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Abstract

Introduction: The North-Western Free State is a main contributor of South Africa’s maize production
which has recently been put under enormous pressure by climate change, pests, diseases, economic
factors and population growth. Crop diversification, by means of crop rotation, has potential to alleviate
some of the challenges faced by the farmers and communities in the area. However, the effects of crop
rotation are known to be site-specific. Therefore, the aim of this study was to determine the views and
perspectives of local farmers on crop diversification as well as to determine the sustainability (in terms of
soil health, nutrition, production and profitability) of different rotational systems specifically in the North-

Western Free State.

Materials and methods: An interdisciplinary approach of social and natural science was taken to achieve
the aim of this study. A unique questionnaire was designed, distributed and analysed to determine the
views and perspectives of the local farmers on crop diversification. A field trial comparing different crop
rotational systems was established on the farm Christinasrus and monitored for three consecutive
seasons (2020/2021, 2021/2022 and 2022/2023). Soil, nutritional and yield data obtained from the trial

were further analysed using descriptive and inferential statistics.

Results and discussion: North-Western Free State farmers had a positive perception towards crop
diversification, with 87% of them rotating crops, showing movement from crop specialisation towards crop
diversification. Rotational systems in the field trial maintained soil health, provided nutritional benefits and
improved crop production and productivity. Seasonal variation (mainly rainfall) played a role on soil
health, nutrition and crop production, with most aspects being negatively affected by above normal rainfall

conditions.

Conclusion: This study provided insight into the effect of crop rotation specific to the North-Western Free
State. The rotational systems investigated were viable, with potential for agricultural sustainability. The
study recommends that maize rotational systems incorporating soybean and cover crop be implemented
in the area to ensure sufficient and nutritious food, while conserving and improving the soil and

environment.

Keywords: Crop rotation, maize production, North-Western Free State, soybean production, sustainable

agriculture
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Chapter 1

Introduction

1.1.Background

Maize was introduced into South Africa in 1655 and has since become one of the country’s mostimportant
food crops (Sihlobo, 2018). It is the primary food of 80% of the country’s population (Standard Bank,
2015). The Free State province is a major producer of the country’s maize (Department of Agriculture,
Land Reform and Rural Development [DALRRD], 2019). More specifically, the North-Western Free State,
which forms part of the Nala municipality in the Lejweleputswa district, has a strong focus on maize as

well as sunflower, soybean, peanuts and vegetables (DALRRD, 2019).

Climate change is a concern for North-Western Free State agriculture as natural resources are being put
under pressure (DALRRD, 2019). Extreme weather events evident include increased temperature and
altered patterns of precipitation (Makate et al., 2016). The province experienced a major drought, with
the lowest average rainfall since 1904 being recorded in 2015, followed by two successive years of above
average rainfall (DALRRD, 2019). These extreme conditions have negatively affected many
stakeholders, resulting in increased food inflation and higher unemployment rates (DALRRD, 2019).
Other challenges effecting agriculture in the area include: Diminishing soil fertility, environmental
degradation, declining crop yields and increased production risks. (Makate et al., 2016; Nel & Loubser,
2004). Furthermore, the extremely sandy soils of the North-Western Free State are associated with
inherent compaction, low organic matter content, low nutrition and low water retention capability (Beukes
et al., 2019).

Crop diversification has potential to alleviate some of the many challenges faced by the farmers and
communities of the North-Western Free State. Makate et al. (2016:2) defines crop diversification as “the
practice of cultivating more than one variety of crops belonging to the same or different species in a given
area in the form of rotations and or intercropping”. Many farmers tend to focus their production on a single
crop as to produce large quantities (Chambers, 2020). Monocropping, which is the term used for
producing single crops, can lead to water loss, cause a decrease in nutrients and biodiversity of soils,

and can result in an increase of diseases due to genetic similarity (Chambers, 2020).



The benefits associated with crop diversity can be linked to all three aspects of sustainable agriculture:
Environmental, social and economic (Bobojonov et al., 2012). Environmentally, crop diversity enhances
soil health and reduces the risk of diseases, pests and weeds (Gurr et al., 2016; Lin, 2011; Smith, Nel &
Trytsman, 2019). Soil health is a term used to describe the general condition or quality of the soil resource
(Kibblewhite, Ritz & Swift, 2008). The importance to maintain soil health stems from the need to sustain
plant productivity, maintain or enhance water and air quality, and promote plant health (Doran & Zeiss,
2000). Crop diversification has shown potential to prevent soil deterioration, improve soil quality and
fertility which in turn could improve sustainability and profitability of the crop diversification systems
(Beukes et al., 2019; Bobojonov et al., 2012; Lin, 2011; Smith, Nel & Trytsman, 2019).

Crop diversification often results in higher crop yields and reduced production costs compared to
monoculture crops (Nel & Loubser, 2004; Smith, Nel & Trytsman, 2019). Production risks are lowered
through the inclusion of alternative crops with relatively low risk (Nel & Loubser, 2004). By securing their
profits, farmers can easily respond to market changes, price fluctuations and stabilise their income
(Bobojonov et al., 2012). Furthermore, a profitable farming business can create employment
opportunities, which remains the most sufficient way to alleviate poverty and inequality (Mashabela,
2017). In addition to the upliftment of the community, another important social aspect affected by crop
diversification is food security (CropLife, 2014). A stable and increased crop production increases food
availability and lowers food prices, ultimately improving food security (CropLife, 2014). Furthermore, the
nutritional quality of crops has a direct effect on human nutrition (International Atomic Energy Agency
[IAEA], 2020).

1.2 Problem statement

Maize is a valuable crop, providing for a significant amount of the country’s food. A major portion of this
maize is produced in the North-Western Free State. It is important to enhance and maintain the
productivity of maize in the area to ensure South Africa’s food security. That said, it is also important to
bear in mind that the maize market should be protected from overproduction which would result in a drop
in commodity price making it less profitable and non-viable for the farmer to farm. Crop diversity is a
proposed method of sustainable agriculture that has potential to maintain soil health as well as increase
crop Yields and profitability. Crop diversity has the potential to spread the farmers’ risks as the event of
an over production of two or more crops is highly unlikely. Furthermore, crop diversity is likely to improve

employment rates and provide nutritional maize which ultimately promotes food security. The need has



arisen to further investigate and add to the limited research results available regarding crop diversification

on soil health, maize nutrition, maize yields and profitability in the North-Western Free State.

1.3 Aim and objectives

The aim of the study was to determine the perception of North-Western Free State farmers on crop
diversification as well as to determine the sustainability of different rotational systems in the area. The

following objectives were devised in order to meet the aim of the study:

e Determine the views and perspectives of North-Western Free State farmers on crop diversification

e Determine the effect of crop rotation on soil health in the North-Western Free State

e Determine the nutritional benefits of maize-soybean systems in the North-Western Free State

e Determine the production and productivity of maize and soybean grown in rotation in the North-
Western Free State

¢ Provide guidelines for sustainable rotational systems in the North-Western Free State

1.4 Research questions

In response to the research aim and objectives the following research questions were derived:

o What are the views and perspectives of North-Western Free State farmers on crop diversification?

e Does crop rotation effect soil health in North-Western Free State?

e Do maize-soybean rotational systems in the North-Western Free State provide nutritional benefits?

e Does crop rotation improve the production and productivity of maize and soybean in the North-
Western Free State?

o What sustainable rotational system guidelines can be followed in North-Western Free State?

1.5 Significance of the study

Crop diversification has the potential to accelerate the achievement of a greatly needed environmental,
economic and social sustainability — the three pillars of sustainable agricultural development (Bobojonov
et al., 2012). In addition, the potential of crop diversification supports the second strategic development

goal of “zero hunger” (United Nations [UN], 2020). It more specifically supports the target of goal 2.4



which states that: “By 2030, ensure sustainable food production systems and implement resilient
agricultural practices that increase productivity and production, that help maintain ecosystems, that
strengthen capacity for adaption to climate change, extreme weather, drought, flooding and other
disasters and that progressively improve land and soil quality” (UN, 2020).

1.6 Layout of chapters

Chapter 1: Introduction

The introduction provided a general description of the study. The problem statement, aim and objectives

and research questions were included. Furthermore, the significance of the study was discussed.
Chapter 2: Literature review

The literature review was laid out using a funnel technique. The broader aspects included maize
production in South Africa, maize morphology and its growth cycle. The literature was narrowed down to
include the factors affecting maize production and strategies to improve it.

Chapter 3: Sample collection and methodology

Chapter 3 discussed the sample collection and methodology. An interdisciplinary approach of social and
natural sciences was taken to achieve the aim of this study. The site description, target population and
trial layout were discussed in this chapter.

Chapter 4: Views and perspectives of North-Western Free State farmers on crop diversification

This chapter used a mixed method approach to determine the views and perspectives of farmers on crop
diversification in the North-Western Free State. The analysis and results were discussed.

Chapter 5: The effect of crop rotation on soil health in the North-Western Free State

In Chapter 5, natural science methods were used to determine the effect of crop rotation on soil health in

the North-Western Free State. The analysis and results were discussed.



Chapter 6: Nutritional benefits of maize-soybean rotational systems in the North-Western Free
State

In Chapter 6, natural science methods were used to determine nutritional benefits of maize-soybean

rotational systems in the North-Western Free State. The analysis and results were discussed.

Chapter 7: Production and profitability of maize and soybean grown in rotation in the North-

Western Free State

In Chapter 7, production and profitability of maize and soybean grown in rotation in the North-Western

Free State were analysed. The results were discussed.

Chapter 8: Association between soil health, nutritional value and maize production in different

rotational systems in the North-Western Free State

Chapter 8 looked at the association between soil health, nutritional value and production of maize in

different crop rotation systems in the North-Western Free State. The analysis and results were discussed.

Chapter 9: Conclusion

In the final chapter, the overall observations were summarised and guidelines were provided for farmers
in the North-Western Free State.



Chapter 2

Literature review

2.1 Introduction

Plant domestication is “a co-evolutionary process that occurs when wild plants are brought into cultivation
by humans” (Purugganan, 2019:1). It is considered one of the most important developments of human
history (Diamond, 2002). The domestication of plants has led to civilisation as we know it, including the
rapid growth of technology and its consequence on agricultural development (Tenaillon & Charcosset,
2011).

