

provide robust references for crop model calibration (Wallach et al., 2011) however, the 

availability of such experimental data is limited as field experiments are costly and time-

consuming.  

In this thesis, a calibration procedure that can be applied to data-limited catchments is 

presented. The method comprises of three successive steps: (i) simulation with default 

parameters (ii) soil parameters adjustment to reflect site soils, (iii) calibration of Potential Heat 

Units based on local cultivar maximum and minimum temperatures and base temperatures and 

(iv) calibration of crop parameters. The calibration procedure is also feasible, with low 

computational costs. However, Klein (2013), explains that parameter set that may perform well 

under present conditions may not do so under future conditions or different site conditions. 

This implies that the predictive power of model significantly decreases when used under 

different conditions from the site the model was calibrated, a view opposed to the other view 

that the validity of dynamic crop models is beyond the conditions for which they have been 

calibrated  (Wallach et al., 2006). Further, the current climate is not representative of future 

climate. This highlights the importance of considering parameter uncertainties when using 

model outputs. 
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7.2.3 Objective 3: To quantify the effects of agricultural land management strategies 

and climate change on selected agroecosystem services at the farm scale.   

Comparison of farmers reported yields with yield simulations under improved fertiliser and 

irrigation water management suggests that there is room for improvement to increase farmers’ 

maize yields from an average of 7 t ha-1 to approximately 12 t ha-1. Simulations revealed that 

by managing N fertiliser and irrigation water more efficiently, farmers’ maize yields could be 

significantly improved. A strong relationship between crop yield and nitrogen fertiliser 

indicates that nutrient management is critical to maintaining productivity. This is in agreement 

with findings by Mueller et al., (2012) that the yield gap can be closed with appropriate nutrient 

management when water is not limiting. In the ‘rain-fed’ only simulations, increasing fertiliser 

did not increase maize yields indicating that in semi-arid regions, water availability plays a 

significant role in determining crop yields.  

Further, simulation results also showed the existence of trade-offs between agricultural 

productivity and N leaching. This is in agreement with previous studies (see e.g. Power, 2010), 

that have demonstrated the existence of trade-offs between agricultural productivity and 

environmental impacts. In this study, increasing N fertiliser application increased maize yields 

but was accompanied by a corresponding increase in N leaching. Increasing fertiliser beyond 

approximately 155 kg N ha-1 did not result in any further increases in maize yields but rather 

increased the amount of N lost through leaching. This highlights the importance of matching 

N fertiliser applications to cropping needs to avoid both economic losses and negative 

environmental impacts.  

Model simulations further showed that the trade-offs between increasing maize yields and 

minimising nutrient leaching can be expected to intensify with climate change, especially 

towards the end of the century. The establishment of catch crops to minimise N leaching has 

been broadly suggested in the literature. Studies on the use of catch crops have mostly been 

based on modelling (Constantin et al., 2012; Doltra et al., 2011) or field experiments 

(Askegaard et al., 2011). Farmers can be encouraged on the use of catch or cover crops such as 

cowpeas, oats or alfalfa to minimise N fertiliser losses through N leaching. 

7.2.4  Objective 4: To evaluate farmers’ perceptions of climate change and compare 

current and future maize yields under different future climate scenarios. 

Survey results indicate that farmers in the Eastern Cape are aware of climate change and are 

able to describe the effects climate had on crop and pasture production. About 40% of farmers 
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had observed changes in temperature and precipitation while 38% had noticed changes in crop 

and pasture yields and attributed these yield changes to climate change. These observations are 

consistent with several studies in South Africa that have shown general increases in 

temperature and rainfall intensity (Jury, 2018; MacKellar et al., 2014). The perceptions of 

climate change and adaptation choices made by farmers are important considerations in the 

design of adaptation strategies by policymakers (Waibel et al., 2018). Failure to take into 

account these perceptions may result in the development of adaptation strategies that may not 

be taken up by farmers. In this study, the majority of farmers already indicated the use of 

adaptation strategies such as crop rotations and intercropping. It would be useful for future 

studies to use models to test the effectiveness of adaptation strategies under current and future 

climate change.  