Maize (Zea mays) domestication is thought to have occurred about 9 000 years ago in Mexico (Tenaillon
& Charcosset, 2011). Figure 2.1 illustrates how maize has now become one of the most important crops
worldwide, cultivated across a range of latitudes, altitudes, moisture regimes and soil types (Mejia, 2003;
Smale & Jayne, 2003). The annual maize production in 2020 was 1 162 352 997 (one billion one hundred
and sixty-two million three and hundred fifty-two thousand nine hundred and ninety-seven) tons (Knoema,
2022a).

[ o-6300
6300 — 74000
[l 74000 - 430000

Il 430000 - 1500000
[] 1500000 - 6700000
[] 67000000 - 120000000C

Figure 2.1: Maize production (tons) throughout the world in 2020 (Food and Agricultural Organisation of
the UN [FAQ], 2022a; Knoema, 2022a)



2.2 Maize production in South Africa

Maize, which was introduced to South Africa in 1655 by the Portuguese, fast became the country’s staple
food and cash crop (Burtt-Davy, 1914; Sihlobo, 2018). In a book by Burtt-Davy (1914:7) it was mentioned
that: “No country in the world is better suited to maize-growing on a large scale than South Africa; it has
an ample average rainfall, at the right season of the year, and phenomenally favourable winter weather
for the natural production of the quality of grain most suitable for shipment.” Now, 100 years later, all nine
provinces of South Africa are successfully producing maize (Figure 2.2). Most of South Africa’s maize
comes from what is known as the ‘maize quadrangle’ (Figure 2.3), which includes the Highveld of
Mpumalanga Province, the provinces of Gauteng and the North West, and the northern half of the Free
State Province (Nortje & Laker, 2021).
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Figure 2.2: Provincial contribution to the South African 2020 maize production (South African Grain
Laboratories [SAGL], 2020a)
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Figure 2.3: South Africa’s ‘maize quadrangle’ including the Highveld of Mpumalanga Province, the
provinces of Gauteng and the North West, and the northern half of the Free State Province (illustration
by M de Bruyn)

Maize is mainly used for human consumption (normally ground into meal and other products) and as
animal feed, either whole, ground or crushed (Ranum, Pefia-Rosas & Garcia-Casal, 2014). White maize
is preferred for human consumption while yellow maize and maize stover is the main source of animal
feed (Mashingaidze, 2006). Other uses of maize include being a source of alcoholic beverages, industrial
uses and ethanol production (Muroyiwa & Mushunje, 2017). More recently the use of maize for fuel
production has increased with a focus on producing environmentally friendly biofuel (Muroyiwa &
Mushunje, 2017).

2.3 Maize morphology

Maize is a monecious annual plant with a single predominant stem and distichous leaves (Alarcon, Lloret
& Salguero, 2014; Majia, 2003). Although monecious, maize is generally cross-pollinated (Miya, 2015).
The anthers at the tip of the male inflorescence are responsible for producing pollen which fertilizes the
female inflorescence, the ears (Figure 2.4). The leave blades are adapted for maximum absorption of
sunlight which is thought to result in the plants’ modified photosynthetic pathway which allows the plant
to produce more dry matter per unit of water transpired than most other plants (Majia, 2003).
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Figure 2.4: Morphology of the maize plant (adapted from Majia (2003))

The maize primary root is a cylindrical structure forming many lateral roots as it grows (Alarcén, Lloret &

Salguero, 2014). Figure 2.5 illustrates a mature maize plants’ fibrous root system consisting of many

shoot-borne (adventitious) roots growing both horizontally and vertically, on top and below the soil

(Alarcén, Lloret & Salguero, 2014; Feldman, 1994). The roots on top of the soil are specialised brace

roots which provide plant anchorage (Reneau et al., 2020). The root system of an average maize plant

grows about 5,50 m3 with an average horizontal spread of 1,00 m and vertical growth of less than 1,50

m (Feldman, 1994).

roots

/_ primary
roots f root

Figure 2.5: Root of a maize plant: a) fibrous root system and b) maize stem with brace roots for anchorage

(Hochholdinger, 2009)
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The plant colour and size as well as the kernel type and size of maize vary (Majia, 2003). The average
height of a maize plant is 2,40 m, producing one to four ears per plant (Majia, 2003). The maize kernel is
made up of a pericarp, endosperm and embryo (germ) (Majia, 2003). The use of maize is generally
associated with the endosperm properties of the maize kernel, resulting in five types: Pop kernels, flint

kernels, floury kernels, dented kernel and waxy kernels (Majia, 2003).

Maize can be classified by colour, ranging from white to yellow to red to black, with white and yellow
being the most common (Ranum, Pefia-Rosas & Garcia-Casal, 2014). The majority of maize in America
is yellow compared to Africa where white maize is more popular (Ranum, Pefia-Rosas & Garcia-Casal,
2014). The yellow colouring of maize is as a result of increased B-carotene and B-cryptoxanthin, vitamin

A precursors, which give off a carotenoid pigment (Ranum, Pefia-Rosas & Garcia-Casal, 2014).

2.4 Growth cycle of maize

Maize cultivars are classified as short, medium, or long season cultivars according to the duration of their
growth cycle (Miya, 2015). The average maize growth cycle, as shown in Figure 2.6, is normally 120 —
140 days starting with the planting of a maize seed (Dlamini, 2015; Moeletsi, 2010). The maize seed
starts to grow as soon as water is absorbed and emerges from the soil approximately five days later
(Dlamini, 2015). It takes 15 — 25 days for the maize plant to establish itself before it enters the vegetative
stage (Dlamini, 2015). The vegetative stage is dominated by the production of leaf collars, each new leaf
collar indicates a new vegetative stage until the tassel emerges and maximum height is reached, about
25 - 40 days later (Dlamini, 2015; Montgomery, 2014). Once the tassel is completely visible the silks are
formed, this flowering phase of the reproductive development lasts 15 — 20 days (Dlamini, 2015). Yield
formation is the longest part of the cycle, about 35 — 45 days, during which the maize kernels are filled
(Wang, Kang & Moreno, 1999). The ripening stage is the final stage and takes about 10 — 15 days
(Dlamini, 2015). The maize plant is ready to be harvested at a moisture level below 15% (Adu et al.,
2014).
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Figure 2.6: Growth cycle of the maize plant from emergence through to ripening (adapted from Dlamini
(2015))

2.5 Factors affecting maize production

Many factors play a role in the production of maize (Moeletsi, 2010; Tadross et al., 2009). Environmental
factors include geographical features, climate conditions and soil health (Adamgbe & Ujoh, 2013;
Moeletsi, 2010; Tadross et al., 2009). In addition, biotic factors including pests and diseases as well as
weeds influence the production of maize (Adamgbe & Ujoh, 2013; Cairns et al., 2012). Furthermore,
economic factors, population growth and human capital impact maize production (Akhtar et al., 2018;
Boakye, 2023; Nyamekye, Fianker & Ntoni, 2016; Shiferaw et al., 2011).

2.5.1 Geographical features

Geographical features, such as altitude indirectly affect the growth of maize in that it influences climatic
conditions and soil characteristics (Xue-jun et al., 2013). Evidence suggests that maize was originally
grown at altitudes above 1 300 m but has since been grown successfully in a variety of conditions ranging
from 0 — 3 800 m above sea level (Ramirez-Cabral, Kumar & Shabani, 2017). Altitudes higher than this
result in unfavourable climatic conditions for optimal maize production (Chen et al., 2009).
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2.5.2 Climatic conditions

As early as 1914 long humid summers with intermittent rains and plenty of sunshine were identified as
ideal climatic conditions for maize production (Burtt-Davy, 1914). Optimum day time temperatures are
considered to be between 28°C and 32°C (Zampieri et al., 2019). Maize can be produced under rainfall
levels of 200 — 2000 mm (Ramirez-Cabral, Kumar & Shabani, 2017). In South Africa, maize requires a
seasonal rainfall of 450 — 650 mm depending on the specific environment (Moeletsi, Walker & Landman,
2011). Sunny conditions produce photosynthetically active radiation which is vital for maize growth
(Ghosh et al., 2017).

Maize was originally thought to be sensitive to climatic variations however, studies have shown that maize
is able to tolerate many of these variations to a degree (Akpalu, Hassan & Ringler, 2008). Maize is
sensitive to warmer day time temperatures during the flowering stage which results in reduced pollen
germination (Zampieri et al., 2019). However, maize in the final period of the cropping season, is able to
tolerate slightly higher day time temperatures (Zampieri et al., 2019). Lower temperatures are not ideal
for maize production, and it is particularly vulnerable to frost, especially during day 120 — 140 of
production (Du Plessis, 2003; Moeletsi, 2010).

The timing and duration of rainfall plays an essential role in determining maize planting dates and the
growth cycle of the maize plant (Moeletsi, 2010; Tadross et al., 2009). In South Africa, the first rains after
the last frost are an indication of the start of planting season (Moeletsi, Walker & Landman, 2011). Early
cessation of rainfall results in a shorter maize growing period while rain cessation later in the season
favours crop production (Moeletsi, Walker & Landman, 2011). Heavy rainfall or flooding can lead to
waterlogged fields which is a major contributor to maize yield reduction, this is especially so before and
during pollination (Dar et al., 2019; Mano & Omori, 2007).

Maize is generally considered a drought-resistant plant (Burtt-Davey, 1914; Dar et al., 2019). However,
a considerable amount of water is required at certain stages of growth (Zhao, Liu, & Zhang, 2010).
Drought early in the cropping season (at flowering and the latter stages of grain filling) negatively affect
grain yields (Huang, Birch & George, 2006; Zampieri et al., 2019). If the availability of soil moisture

decreases, the effects of heat stress are worsened (Zampieri et al., 2019).

Hail can cause major damage to maize plants, especially later in the cropping season (Miya, 2015). A

relatively small maize plant (not in tassel) is able to adapt and can recover from hail damage by producing
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new leaves for photosynthesis to take place (Balas-Baconschi et al., 2019). Although maize parts below
the ground are generally not affect by hail, hail damage to larger plants often results in the main stem
breaking, preventing the formation of new leaves and plant recovery (Miya, 2015). Hail damaged plants

are also more susceptible to bacterial and fungal infections (Robertson et al., 2011).

Sunshine, a precursor of solar radiation, is crucial for photosynthesis (Yang et al., 2021). A mature maize
plant uses the amount of energy equivalent to 8 293 15 W electric globes in an hour (Du Plessis, 2003).
Cloudy and partly cloudy conditions reduce photosynthetically active radiation by 10 — 30% (Carrié et al.,
2023). A decline in solar radiation at any stage of the maize plant effects its production (Yang et al., 2019;
Yang et al., 2021). A greater effect is seen in maize plants experiencing shady conditions during or after

the silking stage, resulting in decreased yields (Yang et al., 2019).

In addition to temperature, rainfall and sunshine, wind is also an influential climatic phenomenon on maize
production (Iderawumi & Friday, 2018). Maize stems are fairly robust and have the ability to support its
own weight, especially mature maize plants (Mulungu, 2017; Xue et al., 2020). However, wind erosion
has potential to damage immature crops and degrade soils (Vos et al., 2022; Xue et al., 2020). Extreme
winds result in stalk and root lodging of maize plants which reduces yield and grain quality (Bian et al.,
2016; Wen et al., 2019). Windy conditions also result in the removal of topsoil and nutrients (Vos et al.,
2022).

2.5.3 Soil health

Soil is a medium for growth and home to ecosystems that are essential for all plant processes (Ahmad,
Mustafa & Didams, 2020; Alemu, Selassie & Yitaferu, 2022). Therefore, it is crucial to maintain soil health
(Norris et al., 2020). Soil health is defined by Lehmann et al. (2020:2) as “the continued capacity of a soil
to function as a vital living ecosystem that sustains plants, animals, and humans”. This functionality

depends on physical, chemical and biological processes in the soil (Fonteyne et al., 2021).
Physical processes in soil
Maize is often grown on a variety of soil types however, maize production is influenced by soil texture,

aggregate stability, porosity, aeration and water holding capacity (Alemu, Selassie & Yitaferu, 2022). The

type of texture (sand, silt, clay) determines how, and how much, water penetrates the ground and how it
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is filtered and stored (Magdoff & Van Es, 2021; Strauss et al., 2021). Figure 2.7 illustrates the different

soil textual classes according to the percentages of sand, silt and clay (Magdoff & Van Es, 2021).

silty.clay
loam

percent sand

Figure 2.7: Soil textual classes according to the percentages of sand, silt and clay (Magdoff & Van Es,
2021)

Soil aggregation, which is how well soil particles are connected, determines the aeration, porosity and
water holding capacity of the soil (Hoffland et al., 2020). Soil aggregates encapsulate organic material
(Lehmann, Leifheit & Rillig, 2017). Organic matter, defined as “accumulated, decaying debris, mainly of
plant origin”, is considered the foundation for healthy and productive soils (Hoffland et al., 2020:1).
Although only occurring in small percentages (1 — 6%), organic matter is important because it directly
influences all soil properties (Magdoff & Van Es, 2021). As the organic matter in soils decrease, so the
probability of problems increase, therefore by maintaining sufficient organic matter, soil automatically
gains health (Magdoff & Van Es, 2021).

Physical properties of soil can be eroded either by natural phenomena or human interactions (Ahmad,
Mustafa & Didams, 2020). Erosion not only results in soil organic matter and nutrients being depleted but
also reduces the moisture availability and rooting depth (Muoni et al., 2020). Soil erosion can be limited
through minimum tillage, contour ploughing, inclusion of shrubs/ trees and the use of cover crops (Muoni
et al., 2020).
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Chemical processes in soil

The chemical components of soil include pH, nutrients and water (Sassenrath et al., 2018). Maize
production is most efficient in soil with pH levels of 5,50 — 6,50 (Opala, Odendo & Muyekho, 2018). The
pH influences many important processes as the entire rooting system of plants is found in the soil
(Hinsinger et al., 2009; Morgan, Beinding & White, 2005). These processes include availability of plant
essential nutrients, chemical solubility, organic matter decomposition and pesticide performance (Dar et
al., 2019; Mc Cauley, Jones & Jacobsen, 2009).

Essential nutrients required in soil include nitrogen (N), phosphorous (P) and potassium (K) (Magdoff &
Van Es, 2021). N is fundamental for a healthy ecosystem and can either be in inorganic or organic form
(Girkin & Cooper, 2023; Hood-Nowotny et al., 2010). Inorganic N is usually in the form of ammonium
(NHs-N) and nitrate (NO3-N) which is the N available to the plant (Fernandez & Kaiser, 2021). P is
important for root development and nutrient uptake (Mitran et al., 2018) likewise, K is essential for plant
growth and stress adaption (Johnson et al., 2022). Other soil nutrients include the macronutrients sulphur
(S), calcium (Ca) and magnesium (Mg). The Ca: Mg ratio is important for soil aggregation with more Ca
than Mg required for sufficient drainage resulting in better microbial life and aerobic breakdown of organic
matter (Davidson, Savage & Finzi, 2014; Soto et al., 2023). Micronutrients, namely, iron (Fe), zinc (Zn),
manganese (Mn), copper (Cu) are often called trace elements as they are required in small amounts for

photosynthesis and other plant growing processes (Kaur et al., 2023).

Soil pH is mostly corrected through the application of lime (Mosharrof et al., 2021; Opala, Odendo &
Muyekho, 2018), while the nutrient requirement of soil for maize production is satisfied by the application
of the right form of fertilizer containing the right combination of the elements needed at the right time (lken
& Amusa, 2004; Jaidka, Bathla & Kaur, 2019; Van Zyl, 2016). Fertilizer can be organic in the form of
natural materials such as manure or inorganic in the form of synthetic, man-made chemicals (Jjagwe et
al., 2020; Roba, 2018). It is estimated that one ton of maize will remove about 15,00 kg of N, 3,00 kg of
P, 400 kg K, 0,50 kg Ca, 0,50 kg Mg and 4,50 kg S (Botha, 2019). To establish how much fertilizer is
required these figures can be multiplied by the specific target yield per hectare (Botha, 2019).
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Biological processes in soil

Soil biology refers to living organisms (microorganisms) in the soil that contribute to the nutritional
requirements of plants (Abbott & Murphy, 2003). These microorganisms include bacteria, archaea and
eukarya, with bacteria being the most abundant (Umar, Kassim & Chiet, 2016). In addition to converting
organic matter into nutrients to be used by plants, microorganisms also fix atmospheric nitrogen
(Bhattacharjee, Singh & Mukhopadhyay, 2008), decompose organic matter (Strauss et al., 2021),
increase phosphorous availability (Hallama et al, 2021), degrade pesticides (Lo, 2010), control

pathogens (Singh, 2014) and improve soil structure (Bronick & Lal, 2005).

2.5.4 Pests and diseases

Pests and diseases negatively affect maize production and yield by either destroying the host plant, using
up the plant’s food and/ or interfering with photosynthesis (Sibiya et al., 2013). Kumar et al. (2018) stated
that in the early 1900s over 160 pests affecting maize production had been identified and by 1987 more
than 250 pests were associated with maize production and processing. Maize diseases are primarily
caused by fungi, bacteria and viruses, which can affect different parts of the plant, from the roots to the
cobs (Shiferaw et al., 2011).

In Africa an estimated 20% of attainable yield is lost annually to insects and animals (Shiferaw et al.,
2011). Insect pests commonly associated with maize damage in South Africa are stalk borers, cutworms,
and black maize beetle (Figure 2.8a-c) (Bell, 2016). Maize stalk borers are widespread and ranked high
among maize pests accounting for 10% of annual yield losses (Abate, 2011; Boa, Chernoh & Jackson,
2015). Cutworms can cause severe damage by cutting stems at ground level (normally at night), causing
the plant to die (Erasmus, Van Rensburg & Van Den Berg, 2010). Black maize beetles favour sandy soils
where they attack the root and subterranean part of young maize plants (De Klerk, 2015). More recently
the fall armyworm (Figure 2.8d) has been observed in South Africa, with the first outbreak being in 2017
(Maluleke, 2020). In some cases, fall armyworm can destroy entire crops in only a few weeks as they
attack all development stages of maize and feed on maize leaves, tassels and ears (Maluleke, 2020; Van
Den Berg et al., 2021).
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Figure 2.8: Common insects associated with a decrease in maize production and yield a) stalk borer
(African Farming, 2022), b) cutworm (Strawser, 2014), ¢) black maize beetle (Magda, 2016) and d) the

more recent fall army worm (Agencies, 2019)

Nematodes are microscopic worms that cause damage to maize crops (Figure 2.9), especially during
crop development (Coyne et al., 2018). The amount of damage caused by nematodes depends on their
lifecycle and the ability to keep nematode populations below the damage threshold level (Mc Donald, De
Waele & Fourie, 2017). Infestation is not often seen on maize parts above the ground however, maize
growth is poor and stunted, normally as a result of root knot nematodes and lesion nematodes (Coyne et
al., 2018; Mc Donald & Nicol, 2005).

Figure 2.9: a) Root knot nematodes damage can be seen on the roots of maize plants b) under a
microscope root knot nematodes are visible in the root tissue of swollen infected root tips (adapted from
Mc Donald, De Waele and Fourie (2017))

Rodents and locusts are also considered maize pests (Bosque-Pérez, 1995; Mulungu, 2017). Rodents
damage maize crops through direct consumption and spoilage (Mulungu, 2017). Rodents commonly dig
up planted seeds and seedlings but, although not often, cause the most damage when they attack maize
cobs (Mulungu, 2017). Locusts spread in swarms feeding on the leaves of maize plants, and in extreme

cases they can cause plant death (Bosque-Pérez, 1995).
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In addition to pests, diseases influence the maize yield potential (Shiferaw et al., 2011). Diseases can be
caused by fungi, bacteria or viruses (Shiferaw et al., 2011). Common leaf diseases caused by fungi
include: Grey leaf spot, northern corn leaf blight and common rust (Figure 2.10a-c). The fungi infested
maize plants usually have rectangular lesions (grey leaf spot) on leaves, cigar-shaped (corn leaf blight)
lesions on leaves, or yellowish-brown round to elongated spore-like lesions (common rust) on both leaf
surfaces (Dey et al., 2015; Ward et al., 1999; Welz & Greiger, 2000). Other fungi related diseases are
caused by Aspergillus species which produce a yellow-green mould on maize ears and also causes
mycotoxin contamination, making grain unsafe for food and animal feed (Boa, Chernoh & Jackson, 2015;
Shiferaw et al., 2011). Bacterial leaf streak (Figure 2.10d) is caused by a bacterium that results in long,
irregular streaks of dead cells and dark yellow to brown lesions (Plazas et al., 2018). In addition, maize

lethal necrosis disease (MLND) is a new viral disease causing concern in Africa as plants are killed with

little or no grain being produced (Boa, Chernoh & Jackson, 2015).