EPIC simulation results revealed that under current crop management conditions, climate 

change will generally have a negative effect on maize yield. All three climate models showed 

a projected decline in maize yield mostly due to increased temperatures since a fully irrigated 

maize crop was used in the simulations. In addition, simulations showed that irrigation water 

requirements are likely to decrease on average due to the decreases in yield. While the decline 

in irrigation water requirements in the catchment due to water scarcity already being 

experienced in the catchment, this decrease in irrigation water requirement will be 

accompanied by a decrease in yields and water use efficiency.  N leaching is also projected to 

increase in all scenarios with increases by as much as to 373% in the 2090s.  

7.3  Agricultural land management and policy implications of the study  

Improvement of agricultural land management practices and climate change adaptation 

strategies in the Eastern Cape will be necessary for both the current and future periods. This 

study has shown that maize yields in the Eastern Cape can be improved by managing N 

fertiliser and irrigation water in a more efficient manner. To improve crop productivity while 

minimising environmental impacts, there is need to encourage farmers to manage irrigation 

water and fertiliser simultaneously, ensuring that these inputs are provided to the crop at the 

right rate, from the right source, at the right placement and  at the right timing. Irrigation 

efficiency could be improved by using drip irrigation, the use of sensors to detect soil moisture 

levels and regularly monitoring equipment and repairing leaks in irrigation systems. Fertiliser 



  

139 

 

efficiency could be improved by using techniques such as precision agriculture, application of 

fertilisers in irrigation water, and micro-dosing techniques that have been tested in field trials.  

If sustainable intensification is to be achieved, there is an urgent need to strengthen agricultural 

extension services in the region. The results of this study have shown that currently, extension 

support to farmers in the area is low. Improved extension support will play a critical role in 

providing farmers with technical information based on scientific principles that is necessary to 

adapt to climate change and sustainably increase crop yields. Such technical information can 

be provided to farmers through government training of extension workers. Extension workers 

should be trained on new technologies and techniques to improve agricultural land 

management as well as strategies to adapt to climate change. Extension workers form an 

important link between policymakers, researchers and farmers as they can serve as middlemen 

who can pass information about more efficient agricultural land management practices, climate 

change and market information. Extension workers should be given the capacity to regularly 

visit farmers and work closely with farmers in implementing sustainable agricultural land 

management practices and keeping good farm records that can be used to inform crop 

modelling studies. In addition, farmers’ field schools can be used to provide information to 

groups of farmers. Results of this study have shown that farmers rely on information from other 

farmers. Using farmers field schools can be an effective way of spreading BMPs among 

farmers in the region. Farmers’ field schools could be funded by other stakeholders in 

agriculture such as fertiliser and seed companies in collaboration with farmers organisations 

and government departments such as the Department of Agriculture. 

The study demonstrated the usefulness of crop trial data in calibrating a crop model before its 

application, even though the data was limited. Organisations such as the ARC grain institute 

and SA Grain regularly carry out field trials on crops such as maize and wheat. However, these 

trials are mainly to test differences between crop varieties and not necessarily to inform crop 

modelling studies. Crop modellers could work with trial managers to design trials in which key 

parameters needed for model evaluation could also be measured. This can increase the quality 

of data available for model calibration and validation in South Africa. Limited data to calibrate 

models is often cited as one of the major challenges in the application of crop models in South 

Africa (Zinyengere et al., 2015). 

Crop production is one aspect of sustainable intensification as other factors also contribute to 

the total food production system. The study showed that apart from addressing the challenges 
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associated with climate change, farmers have to overcome a variety of challenges associated 

with farming. For example, many farmers responded that limited access to markets was a major 

constraint to farming. The government may subsidise farmers by providing easier access to 

credit or new and improved farming equipment. Access to credit will allow farmers to purchase 

agricultural inputs and will also encourage farmers to adopt more efficient agricultural land 

management strategies (e.g. adoption of drip irrigation systems) that contribute to sustainable 

intensification and increased food security. Government and conservation organisation should 

also increase the number of PES programmes that involve farmers in the Eastern Cape to 

encourage farmers to manage farms for the provision of multiple ES. Farmers in this study 

showed a willingness to participate in PES schemes however, studies should be conducted first 

to find out which ES should receive payments and at what level or form of payment. 

7.4 Study limitations 

The modelling approach used in this study faced several limitations mainly emerging from (i) 

the use of a crop model and (ii) climate modelling uncertainties while the farmers’ survey was 

restricted by a limited sample size. 

7.4.1 The use of a crop model  

Crop modelling studies and climate impact studies can be useful sources of information do aid 

framers and policymakers in decision making and planning. However, it is important to 

consider the success of uncertainty that can be introduced into the study at different points 

(Klein, 2013). Sources of uncertainty are related to input data and model structure. These two 

sources of uncertainty are briefly described below 

Input data 

Uncertainties related to input data usually relate to errors in the soil and weather input data that 

may not be entirely representative of the study area. This is usually due to a lack of detailed 

site-specific data, which may warrant the use of global data sets generated by extrapolation. In 

this study, some soil parameters needed as input in the model were not measured in sufficient 

detail or completely not measured during the field experiments. The HWSD is the only publicly 

available source of information with sufficient detail on soil texture available in South Africa. 

The HSWD was used to complement the site-specific available soil data under the guidance of 

expert opinion on soil properties of the study site. The  HSWD is quality controlled by FAO 

and IIASA (FAO/IIASA/ISRIC/ISS-CAS/JRC, 2009). With regard to weather data, the 
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AgMERRA database is quality controlled by  NASA's Global Modelling and Assimilation 

Office (Rienecker et al., 2011), potentially reducing the uncertainty related to input data.  

Model structure 

Klein (2013) explains that model equations are all subject to variability and uncertainty. As a 

result, functional relationships between input and outputs can be subjective depending on the 

model used (Bao et al., 2016). Processes included in simulation models may not always be 

fully understood or well implemented. For example, Free Air Carbon Enrichment (FACE) 

experiments indicate productivity increases due to increased carbon dioxide levels but do not 

address important co-limitations arising from water and nutrient availability (Klein, 2013). The 

magnitude of crops responses to increased CO2 levels is thus uncertain and the subject of 

current debates among researchers (Long et al., 2006; Parry et al., 2004). Biernath et al., (2011), 

argues that many crop models are currently unable to capture the complex underlying processes 

associated with CO2 fertilization and are therefore unable to reproduce experimental results. In 

this study, the CO2 effects were not considered due to lack of annual data on future CO2 levels 

for the periods used in the scenarios. To reduce uncertainties associated with the model 

structure, the use of an ensemble of crop models has been suggested for example the AgMIP 

Project (Agricultural Model Inter-comparison and Improvement) (Rosenzweig et al., 2013), 

which compares the outputs of several models based on the same data sets. However, this was 

beyond the scope of the present study. 

A limiting factor in crop production in Sub Saharan agricultural systems is insufficient 

availability of micronutrients such as zinc and molybdenum in soils (Folberth, 2013). 

According to Bationo et al., (1998), micronutrient deficiencies can render increased application 

of macronutrients ineffective. Available soil data did not include micronutrient elements and 

the EPIC version 0810 used in the study does not account for the role of micronutrients in plant 

growth. Phosphorus application rates were not also considered and assumed to be sufficient. 

However, in practice, this may vary between different farmers’ fields.  

7.4.2 Climate change modelling uncertainties 

Results of climate change impacts are subject to several uncertainties due to incomplete 

knowledge about the underlying geophysical processes of global change (GCM uncertainties) 

and due to uncertain future scenarios (emission scenario uncertainties) (Folberth, 2013). 

Uncertainties in climate projections with respect to climate models can have significant impacts 
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on crop model outputs (Ceglar et al., 2011; Klein, 2013). To reduce uncertainties associated 

with individual climate models, three different models under two contrasting climate scenarios 

were selected to capture the full range of changes in temperature and precipitation projected by 

the models. van der Linden and Mitchell, (2009) state that emission scenario uncertainties are 

less relevant until the middle of the 21st century hence the 2040-2069 scenario was chosen as 

the starting period for future climate simulations. 

7.4.3 Survey limitations 

The study was restricted by a limited sample size. Many farmers who had been contacted 

declined to participate in the study indicating that they were not comfortable revealing their 

farm business details such as the size of the farm, farm income and fertiliser practices. The 

limited sample size restricted the analysis of results to descriptive statistics. A limitation in the 

number of respondents might lead to limitations for quantitative analysis due to the number of 

cases and due to the absence of variance in the population. Case studies can provide insightful 

data and can be considered effective tools for research on limited sample sizes (Chetty, 1996) 

and as a suitable approach for theory building (Eisenhardt and Graebner, 2007). It is 

recommended that future studies engage a ‘trusted’ agent such as a Farmer’s Organisations to 

assist with similar studies and minimise issues of mistrust between researchers and farmers.  