Figure 2.10: Common maize leaf diseases caused by fungi include a) grey leaf spot (Mueller, 2018), b)
northern corn leaf blight (Mideros, 2022) and ¢) common rust (Plantix, 2022). d) Bacterial leaf streak
(Gullickson, 2016)

Pests and diseases are mainly controlled by the use of chemicals. Although chemicals are effective, they
are generally expensive and have many side effects including disease resistance, environmental pollution
and health threats (Anderson et al., 2019; lken & Amusa, 2004). Chemicals should therefore be used
sparingly and carefully and rather be included in an integrated pest management (IPM) plan (Bosque-
Perez, 1995). IPM integrates biological, physical and cultural alternatives with chemicals to control pests
with minimal human and environmental risks (Anderson et al., 2019; Jaidka, Bathla & Kaur, 2019). These
alternatives include deep summer ploughing, inter-cropping, use of good quality planting material,

destroying infected plants and using traps (Jaidka, Bathla & Kaur, 2019).
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2.5.5 Weeds

Weeds, which are often ever-present and robust with speedy growth and extensive rooting, are a major
contributor to maize yield losses (Rajcan & Swanton, 2001; Sharma & Rayamaijhi, 2022). Weeds compete
for water, nutrients and light which are all important resources for optimal maize yield and growth (Tesfay,
Amin & Mulugeta, 2014). Furthermore, the presence of weeds during maize harvest slows down the
process, transmits odours and lowers grain grade (Du Plessis, 2003). Maize weeds can be characterised
as either sedges, grass weeds or broadleaf weeds (Rai et al., 2018). Common names include nutsedge,
blackjack, witchweed, pigweed and crab grass. (South African Herbicide Resistance Initiative [SAHRI],
2022).

There is a critical time for weed control, which for maize is usually between one and eight weeks after
the crop has emerged (Dar et al., 2019; Rajcan & Swanton, 2001). This is due to maize yield being more
effected by weeds that emerge at the same time as maize in comparison to weed growth occurring later
in the maize growth cycle (Rajcan & Swanton, 2001). Mechanical means of weed management include
hand weeding which is effective to a degree but time and labour intensive (Tesfay, Amin & Mulugeta,
2014). Herbicides were introduced as a means of weed management in the 1940’s (Rajcan & Swanton,
2001). However, some weeds have become herbicide resistant and there are growing concerns over the

effects of herbicides on the environment and human health (Rajcan & Swanton, 2001).

2.5.6 Economic factors

Economic factors affecting maize production include high fixed and input costs, high interest rates and
unreliable output prices (Akhtar et al., 2018; Jordaan & Groveé, 2007; Mokone, 2018). Fixed costs need
to be paid regardless of production, these include electricity, levies and taxes while input costs involve
costs for seeds, fertilizer, chemicals, fuel, equipment, maintenance and repairs, and labour (Meyo &
Egoh, 2020; Van Der Westhuizen & Otterman, 2021). The recent inflation of some of these inputs are
illustrated in Figure 2.11. The sharp increase, specifically for fertilizer, can be due to high raw material
costs, limited supply and high demand, Covid-19 related slowdown of production and logistical constraints
(Van Der Westhuizen & Otterman, 2021). South Africa’s dependence on imports and the weaker Rand

puts even more pressure on these input prices (Van Der Westhuizen & Otterman, 2021).
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Change in South African production prices:
2020 to 2021
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Figure 2.11: Percentage change in agricultural input costs and producer price from 2020 to 2021 (adapted
from Van Der Westhuizen & Otterman (2021) and Knoema (2022b))

The biggest challenge for farmers is the imbalance in input costs and output prices (Figure 2.11),
squashing production margins (Akhtar et al., 2018; Van Der Westhuizen & Otterman, 2021). South
Africa’s agricultural market was deregulated in 1997, which put a stop to fixed seasonal prices, making
the market volatile (Jordaan & Groveé, 2007; Sayed & Auret, 2020). Maize prices are now determined by
both domestic and international market forces (supply and demand) (DALRRD, 2021). The private sector
has put price risk management tools in place which include cash (spot) and forward contract markets
(physical product markets), as well as the derivatives market (futures and options trading) which does
not usually involve physical delivery of maize (Brown, Ortmann & Darroch, 2000). The derivative market
involves the trading of maize through South African Futures Exchange (SAFEX) (Brown, Ortmann &
Darroch, 2000).

2.5.7 Population growth

According to the FAO (2009), world population is growing at a rate of 160 persons per minute and 70%
more food needs to be produced for an additional 2,3 billion people by 2050 (Prashar & Shah, 2016).
This population growth puts enormous pressure on food security (Wu & Guclu, 2013). A total of 821
million people experienced hunger or malnutrition in 2017 (Santpoort, 2020). Maize production directly
influences food security as maize is a major source of food, and indirectly due to its diverse uses and
market demand (Shiferaw et al., 2011). A shortage of maize could put entire populations at risk of
starvation (Shiferaw et al., 2011).
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2.5.8 Human capital

The concept of human capital refers to “a conscious and continuous process of acquiring and increasing
the number of people with requisite knowledge, education, skill and experience that are crucial for the
economic and political development of a country” (Nyamekye, Fiankor & Ntoni, 2016:125-126). Research
has linked farmer skills and experience to maize production (De la Fuente, 2011; Nyamekye et al., 2016).
If a farmer lacks education and training, they not only struggle with basic literacy and numeracy skills but
also have limited decision-making abilities (Nyamekye, Fiankor & Ntoni, 2016). Uneducated farmers
generally refuse to adopt innovative practises or change their way of thinking (Khapayi & Celliers, 2015).
With a compromised education level (Soudien, Reddy & Harvey, 2022) and unskilled Agricultural
Extension and Advisory Services (Van Niekerk, Von Maltitz & Davis, 2022) in South Africa, the country

risks not only affecting farmer livelihoods but also maize production and the economy as a whole.

2.6 Strategies for improved maize production

Improving maize production is vital for maintaining agricultural sustainability and improving food security
(Kafle, 2010; Kutka, 2011). The primary means for farmers to increase their maize production is to expand
the area of their cultivated lands (Ahmed et al., 2017). This is not always viable as it is costly, impractical,
and often insufficient (Asfaw et al., 2012). Therefore, other interventions to increase maize production
need to be considered and applied. One such intervention is the use of improved seed varieties (Sinyolo,
2020). Gebre et al. (2019) hypothesised that if all maize farmers adopted improved maize varieties
(IMVs), maize yield could potentially double. Modernised agriculture has shown a direct relationship
between technological adoption and yield increase (Boakye, 2023). Another intervention to improve
maize production is conservation agriculture (CA) (Siziba et al., 2019). CA is a holistic approach that aims

at sustainable, reliable and climate-smart farming practices (Strauss et al., 2021).

2.6.1 Improved seed varieties

IMVs are carefully breed through selection, which is the process of choosing individual plants with
desirable traits (Latha, Lone & Ahmed, 2020). Maize yield can be increased by breeding IMVs based on
crop conditions such as climate, length of growing season, moisture availability and soil fertility, aimed at
meeting the needs of the grower and consumer (Jaidka, Bathla & Kaur, 2019; Kutka, 2011). IMVs include
open pollinated varieties (OPVs), hybrids, and genetically modified (GM) varieties (Gebre et al., 2019;
Kafle, 2010).
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OPVs are normally farm bred and vyields are primarily used for seed (Kutka, 2011). The seed can
potentially be recycled up to three years without losing yield potential (Gebre et al., 2019). Conventional
hybrids are formed when plants cross-pollinate, often aimed at ensuring desirable traits (disease
resistance, size, yield and colour), resulting in what is known as ‘hybrid vigour’ (Morris, 2001; Muzhinji &
Ntuli, 2021). Hybrids generally have a higher yield potential than OPVs but cannot be recycled (Gebre et
al., 2019).

GM varieties involve the incorporation of genetic engineering to improve crop productivity and reduce
inputs such as fertilizer and pesticides (Muzhinji & Ntuli, 2021; Mwamahonje & Mrosso, 2016). Muzhinji
and Ntuli (2021) noted that GM varieties resulted in a 37% reduction in chemical usage and a 68%
increase in farmer profits between its introduction in 1996 and 2014. The most well-known GM maize
varieties contain proteins that allow them to be herbicide-tolerant (Roundup ready) and insect resistant
(Bacillus thuringiensis (Bt)) (Mwamahonje & Mrosso, 2016). These traits are either bred individually, as
a single gene or combined, as stacked genes (Douglas & Halpin, 2009). Stacked GM crops, which
combine two or more traits, have multiple benefits, and satisfy the need for planting diversity (Liu et al.,
2021). In South Africa, GMO adoption in maize for insect resistance, herbicide resistance and insect/
drought resistance have been given environmental commercial release (Muzhinji & Ntuli, 2021). Although
introduced in 1998, the first Bt white maize was planted in 2001, the first herbicide-resistant maize in
2003 and the first stack-gene hybrids (Bt + herbicide tolerance) in 2007 (Coleman, 2012; Fischer, 2022).

The advancement in breeding biotechnology has resulted in the development and release of novel traits
aimed at improved maize production (Mwamahonje & Mrosso, 2016). Genetic research has gone into
breeding disease resistant maize (Hossain et al., 2022), drought resistant maize (Lunduka et al., 2019;
Setimela et al., 2017), heat tolerant maize (Tesfaye et al., 2018), water-logging tolerance maize (Mano
& Omori, 2007) and low nitrogen tolerant maize (Setimela et al., 2017). In addition, characteristics
associated with higher planting density are also a breeding focus (Hossain et al., 2022). The appropriate
genomic regions, known as quantitative trait loci (QTLs), are identified on chromosomes, and bred
accordingly (Balint-Kurti & Johal, 2009; Hossain et al., 2022). Figure 2.12 illustrates how these QTLs are

mapped on maize chromosomes.
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Figure 2.12: QTLs located on a maize chromosome (for illustration purposes only) (illustration by M de

Bruyn)

2.6.2 Modernised agriculture

Modern technology including new technologies and digital infrastructures are enabling smart farming with
high productivity levels across the world (Boakye, 2023). Precision farming is one such example which is
often supported by Geographic Information Systems (GIS) (Raj, Appadurai & Athiappan, 2022). This
process involves the usage of drones, sensors and satellites to make decisions based on detailed real-
time data collected through the monitoring of environmental and physical parameters (Raj, Appadurai &
Athiappan, 2022; Boakye, 2023). Inputs can then be utilised in precise amounts to increase crop yields
(Raj, Appadurai & Athiappan, 2022).

2.6.3 Conservation agriculture

The FAO has proposed CA, as one means towards the transformation of efficient, reliable and

sustainable food production systems (Strauss et al., 2021). The FAO (2022a) defines CA as the following:

“‘CA is a farming system that can prevent losses of arable land while regenerating degraded lands. It
promotes maintenance of a permanent soil cover, minimum soil disturbance, and diversification of

plant species. It enhances biodiversity and natural biological processes above and below the ground
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surface, which contribute to increased water and nutrient use efficiency and to improved and sustained

crop production.”

The holistic approach of CA includes three main principles: Permanent soil cover, minimal soil
disturbance and crop diversification (Hobbs, Sayre & Gupta, 2008; Mutuku et al., 2020). The ultimate
goal of CA'is to farm sustainably (Jug et al., 2018). Sustainable agriculture aims at sufficient, high-quality
production while preserving natural resources as well as being economically and socially viable (Gomiero,
Pimental & Paoletti, 2011; Reganold, Papendick & Parr, 1990). Therefore, three main goals are integrated
into sustainable agriculture, namely environmental health, economic profitability and social equity (Brodt
etal., 2011).

2.6.3.1 Permanent soil cover

Permanent soil cover can either be residue from a harvested crop, a specifically grown cover crop, or
organic material (FAO, 2022b; Jug et al., 2018). Bare soils are especially susceptible to compaction and
crusting (Indoria et al., 2017), while soil cover has shown to influence crop production by influencing the
soil's physical, chemical and biological functions as well as water and soil quality (Kumar & Goh, 1999).
Soil cover protects soil from erosion, releases chemicals during decomposition, moderates soil
temperature, prevents weeds and enhances water infiltration, all improving the soils’ long-term
productivity (Hobbs, Sayre & Gupta, 2008; Indoria et al., 2017).

2.6.3.2 Minimal soil disturbance

Soil disturbance is mainly caused by tillage, a process of loosening soil (normally mechanically) which
allows seeds to be planted at suitable depths, helps release soil nutrients and prevents soil compaction
(Hobbs, Sayre & Gupta, 2008; Indoria et al., 2017). However, the benefits of tillage come at a cost to the
farmer and the environment, as it results in high production costs, inconsistent yields and soil degradation
(Haarhoff, Kotzé & Swanepoel, 2020; Hobbs, Sayre & Gupta, 2008). Reduced tillage systems save time
and labour, use less fossil fuel, reduce run-off and erosion of soils (FAO, 2022a; Hobbs, Sayre & Gupta,
2008). No-till (NT) in combination with soil cover has the potential to further reduce soil crusting, increase

water infiltration and result in higher yields compared to tilled soils (Thierfelder et al., 2022).
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2.6.3.3 Crop diversification

Crop diversification refers to the addition of more crops to an existing cropping system (Feliciano, 2019).
The diversification lowers risk in that different crops respond differently to different stress and provides
dietary variation (Lakhran, Kumar & Bajiya, 2017; Renwick et al., 2021). Crop diversification is generally
in the form of intercropping, where crops are grown simultaneously in the same field and/ or crop rotation,

where selected crops are grown in succession each season (Beillouin et al., 2021).

Intercropping

Intercropping has been associated with higher land and nutrient efficiency, better economic returns and
lower pest and disease incidence (Huang et al., 2019). Cash crops are often included in intercropping
systems, some examples include: Maize-soybean (Gao et al., 2010), wheat-maize/watermelon (Huang
et al., 2015) and maize-chili pepper (Ouyang et al, 2017). Common constraints accompanying
intercropping is the complicated planting and harvesting process, as well as finding the correct
combination of crops (Gebru, 2015; Huang et al., 2015; Lithourgidis et al., 2011).

Crop rotation

Crop rotational systems, normally made up of shallow and deep-rooted crops alternating with leguminous
crops, improve soil structure, organic matter and water infiltration (Acevedo-Siaca & Goldsmith, 2020;
Indoria et al., 2017). Using crops with different root depths (tap roots vs adventitious roots) allow nutrients
to be extracted from different levels of the soil, maintaining continuous, uniform nutrient availability
(Tanveer, lkram & Ali, 2019). Restoration crops, such as legumes (soybean, groundnuts, chickpeas), are
able to provide an income but also put nutrients back into the soil, making it more fertile for the proceeding
crop (Acevedo-Siaca & Goldsmith, 2020; Tanveer, lkram & Ali, 2019). Successful crop rotational systems
for maize production include maize-soybean (Hailemariam et al., 2021), maize-millet-peanut (Zhang et
al., 2023), wheat-maize-sunflower (Zhao et al., 2024) and maize-rye grass (Wang et al., 2023) rotations.
Crop rotational systems like these, together with minimal soil disturbance, helps water to infiltrate deeper

and decrease pests and diseases by increasing microbial diversity (Hobbs, Sayre & Gupta, 2008).

The success of crop rotational systems relies heavily on the site and season (Al-Kaisi et al., 2015;
Alhameid et al., 2017; Arriaga, Guzman & Lowery, 2017). Soil conditions such as drainage, texture,

organic matter content and water-holding capacity together with weather conditions such as rain and
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temperature influence the success rate of specific crop rotational systems (Al-Kaisi et al., 2015).
Furthermore, management practices and crop demand also influence crop rotational systems (Tanveer,
lkram & Ali, 2019). Although rotational systems should involve at least three different crops, it is important
to establish crop rotational system that ensures farm profitability while continually improving soil quality

for long-term productivity (Jug et al., 2018; Tanveer, lkram & Ali, 2019).
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Chapter 3

Sample collection and methodology

3.1 Introduction

An interdisciplinary approach of social and natural science was taken to achieve the aim of this study.
Social science methodology was used to determine the perception of North-Western Free State farmers
on crop diversification. This was a once-off process. A seasonal process of natural science methods were
used to measure the sustainability aspects (environmental, social and economic) of crop rotation in the
North-Western Free State.

3.2 Site description

The study was conducted in the North-Western Free State, South Africa. This area forms part of South
Africa’s maize quadrangle (Figure 3.1). Figure 3.2 shows the general climate conditions of the North-
Western Free State with hot summers, mild winters and an annual rainfall of approximately 500 mm per
year (Meteoblue, 2024; Nortjé & Laker, 2021). A common characteristic of the maize quadrangle is the

non-oscillating patterns of low rainfall seasons, followed by high rainfall seasons (Laker, 2008).

Limpopo

Free State

Northern Cape

Eastern Cape

Western Cape

Figure 3.1: Map of South Africa showing the location of sample collection in relation to the maize
quadrangle (illustration by M de Bruyn)
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Figure 3.2: Mean monthly temperature and long-term mean precipitation for North-Western Free State
(adapted from Meteoblue (2024))

The North-Western Free State is also known for its sandy soils which contains very little organic material,
siltand clay (Beukes et al., 2019; Strauss et al., 2021). These soils fall in the extreme corner of the textual
classes, as indicated in Figure 3.3. Only about 1 - 2% of the soil is made up of silt while the clay content
in the A-horizon is normally less than 10%, and less than 15% in the B-horizon (Nortjé & Laker, 2021).
These sandy soils are vulnerable to wind erosion (especially during August and September when westerly
winds are strong), susceptible to soil compaction and are normally infertile (Nortje & Laker, 2021; Strauss
et al., 2021). In addition, the soil has a relatively high rate of water filtration however, the layer of clay at
a depth of 1,50 — 2,00 m prevents water drainage, often forming a temporary water table (Beukes et al.,
2019).
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percent sand

Figure 3.3: Sandy soils of the North-Western Free State in relation to the soil textual classes (modified
from Magdoff & Van Es (2021))

The ability of the North-Western Free State soils to effectively capture and store rainwater through the
temporary water table, is a major contributing factor to the high maize production in the area (Nel &
Loubser, 2004). Field trials were conducted on the farm Christinasrus near the agricultural towns of
Bothaville and Wesselsbron in the Lejweleputswa district. An array of samples were collected from the

field trials to determine the sustainability of different rotational systems on maize production.

3.3 Target population and trial layout

A total of 60 North-Western Free State farmers took part in the social aspect of the study. A questionnaire
was uniquely developed to determine the views and perspectives of North-Western Free State farmers
on crop diversification. Human ethical clearance was received from the University of the Free State (UFS)
in April 2022 (UFS-HSD2022/0242).

A trial comparing different crop rotational systems (maize-cover crop-soybean (MCS), maize-soybean-
maize (MS) and maize-maize-soybean (MMS)) with monoculture maize (MM) as a control were
established on the farm Christinasrus (Environmental ethical clearance was granted by the UFS in June
2022, UFS-ESD2022/0118.) The MMS system was further identified as MMS1 and MMS?2 to distinguish
between the first (MMS1) and second (MMS2) season of maize. A randomised complete block design



30

with three replicates was used for the trial layout (Table 3.1). Plots were 80,00 x 24,40 m in size.
Rotational systems were assigned to plots and each crop within each system, representing a different
stage, was assigned to a plot in each season to be able to distinguish between seasonal and rotational
effects. Table 3.2 illustrates the diversified rotational system for three seasons (2020/2021, 2021/2022
and 2022/2023).