7.5 Recommendations for future research 

Future work with EPIC will involve testing the effectiveness of several adaptation strategies 

under different climate change scenarios. This should be done with the involvement of 

stakeholders particularly farmers (both commercial, emerging and smallholder farmers) who 

are ultimately responsible for taking up adaptation strategies. Future studies may also look at 

the effectiveness of different crop rotations, for example, maize-soybean or maize-alfalfa 

rotations under different future climate scenarios. In addition, future studies with farmers can 

test farmers’ knowledge of the interrelationship of different ES in agroecosystems.  

There are considerable uncertainties in the assessment of climate change impacts on crop yield 

using crop models. Besides the uncertainties arising from the use of GCMs, there are significant 

differences between projections of climate impacts on crop yields from different crop models 

using the same climate data sets. These differences are often due to dif ferences in model set 

up, model parameterisation and model assumptions (Folberth, 2013). Reducing these 

uncertainties requires a combined effort from the crop modelling community in South Africa 
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to compare EPIC outputs with other models such as the ACRU (Schulze, 1995) or AquaCrop 

(Raes et al., 2009)  models. Such a joint effort will improve the reliability of crop models in 

the prediction of climate change impacts on crop yields and water use. 

The modelling approach applied in this study has been applied to the Cradock area only. The 

model could be applied to other catchments since climate conditions and soil may significantly 

differ. Field trials are regularly carried out by the Agricultural Research Council in many parts 

of South Africa (Dlamini et al., 2015). Crop modellers should endeavour to work with crop 

variety trial managers to design field trials that capture comprehensive data that can be used 

for model calibration and validation. Partnerships between crop modellers, trial managers and 

seed producers can improve the availability of data for model calibration and validation. 

Models can then, in turn, be applied to simulate the performance of crop varieties under 

different soil and climate conditions. Extension and farmer support should also encourage 

detailed record-keeping of farm management practices by farmers. Detailed farm agricultural 

management records can be used for rigorous model calibration and validation. 

In conclusion, the present study is one of the few studies that use a social-technical approach 

within an ES framing, combining insights from farmers practices, values and behaviour with 

those from an application of a technical model to shed light on important maize production 

parameters under present and future climate conditions. The study thus makes important 

contributions to the understanding of the complexity of interacting factors that may influence 

agroecosystem services at the farm scale.  
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Appendices  

Appendix A. Questionnaire on farmers’ agricultural land management practices and 

values assigned to agroecosystem services in agriculture. 

 

Thank you for taking the time to participate in this study. This survey is anonymous and 

results will only be used for academic purposes. 

The farmer remains a significant shareholder in safeguarding our future food security 

as many decisions impacting food production are made at the farm level. The aim of this 

survey is to find out from farmers or land managers, the current agricultural 

management practices they are using and any other challenges they are facing in their 

farm business. Information will be used to recommend policies that are farmer oriented 

and suggest management practices that increase farmers’ yields. Your input is greatly 

appreciated. 

Please answer the questions to the best of your knowledge.  

I understand that the survey is voluntary and I am free to stop participation at any 

moment. I confirm that the information I provide will be used to write research reports. 

* Check all that apply. 

I agree to participate  

 

______________________________________________________________________ 

Agricultural land management  

1. In what province is your farm located?  __________________________________ 

2. What is the total size of your farm? _____________________________________ 

3. How long have you been farming or managing land? _________________________ 

4. Please check all the crops that you produce 

 



  

179 

 

Check all that apply. 

Maize 

Lucerne  

Vegetables 

Citrus 

Wheat 

None 

Other: ___________________________________________________________ 

5. Please check all the livestock on your farm  

Check all that apply. 

Beef cattle                 

Dairy cattle 

Sheep 

Goats 

Poultry 

None 

Other: ___________________________________________________________ 

6. Where do you get information when making farm decisions?  

Check all that apply. 

Other farmers 

Private Consultant 

Government Extension 

Internet 

Agricultural Magazines 

Farmers' Organisations 
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Other: _________________________________________ 

7. Do you irrigate your crops? 

Mark only one box. 