Table 3.1: Randomised complete block design with three replicates on the farm Christinasrus

Replicate 1 Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot 9
P MMS MS MM MCS MCS MMS MS MCS MMS
. Plot 10 | Plot 11 | Plot 12 Plot 13 | Plot 14 | Plot 15 | Plot 16 | Plot 17 Plot 18
Replicate 2
MCS MS MCS MMS MCS MM MMS MS MMS
. Plot19 | Plot20 | Plot21 | Plot22 | Plot23 | Plot24 | Plot25 | Plot 26 Plot 27
Replicate 3
MM MMS MCS MS MMS MMS MS MCS MCS

Table 3.2: Rotational system plan for three seasons (2020/2021, 2021/2022 and 2022/2023)

Plot number Rotational system 2020/2021 2021/2022 2022/2023
Plot 1 MMS Maize Maize Soybean
Plot 2 MS Maize Soybean Maize
Plot 3 MM Maize Maize Maize
Plot 4 MCS Maize Cover crop Soybean
Plot 5 MCS Cover crop Soybean Maize
Plot 6 MMS Soybean Maize Maize
Plot 7 MS Soybean Maize Soybean
Plot 8 MCS Soybean Cover crop Maize
Plot 9 MMS Maize Soybean Maize
Plot 10 MCS Maize Cover crop Soybean
Plot 11 MS Soybean Maize Soybean
Plot 12 MCS Cover crop Soybean Maize
Plot 13 MMS Maize Maize Soybean
Plot 14 MCS Soybean Maize Cover crop
Plot 15 MM Maize Maize Maize
Plot 16 MMS Maize Soybean Maize
Plot 17 MS Maize Soybean Maize
Plot 18 MMS Soybean Maize Maize
Plot 19 MM Maize Maize Maize
Plot 20 MMS Soybean Maize Maize
Plot 21 MCS Maize Cover crop Soybean
Plot 22 MS Soybean Maize Soybean

Plot 23 MMS Maize Maize Soybean
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Plot number Rotational system 2020/2021 2021/2022 2022/2023
Plot 24 MMS Maize Soybean Maize
Plot 25 MS Maize Soybean Maize
Plot 26 MCS Cover crop Soybean Maize
Plot 27 MCS Soybean Maize Cover crop

3.4 Planting of trials

Season 1: 2020/2021

Soybean (P64T39R at £ 300 000 seeds ha-') and maize (DKC75-65R at 22 700 seeds ha ') were planted
on 11 December 2020 and 14 December 2020, respectively. Maize was planted in 1,01 m spaced rows,
while soybean were planted in 0,87 m rows, both in a rip-on-row system at a depth of 0,75 m. A cover
crop mixture was planted on 11 December 2020 using a 14-row planter of which eight rows planted grass
seeds and six rows planted legumes (0,87 m spaced rows). Grass seeds included forage sorghum
(Honeymax and Agflash cultivars) and pearl millet (Okashana cultivar). The legumes consisted of

dolichos (Rongai cultivar) and cowpeas (Glenda cultivar).

Season 2: 2021/2022

The soil was cultivated with a tandem ripper at a depth of 0,75 m on 21 September 2021. Maize (DKC75-
65BR at 25 000 seeds ha-') and rhizobium inoculated soybean (PAN1644 at + 300 000 seeds ha-') were
planted on 9 December 2021 and 10 December 2021, respectively. Maize was planted in 1,01 m spaced
rows, while soybean were planted in 0,87 m rows. A cover crop mixture was planted on 10 December
2021. Grass seeds included forage sorghum (Honeymax and Agflash cultivars) and pearl millet
(Okashana cultivar). The legumes consisted of dolichos (Rongai cultivar) and cowpeas (Glenda cultivar).

The legumes and grasses were planted in alternate 0,87 m spaced rows.

Season 3: 2022/2023

The soil was cultivated with a tandem ripper at a depth of 0,75 m prior to planting. Rhizobium inoculated
soybean (PAN1644 at + 300 000 seeds ha') were planted on 23 November 2022, followed by maize
(DKC76-77BR at 30 000 seed ha') on 1 December 2022 and cover crop on 23 December 2022. The

cover crop mixture consisted of grasses: Sorghum x sadangras (Multicut) and babala (Okashsana and
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Supasweet) as well as and legumes: dolichos (Rongai cultivar) and cowpeas (Glenda cultivar). A 14-row
planter was used to plant the cover crop, with eight rows planting grass seeds and six rows planting

legumes (0,87 m spaced rows).

3.5 Fertilization and spraying of trials

Season 1: 2020/2021

Fertilization was applied with a 6,50 and 2,80 ton ha-! maize and soybean target yield respectively.
Preplant fertilization for maize, soybean and cover crop were done placing 140 kg ha-! urea during the
ripping action, at a depth of 0,30 m. Maize was additionally fertilized with 300 kg ha' 11:5:2 (18) at
planting and top dressed with 175 kg ha' 3:0:1 (29) (Table 3.3). Soybean and cover crop received no
additional fertilizer. Maize and soybean plots were sprayed with Round-up (glyphosate) for the control of

weeds. (Cover crop is not Round-up ready).

Season 2: 2021/2022

Fertilization was applied with a 6,50 and 2,80 ton ha-! maize and soybean target yield respectively.
Preplant fertilization for maize, soybean and cover crop were done placing 140 kg urea ha-' urea during
the ripping action, at a depth of 0,30 m. Maize was additionally fertilized with 240 kg 11:5:2 (18) at planting
and top dressed with 100 kg Greensulph (26% N) on 1 February 2022 (Table 3.3). Soybean and cover
crop received no additional fertilizer however, 140 kg ha' urea was applied to the cover crop on 1
February 2022. Soybean were treated against nematodes with velum according to dosage instructions.

Maize and soybean plots were sprayed with Round-up (glyphosate) for the control of weeds.

Season 3: 2022/2023

Fertilization was applied with a 6,50 and 2,80 ton ha-! maize and soybean target yield respectively.
Preplant fertilization for maize, soybean and cover crop were done placing 100 kg urea ha-' during the
ripping action, at a depth of 0,30 m. Maize and soybean were additionally fertilized with 320 kg 11:5:2
(18) at planting, and maize was top dressed with 175 kg ha-' 3:0:1 (29) (Table 3.3). Soybeans were
treated against nematodes with velum, while maize was treated with terbufos, both according to dosage
requirements. Maize and soybean plots were sprayed with Round-up (glyphosate) for the control of

weeds.
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Table 3.3: Total N, P and K fertilization applied on maize plots each season (including pre-plant, with

planting and top dress)

Nitrogen (N) Phosphorous (P) Potassium (K)
Season 1 (2020/2021) 135 kg ha! 15 kg ha! 19 kg ha'!
Season 2 (2021/2022) 116 kg ha"' 12 kg ha'! 5 kg ha'
Season 3 (2022/2023) 119 kg ha'! 16 kg ha! 19 kg ha"!

3.6 Seasonal rainfall

Season 1: 2020/2021

A favourable rainfall season was experienced during the 2020/2021 season. Figure 3.4 shows that a total
of 689 mm was measured on Christinasrus from September 2020 and May 2021, with most rainfall falling
between December and February (477 mm). Heavy rainfall in December resulted in some damage to
crops due to waterlogged lands. Plot 9, 17, 18, 26 and 27 (highlighted in Table 3.4) were waterlogged,

with most water building up on plots 26 and 27.

m September ® October m November m December = January = February = March = April -~ May
350
309
g 300 Total = 689 mm Total = 922 mm Total = 700 mm
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£ 199 189 200
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Figure 3.4: Rainfall distribution over Christinasrus for the months September to May during season 1
(2020/2021), season 2 (2021/2022) and season 3 (2022/2023) respectively (illustration by M de Bruyn)



Table 3.4: Plots waterlogged during the 2020/2021 season
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Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot 9
MMS MS MM MCS MCS MMS MS MCS MMS
Maize 1 Maize Maize Maize Cowver crop Soybean Soybean Soybean Maize 2
Plot 10 Plot 11 Plot 12 Plot 13 Plot 14 Plot 15 Plot 16 Plot 17 Plot 18
MCS MS MCS MMS MCS MM MMS MS MMS
Maize Soybean Cover crop Maize 1 Soybean Maize Maize 2 Maize Soybean
Plot 19 Plot 20 Plot 21 Plot 22 Plot 23 Plot 24 Plot 25 Plot 26 Plot 27
MM MMS MCS MS MMS MMS MS MCS MCS
Maize Soybean Maize Soybean Maize 1 Maize 2 Maize Cower crop Soybean

Season 2: 2021/2022

The 2021/2022 season had a very wet start compared
to the previous season. A total of 922 mm was
measured on Christianasrus between September
2021 and May 2022, with 309 mm of rain being
measured in December 2021 alone (Figure 3.4).
Unusually high rainfall caused serious waterlogging,

especially on the plots already affected by the previous

years’ downpour. This waterlogging prevented the
sprayer from getting into those sections of the field,

Figure 3.5: Waterlogged plot 18 (maize) on 08/02/2022

affecting weed management (Figure 3.5). (photograph by M de Bruyn)

Season 3: 2022/2023

The third season saw a more wide-spread rainfall
season (Figure 3.4). A total of 700 mm of rain was
measured between September 2022 and January
2023 (24% less than in 2021/2022). This was
welcomed after the high and heavy rainfall

% o( | experienced the previous season. Figure 3.6 shows

\ \\,1 the lush growth of the crops.

Figure 3.6: Lush growth of crops (plot 6 and 7) on 16/01/2023
(photograph by M de Bruyn)
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Chapter 4
Views and perspectives of North-Western Free State farmers on crop

diversification

4.1 Introduction

Sustainable agriculture through crop rotation falls under one of the FAQO’s (2022a) principles of
conservation agriculture which states: “[practice of] species diversification through varied crop sequences
and associations involving at least three different crops” (Nortjé & Laker, 2021:6). Studies suggest that
by diversifying crops farmers prevent nutrient losses and have the potential to maintain high production
levels with less fertilizer (Nevens & Reheul, 2001; Rovers & Kroonen, 1999; Smit, Strauss & Swanepoel,
2021). These benefits improve soil structure and moisture holding capacity which in turn improves root
growth and root vigour, resulting in a healthy, high yielding plant (Nickel, Crookston & Russelle, 1995;
Weisskopf et al., 1995).

Sustainable systems differ according to climate and soil conditions, what works for one area does not
necessarily work in another (Nortje & Laker, 2021; Smit, Strauss & Swanepoel, 2021). Often farming
systems proven successful in developed countries are attempted elsewhere with disappointing results,
especially in developing countries (Nortje & Laker, 2021). The challenge is to find sustainable systems

that involve suitable and profitable crops ideal for a certain environment (Strauss et al., 2021).