Yes                                                     No 

8. If yes, what is your main source of irrigation water?  

Check all that apply. 

River/stream 

Groundwater 

Dam/Pond 

I do not irrigate 

Other: 

________________________________________________________________ 

9. What Irrigation methods do you use?  

Check all that apply. 

Surface 

Overhead 

Drip 

Sub-surface 

I do not irrigate 

Other: 

________________________________________________________________ 

10. What are your reasons for using those kinds of irrigation methods? 

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

11. Do you apply fertilisers on your field?  
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Mark only one box. 

Yes 

No 

12. If yes, what type of fertilisers do you apply? 

Check all that apply. 

Organic (animal or compost) 

Inorganic/Chemical (NPK, Ammonium compounds) 

Other: ___________________________________________________________ 

13. What are your reasons for applying those particular fertilisers? 

______________________________________________________________________ 

______________________________________________________________________

______________________________________________________________________ 

14. What methods do you use when determining fertiliser application rates? 

Check all that apply. 

Soil Analysis 

Crop yield considerations 

Past experience 

Private Consultant 

Extension Services 

Environmental Goals 

Other: ___________________________________________________________ 

15. What methods do you use to apply fertiliser? 

Check all that apply. 

Liquid 

Controlled release 

Broadcast 
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Arial or Spraying 

Other: ___________________________________________________________ 

16. Why do you use those particular methods? 

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

17. How do you make decisions on fertiliser application timing? 

Check all that apply. 

Plant appearance/need 

Fertiliser Label 

Supplier instructions 

Past experience 

Soil and plant testing 

Consultant 

Other: ___________________________________________________________ 

18. What is the average yield per growing season for your main crops?  

______________________________________________________________________ 

19. For the crops you have mentioned above, approximately how much fertiliser do you 

use per growing season? 

______________________________________________________________________

______________________________________________________________________ 

20. Do you know how much irrigation water you use per growing season?  

Mark only one box. 

Yes  

No 

I do not irrigate 
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21. If yes, approximately how much do you use for each crop? 

______________________________________________________________________ 

22. What are the three biggest problems in the management of your farm? 

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

Ecosystem Services  

There is growing awareness that farmlands provide a variety of benefits to 

society, such as food provision, purifying water, renewing soil and providing 

a habitat for birds and animals. The term ‘ecosystem services’ is used to 

refer to these benefits. 

23. How familiar are you with the term “ecosystem services”? 

Check appropriate box 

Very familiar Somewhat familiar Never heard the term 

before 

 

24. How often do you think croplands provide the following benefits to society?  

Check all that apply. 

 Always Sometimes Never 

provide food    

reduce soil erosion    

provide fuel    

provide recreation    

provide freshwater    



  

184 

 

provide clean air    

reduce flooding    

provide medicines    

are pleasing to look at    

maintain species variety    

regulate local climate    

 

25. How valuable is this benefit to you?  

Check all that apply. 

Ecosystem Service Very 

valuable 

Medium 

value 

Not 

valuable 

provide food    

reduce soil erosion    

provide fuel    

provide recreation    

provide freshwater    

provide clean air    

reduce flooding    

provide medicines    

are pleasing to look at    
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maintain species 

variety 

   

regulate local climate    

 

26. What are your biggest ecosystem concerns on the farm? 

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

27. What aspects of your land are most important to you? Why? 

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

30. Please check all the conservation/adaptation management practices used on your farm  

Check all that apply. 

Nutrient Management 

Irrigation management 

Intercropping 

No-till 

Riparian buffer 

Grassed waterways 

Crop residues 

Crop rotation 

Cover crops 

Filter strips 
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Compost manure 

Rotational grazing 

None 

Other: ___________________________________________________________ 

Payments for ecosystem services (PES) 

Payments for ecosystem services are increasingly being used to help manage ecosystems 

more sustainably. PES are economic arrangements or incentives used to reward the 

conservation of ecosystem services. PES describe schemes in which the beneficiaries, or 

users, of ecosystem services, provide payments to the stewards, or providers, of 

ecosystem services. In practice, this often involves a series of payments to land managers 

in return for a guaranteed management action by the land managers likely to enhance the 

provision of ecosystem services. Payments are made by the beneficiaries of the 

ecosystem services in question, for example, by the government acting on behalf of 

society. 