For many decades maize in the North-Western Free State has been grown in monoculture (Nel &
Loubser, 2004; Nortjé & Laker, 2021). This was due to a generally high and stable maize price, the use
of mineral fertilizers and pesticides as well as the unique climate and soil conditions (Nel & Loubser,
2004; Nevens & Reheul, 2001; Nortjé & Laker, 2021). Although mineral fertilizers replenish soil nutrients
and pesticides control diseases and pests, prolonged use of these chemicals has shown to have
undesirable effects on the environment (Prashar & Shah, 2016). In addition, the unique climate and soil
conditions of the North-Western Free State limits the crop options available for rotation (Nortjé & Laker,
2021). Understanding the perceptions of local farmers on crop diversification and identifying the factors
influencing farmers decisions on crop rotation will be fundamental in determining guidelines for successful
crop diversification (with a focus on crop rotation) in the North-Western Free State (Kemausuor et al.,
2011).
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4.2 Materials and methods

A mixed method research approach was taken whereby quantitative and qualitative data were collected
through the admission of a questionnaire. The questionnaire was uniquely designed to determine the
views and perspectives of North-Western Free state farmers on crop diversification based on crop
rotation. The questionnaire was prepared in English but translated into Afrikaans, as this was the
language spoken by most farmers in the area. There were three sections to the questionnaire:

Demographic characteristics, farm information and crop diversification.

Convenience sampling was conducted whereby farmers were approached personally at farmer
gatherings and/ or visitations during 2022. Inclusion criteria was based on occupation and farming area.
Only farmers in the North-Western Free State were included in the study. Data were successfully

collected from 60 North-Western Free State farmers who gave consent to participate in the study.

The questionnaire was pre-tested and reviewed by selected respondents. Face validity ensured that the
questionnaire linguistically and analytically measured the views and perspectives of North-Western Free
State farmers. Questionnaire reliability was determined by measuring the internal consistency to ensure
stable and consistent results. For overall reliability Cronbach’s alpha = 0,60, this was slightly below the
general threshold value of 0,70, but according to Van Griethuijsen et al. (2015) can still be regarded

acceptable.

4.3 Data analysis

Demographic and farm information

Completed questionnaires were captured and analysed using the Statistical Package for the Social
Sciences (SPSS) version 28. Descriptive statistical analysis included frequency tables for categorical
data (demographic characteristics) and measures of central tendency and dispersion for continuous data
(farm information). Data were represented as mean + standard deviation unless stated otherwise.
General data were rounded off to two decimals, percentages and hectarage were rounded off to the
nearest whole number. Qualitative data were manually analysed by creating themes and coded

accordingly. Visual interpretation of data included tables and graphs.
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Perception of crop diversity

Farmer’s perception on crop diversity was measured using descriptive statistics. All participating farmers
(n = 60) were asked to rate the relevance of crop diversification on a scale of 0 — 5 (0 = no relevance, 5
= very relevant). Five aspects of crop diversity were included namely: Yield increase, increased farm
profit, improved soil health, better grain quality/ grading and lower financial risk. The mean of each aspect
was measured individually, as well as the mean of all the aspects collectively to give an overall crop

diversity relevance.

Further knowledge and understanding on how farmers in North-Western Free State apply crop rotation
was gained by collecting additional data from farmers who indicated that they rotate their crops. Additional
data included which crops were rotated and in what sort of system, as well the results seen in practice.
Furthermore, data relating to the aspects influencing crop rotation application and sources of information

used to gain technical information and guidance regarding crops and crop rotation were collected.

Crop diversity index (CDI)

Crop diversity was measured using the Herfindahl Index (HI). HI is defined as the sum of squares of n
proportions (Malik & Singh, 2002). Participants were asked to indicate the percentage of land under each
cultivated crop. Crops included were maize, sunflowers, soybean and wheat, as these were common
commodities in North-Western Free State (Strauss et al., 2021). Percentages were converted to
proportions and used to calculate each farmer’s HI. HI is directly related to CDI, in that CDI = 1 — HI (Malik
& Singh, 2002). This calculation was used to determine each farmers CDI. CDI can range from zero to
one with zero being an indication of complete specialisation while one indicates perfect diversification
(Malik & Singh, 2002).

Inferential analysis

Inferential statistics were used to assess the relationship between demographic variables and the
relevance of crop diversity as well as between demographic variables and CDI respectively. In addition,
the association between the relevance of crop diversity and CDI was investigated. Statistical significance

was accepted at p < 0,05.
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Average relevance of crop diversification was cross tabulated by demographic response categories and
a one-way analysis of variance (ANOVA) was run to explore the differences between demographic
categories and the relevance of crop diversity. Assumption testing included testing for outliers, normal
distribution and homogeneity of variances. Similarly, a one-way ANOVA was run to explore differences
between demographic response categories and CDI. Again, assumption testing included testing for

outliers, normal distribution and homogeneity of variances.

The association between the relevance of crop diversity and CDI was investigated by running a simple
linear regression. Assumption testing included testing for outliers, normal distribution and
homoscedasticity. A prediction equation was determined based on the regression results.

4.4 Results

Demographic and farm information

The descriptive statistics of the demographic characteristics are shown in Table 4.1. All 60 participants
were male farmers. Most farmers were in the age range of 51 — 60 years (30%) and many were married
(85%). Two-thirds of the farmers had at least a diploma/ degree and more than half of them had been

farming for more than 15 years. Furthermore, 85% of the participants belonged to a farmer’s study group.

Table 4.1: Demographic characteristics of participating farmers

Frequency
Variable Categories
Number Percentage
Gender Male 60 100%
Age 21-30 years 8 13%
31-40 years 15 25%
41 - 50 years 15 25%
51 -60 years 18 30%
More than 60 years 4 7%
Marital status Single 7 12%
Married 51 85%
Divorced 2 3%
Highest level of education Grade 12 15 25%
Diploma/ Degree 20 33%
Postgraduate degree 20 33%
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Frequency
Variable Categories
Number Percentage

Duration of farming Less than 5 years 10%

5-10 years 13%

11 - 15 years 10%

More than 15 years 58%
Belong to a farmer’s study group 85%

Measures of central tendency and dispersion relating to farm information are shown in Table 4.2. The

mean number of people employed on the farms were 22,35 £ 23,15 with a minimum of 4,00 and a

maximum of 120,00. The mode indicated that the majority of the farmers employed 10 employees. The

mean farm size was 3 256 + 3 108 ha with a mean of 2 528 £ 2 625 ha being cultivated. Most of the
farmers had 2 000 ha land, of which 1 400 ha was cultivated.

Table 4.2: Measures of central tendency and dispersion relating to farm information of participating

farmers
Statistics Number of employees Farm size (ha) Cultivated land (ha)
Mean 22,35 3256 2528
Median 15,00 2000 1800
Mode 10,00 2000 1400
Standard deviation 23,15 3108 2625
Minimum 4,00 700 250
Maximum 120,00 15000 12000
Range 116,00 14 300 11750
Interquartile range (IQR) 13,00 1900 1600

Perception of crop diversity

Farmers in the study area had a positive perception of crop diversity. The farmers rated all aspects of

crop diversity relatively high (Figure 4.1). Yield increase had the highest relevance rating (4,26 £ 0,77)

followed closely by improved soil health (4,25 £ 0,93). Better grain quality/ grading had the lowest

relevance rating but still scored relevant (3,96 + 1,01).
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Very relevant

No relevance
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0

Yield increase

4,26

4,25 4,21 4,19 3,96
Improved soil  Increased farm  Lower financial Better grain
health profit risk quality/ grading

= Average relevance = 4,16

Figure 4.1: Farmer perception of the relevance of crop diversification in terms of yield increase, improved

soil health, increased farm profit, lower financial risk and better grain quality

Almost all farmers in the study cultivated maize (93%) with 87% of the farmers rotating their crops (n =

52). Figure 4.2 shows the main crops used in rotational systems by farmers rotating their crops. The

majority of these farmers rotated maize with soybean, sunflowers and/ or wheat. Other crops included

dry beans, peanuts, potatoes, cover crops and other grasses. Those who did not rotate crops (n = 8)

mentioned that it came down to the practicality of it, mainly due to the lack of equipment but also an issue

of time management.
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Figure 4.2: Percentage of farmers rotating maize with soybean, sunflower, wheat and other crops in the
North-Western Free State
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The results experienced by farmers rotating their crops are illustrated in Figure 4.3. Most farmers who
rotated their crops experienced an increase in crop yield (90%). Many of these farmers also experienced
an increase in farm profit and soil health (80% and 77% respectively). Half of the participants (50%)

experienced an increase in financial risk, while 32% experienced a decrease in financial risk.
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Increased yield Increased soil Increased farm Increased grain  Increased financial
health profit quality/ grading risk

Figure 4.3: Crop rotation results experienced by farmers regarding crop yield, soil health, farm profit,

grain quality and financial risk

Figure 4.4 shows how certain aspects influenced the application of crop rotation. Many farmers who
rotated their crops did not consider following a fixed rotational system as very important but instead
adjusted their rotational system according to the weather (rainfall) predications. Soil health and

sustainability was also rated an important aspect when applying rotational systems.

O kather o predictons CET M N 7 FE

Soil health and sustaincz)afb(i:lri'glpglay a role in my choice 32% | 47% 4504 17% |
| adjust my rgéit:]%nna:;/sg?;?rznp?iizording to the >8% | 35% | 20% | 17% |

| follow a fixed rotational system 10%| 40% | 32% | 18% |

OVery important OImportant ONot so important ONot answered

Figure 4.4: Farmers perceived importance of aspects influencing the application of crop rotation
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The results in Figure 4.5 show that technical information or guidance regarding crops and crop rotation
from fellow farmers (mentor farmers) was considered most important by farmers rotating their crops.
Farmer days as a source of crop rotation information was also rated very important. Technical information

or guidance from magazines was less likely to influence farmers perception on crop rotation.

Fellow farmers (mentor farmers) 2% | 27% M/"
Farmer days 53% | 45% IZ%
Company representatives 43% | 38% | 17% |21/0
Internet 42% | 35% | 20%  [3%
| follow my own head 25% | 47% | 28% |
Magazines 18% | 47% | 33% bd%
OVery important Olmportant ONot important ONot answered

Figure 4.5: Farmers perceived importance regarding the sources of crop rotation technical information

Crop diversity index (CDI)

The mean CDI was 0,42 £ 0,23 with @ minimum of 0,00 and a maximum of 0,73. The distribution of
farmer’s CDI is shown in Figure 4.6 (CDI could not be measured for four participants due to missing data).
Some farmers had a low CDI showing a high degree of specialisation, with 13% of farmers having
complete specialisation (CDI = 0,00). On the contrary, more than half of the farmers had a CDI of 0,50 or

higher, showing movement towards diversification.
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Figure 4.6: Distribution of farmer’s CDI ranging from complete specialisation to perfect diversification

Inferential analysis

Table 4.3 shows the ANOVA results of the average relevance of crop diversification per demographic

variable after assumption testing found no violations. There were no statistically significant relationships

between any demographic variable and the relevance of crop diversification, all p-values > 0,05. As a

result of no statistically significant differences, no post-hoc tests were required.