31. Would you be willing to implement conservation practices on your land if you knew 

how they would benefit your farm?  

Mark only one box. 

Yes 

No 

28. If there was a conservation program that offered you a payment for improving the 

quantity or quality of ecosystem services your land provides, would you consider 

participating?  

Mark only one box. 

Yes  

No 

Climate change  

29. Have you heard of climate change?  
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Mark only one box. 

Yes                                                              No 

30. If yes, has it affected your farm production in any way? 

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

31. Have you, in any of the past years, changed the type of crops grown on the farm?  

Mark only one box. 

Yes                                                               No 

32. If yes, what has encouraged you to change the type of crops you grow? 

Check all that apply. 

 Large 

influence 

Medium 

influence 

No 

influence 

Climate Change 

(weather) 

   

Technological 

advances 

   

Financial factors    

Government policies    

Markets (demand, 

access) 

   

Pests and diseases    

Advice from other 

farmers 

   

  

  



  

188 

 

Advice from 

agronomists 

   

 

33. What have you noticed about rainfall in the past 10 to 20 years concerning the 

following (please tick appropriate box) 

Start of rainy season                                                  Length of rainy season 

Early       Increased 

No change       No change  

Late       Decreased  

Amount of rainfall      Average temperature 

Increased      Increased 

No change      No change 

Decreased      Decreased  

34. Are there any other factors that have made you change or consider changing the type 

of crops you grow?  

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

35. What are some of the major challenges that are making it difficult for your farming 

practice to be profitable? 

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

36. What one thing would be of most value to you in making your farming operation 

profitable? 
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______________________________________________________________________

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

Demography 

37. Gender 

Mark only one oval. 

Female 

Male 

Other: __________________________________________________________ 

38. Age * 

Check all that apply. 

Less than 25 

25 - 34 

35 - 44 

45 - 54 

55 - 65 

Above 65 

39. Please check your highest level of education * 

Mark only one box. 

Primary school 

Secondary school 

Matriculation 

Diploma 

Technical/Vocational training 

University degree 
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Other: ___________________________________________________________ 

40. Please check your annual gross farm income * 

Mark only one oval. 

Less than R 50 000 

R 50 000 - R 99 000 

R 100 000 - R 249 000 

R 250 000 - R 499 000 

R 500 000 - R 999 000 

Over R 1 000 000 

41. Any other comments? 

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________

______________________________________________________________________ 

Thank you for your participation!
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Appendix B. Further EPIC model description 

The EPIC model was originally developed in America to investigate the relationship between 

soil erosion and soil productivity (Williams et al., 1989). The model simulates approximately 

eighty crops with one crop growth model using unique parameter values for each crop. It 

contains a variety of crop management options including fertilization, irrigation and pesticide 

fate. EPIC operates on a daily time step and can be used for long term assessments spanning 

hundreds of years (Balkovič et al., 2014). It has been used for crop production studies (Folberth 

et al., 2013; van der Velde et al., 2014) and water resource studies (Forster et al., 2000; 

Intarapapong et al., 2002; King and Balogh, 2009). Several studies have also found the model 

to be effective in simulating crop growth and crop management scenarios under resource-

limited conditions (van der Velde et al., 2014; Worou et al., 2015). Additionally, soil nitrogen 

and phosphorus biogeochemistry models are incorporated into the EPIC model (Xu et al., 

2014). The model is therefore well suited for simulating nutrient and irrigation management 

practices in agricultural systems. The major management and biophysical components of the 

EPIC model are briefly described below. 

Crop growth and yield. 

EPIC uses a single crop module capable of simulating the major agronomic crops, trees, and 

pastures. The model simulates about 100 different crops each with unique crop growth 

parameters. Crop specific parameters have been developed for the major crops and the user 

may create new crop parameters or adjust existing parameters as required. The model can also 

simulate crops grown in rotations and in particular cases, in mixtures (Forster et al., 2000). 

The model is capable of simulating growth for both annual and perennial crops. Crop growth 

and development are based on the accumulation of heat units from planting to harvesting. 

Potential biomass production is based on light interception and assimilation. Potential increases 

in root and above-ground biomass are multiplied by plant growth-regulating factors to obtain 

the actual daily growth. Development of leaf area index (LAI) depends on crop-specific 

maximum LAI, inbound solar radiation, plant stress, and heat units (HU) (Williams et al., 

1989). The height of the crop depends on crop-specific maximum crop height and HU. Based 

on a maximum harvest index (HI) and a minimum harvest index under water stress (WSFY), 

the model calculates the development of and actual HI over the growing season depending on 

HU and water stress. At harvest, the model calculates economic crop yield based on biomass 
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and actual HI. Annual crops grow from planting to harvest date or until the accumulated heat 

units equal the potential heat units for the crop.  

Phenological development and maturity 

Plant development is accelerated by warm temperatures. High temperatures shorten the time to 

emergence (Angus et al., 1980), to antithesis (Tompsett, 1976) and grain filling period (Balasko 

and Smith, 1971). Phenological development and crop maturity are based on the heat unit 

accumulation approach. Heat units are based on the concept that the development of the plant 

is dependent upon the accumulated heat to which it was subjected during its developmental 

stages (Warburton et al., 2013) In general, the lower the temperature, the slower the rate of 

growth and development of the plant.  

Weather 

The model requires daily inputs of precipitation, maximum and minimum temperatures, solar 

radiation, relative humidity, and wind speed. The weather data can be based on measured data 

or generated stochastically. Historical daily weather data can be used directly in EPIC 

simulations when the length of historical daily weather is the same as the simulation period. 

When historical data is limited, historical daily weather data can be used to generate monthly 

weather data, which are used to generate EPIC weather input data for the entire simulation 

period (Williams et al., 2015).  

Nutrient cycling 

The model simulates nitrogen and phosphorus fertilization, crop uptake, transformations, and 

movement. The nutrient application can be automatic, based on crop stress levels or manual 

according to user-specified dates and amounts. Nutrients can be applied as mineral fertilisers, 

animal manure or in irrigation water (fertigation). Crop use of N is estimated using a supply 

and demand method. The daily crop demand for N is given by the difference between the ideal 

N content for the day and the crop N content (Williams et al., 1989).  

Tillage 

The user may select different tillage equipment according to local farming practices. 

characteristics of simulated tillage equipment can be changed in the model. Tillage equipment 

affects nutrient cycling and soil hydrology. Various crop rotations can be simulated with the 
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generic crop growth routine used in EPIC. An extensive array of tillage systems and other 

management practices can also be simulated with the model (Williams et al., 2015).  

Plant stresses 

The growth of roots is constrained by soil temperature and aluminium toxicity depending on 

pH, organic carbon, base saturation, and a crop-specific aluminium tolerance factor. 

Development of above-ground biomass is limited mainly by nutrient (N and P), water 

temperature and aeration stress. Water and nutrient stresses are based on deficits compared to 

optimal supply on each day (Folberth, 2013). Air stress is calculated as a function of porosity, 

soil water content and critical aeration factor. The totals of the daily values for each stress 

factor over the growing season are referred to as stress days. 

Hydrologic Cycle 

Precipitation in the model is divided into runoff and percolation with runoff volume estimated 

using a modified routine based on the USDA Soil Conservation Service curve number method 

(USDA Soil Conservation Service, 1972). Runoff, percolation, lateral subsurface flow and 

snowmelt are simulated (Forster et al., 2000). The model allows the simulation of crop yields 

different Potential Evapotranspiration (PET) equations which allows reasonable model 

applications in different climatic regions (Balkovič et al., 2013). Seven options are provided to 

simulate water erosion and five options are available to simulate potential evapotranspiration. 

In this thesis the Hargreaves method for estimating PET was used. 

Soil organic carbon 

The EPIC model used in this study EPIC v810 uses N cycling and organic carbon routines 

based on the Century model (Parton et al., 1994). Based on the description by (Izaurralde et 

al., 2006), organic matter (OM) is split into different pools: microbial biomass, slow humus, 

passive humus metabolic and structural litter and standing dead residue and roots. C and N may 

exit the system through leaching, erosion, and volatilization (Folberth et al., 2012). Exchanges 

between the various pools depend on several factors including soil water content, temperature, 

tillage profile depth, and C/N rations if microbial processes are involved. To allow for 

equilibration of soil functions and OM pools. The effects of soil texture on organic matter 

stabilization are also modelled. 

 