Table 4.3: ANOVA results for average relevance of crop diversification per demographic variable

Demographic variable Categories Average relevance of ANOVA results
crop diversification p-value
Marital status Single 4,20
Married 4,10 0,63
Divorced 4,30
Age group 21-30 years 3,90
31-40 years 4,10
41-50 years 4,20 0,33
51-60 years 4,10
60 years and older 4,50
Level of education Grade 12 4,50
Diploma/ degree 4,00 0,13
Post graduate degree 4,10
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Demographic variable

Categories

Average relevance of

crop diversification

ANOVA results

F-statistic p-value

Farming duration

Less than 5 years

4,20

5-10 years 3,80
1,22 0,31

11-15 years 4,30

More than 15 years 4,30

Belong to farmers study grou Yes 4,30
S yoromw 0,59 0,82

No 4,70

Table 4.4 shows the ANOVA results of the average CDI per demographic variable after assumption

testing found no violations. There were no statistically significant relationships between any demographic

variable and CDI, all p-values > 0,05. As a result of no statistically significant differences, no post-hoc

tests were required.

Table 4.4: ANOVA results for average CDI per demographic variable

Demographic variable Categories Average CDI ANOVA results
F-statistic p-value
Marital status Single 0,50
Married 0,40 1,42 0,20
Divorced 0,70
Age group 21-30 years 0,30
31-40 years 0,40
41-50 years 0,50 0,56 0,94
51-60 years 0,40
60 years and older 0,50
Level of education Grade 12 0,40
Diploma/ degree 0,40 1,10 0,42
Post graduate degree 0,40
Farming duration Less than 5 years 0,50
5-10 years 0,40
11-15 years 0,30 0% 0%
More than 15 years 0,40
Belong to farmers study group :Zs 2;3 0,99 052
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A linear regression established that average crop diversity relevance could statistically significantly
predict CDI, F(1,49) = 9,71, p = 0,003. Average crop diversity relevance accounted for 17% of the
explained variability in CDI. The crop diversity relevance was associated with a 0,13 unit increase in CDlI,
indicating a positive association between crop diversity relevance and CDI with a regression equation of:

CDI'=-0,10 + (0,13 x (crop diversity relevance)). This regression is shown in Figure 4.7.
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Figure 4.7: Scatter plot illustrating the linear association between average crop diversity relevance and
CDI

4.5 Discussion and conclusion

North-Western Free State agriculture is dominated by male farmers, very few, if any, women are directly
involved in commercial maize production. This could be attributed to the more traditional, conservative
nature of the older population. More conservative communities tend to favour married living arrangements
and the men are normally more hands on in the fields while women are inclined to be responsible for
family and house chores. Similar observations were made in a research study done by Mazibuko and
Antwi (2019) in the North West province of South Africa.



46

North-Western Free State farmers are making a shift towards crop diversification. It has been noted that
the area was previously dominated by monoculture maize (Nel & Loubser, 2004; Nortje & Laker, 2021).
Similarly, in this study maize was the major crop cultivated in the area with some farmers still specialising
in monoculture maize. However, most farmers recognised the relevance of crop diversification, especially
with regards to yield increase, improved soil health and increased farm profit. It is likely that this positive
perception of crop diversity contributed to the fact that so many farmers in the area did in fact rotate their

crops.

Rotation systems in the North-Western Free State were similar to those mentioned in Strauss et al. (2021)
which comprised mainly of rotating maize with soybean, sunflower and/ or wheat. Soybean was the most
popular choice to rotate with maize, which corresponds to the current surge in soybean production. The
area planted under soybean in South Africa has increased by 64% since 2016/2017 with the North-
Western Free State being a major contributor (Coleman, 2021; DALRRD, 2020). Few farmers in the area
rotated maize with cover crop, which is a cash crop substitute that should be considered to improve
rotational system’s productivity (Smit, Strauss & Swanepoel, 2021). By introducing cover crops, with the
already included soybean in rotation with maize, soil nutrients could be replenished naturally, decreasing
the amount of costly fertilizer required (Nortje & Laker, 2021). This, together with the lower input costs
associated with cover crop and soybean production (Coleman, 2021), could steer farmers into crop
diversification resulting in more farmers experiencing the decrease in financial risks thought to be involved

in crop rotation.

North-Western Free State farmer’s perception on crop diversity, and practise thereof, was not influenced
by demographic characteristics. This could be attributed to the fact that many farmers often followed their
own head when it came to making crop diversification decisions. However, similar to findings from a study
tour by United States Agency for International Development (USAID) (2007) and research conducted by
Sinyolo and Mudhara (2018), the importance of farmer organisations as a means of spreading knowledge
and influencing decision making was evident in this study. Most North-Western Farmers belonged to
some form of farmer group or association and also rated fellow farmers (mentor farmers) as the most
important means of gaining technical information or guidance regarding crops and crop rotation. The
transfer and spread of information and knowledge regarding crop diversification are pivotal, as was
confirmed by the positive association between farmers who were more aware of, and rated, the relevance

of crop diversification high and a higher CDI.
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In conclusion, by acknowledging the benefits of crop diversity and moving away from crop specialisation
towards crop diversification, North-Western Free State farmers are affirming to the crop diversification

principle of conservation agriculture, ultimately ensuring sustainable agriculture in the area.

The results reported in this chapter have been published in de Bruyn, M.A., Nel, A.A., & van Niekerk, J.A.
(2022). Views and perspectives of local farmers on crop diversification in the North-Western Free State,
South Africa, African Journal of Agricultural Research, vol. 18, no. 11, pp. 1006-1012. A slightly modified

version was also published in the September 2022 issue of SA Grain.
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Chapter 5

The effect of crop rotation on soil health in the North-Western Free State

5.1 Introduction

The concept of soil health emerged in the 1990s but has regained interest with the recent emphasis on
sustainable agriculture (Lehmann et al., 2020; Magdoff & Van Es, 2021). It's definition of “the continued
capacity of a soil to function as a vital living ecosystem that sustains plants, animals, and humans’
stresses its importance in our life support system (Lehmann et al., 2020:2). Soil is considered healthy
when good yields are consistently produced without having a negative effect on the environment (Magdoff
& Van Es, 2021).

Soil health is promoted when all three of its components (physical, chemical and biological) are optimal
(Magdoff & Van Es, 2021). Soil is physically healthy when sufficient volumetric aggregate stability allows
water infiltration, limits surface runoff and provides adequate aeration (Cardoso et al., 2013). The
volumetric aggregate stability, which encapsulates organic matter, should be more than 45%
(Sundermeier, Shedekar & Lijun, 2023), while there should be 3% organic matter in soil (Ward
Laboratories, 2019).

Soil must be able to sufficiently absorb, release and transform essential nutrients including N, P and K
(Magdoff & Van Es, 2021). These macronutrient measurements should ideally be as shown in Table 5.1
to optimally perform specific roles. In order to obtain ideal nutrient measurements, the pH of the soil
should be slightly acidic (5,50 — 6,50), with the optimum for grain crops being 5,50 — 7,50. (Hinsinger et
al., 2009; Morgan, Beinding & White, 2005; Opala, Odendo & Muyekho, 2018).

Table 5.1: Ideal measurements for soil macronutrients and their role in crop production

Macronutrient Ideal soil measurement (mg kg-) Role in crop production
. Fundamental for a healthy ecosystem (Girkin &
Nitrogen (N) 40 (Cowen, 2023)
Cooper, 2023)
Phosphorous (P) 16 — 20 (Mallarino & Sawyer, 2013) Root growth and nutrient uptake (Mitran et al., 2018)
Potassium (K) 120 - 200 (Mallarino & Sawyer, 2013) Growth and stress adaption (Johnson et al., 2022)

Furthermore, if the soil is healthy, biodiversity is increased and beneficial organisms are active which
stimulates plant growth (Magdoff & Van Es, 2021). The more microbial respiration CO.-C soils produce,
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the more microbial life can thrive in that environment (Ward Laboratories, 2019). Soil respiration can
range between 0 and 1000 mg kg of CO2-C, most agricultural soils do not exceed 200 mg kg-', with an
ideal measurement considered to be > 50 mg kg-' (Ward Laboratories, 2019). Microbially active carbon
(C) should be >20% for a good fertility balance to support biomass (Ward Laboratories, 2019). In addition,
the C:N ratio is important to keep microbes thriving (Ward Laboratories, 2019). An ideal ratio of 10:1 -
12:1 means that there is a good balance of available energy and nitrogen for microbes (Ward
Laboratories, 2019).

Generally, the sandy soils of the Northern Free State have very little organic material and are vulnerable
to wind erosion (Beukes et al., 2019; Strauss et al., 2021). Erosion, which mostly occurs during the windy
months of August and September, removes a lot of nutrients from the soil (Strauss et al., 2021). Soil
degradation is further influenced by heavy machinery causing compaction, tillage which break soil
aggregates and the addition of artificial fertilizers (Magdoff & Van Es, 2021; Nortjeé & Laker, 2021).
Therefore, these soils are not always able to provide sufficient water and nutrients for crops. There is a

need to adopt practices that will improve the health of the North-Western Free State soils.

Different management practises often result in differences in biological, chemical and physical soil
properties which in return results in changes in functional quality of the soil (Islam & Weil, 2000). Magdoff
and Van Es (2021) mentioned that following practices that build and maintain organic matter may be the
key to healthy soils. One such practice is that of crop rotation (Raphael et al., 2016). Crop rotations play
an integral role in maintaining organic matter, promoting healthy soil and encouraging sustainable

agriculture as a whole (Deiss et al., 2021; Raphael et al., 2016).

The North-Western Free State is dominated by maize production, which is normally grown in monoculture
(Loubser & Nel, 2004; Nortjé & Laker, 2021). However, the combination of maize with leguminous crops
creates a more efficient environment in which soil fertility is protected and results in higher yields
(Acevedo-Siaca & Goldsmith, 2020). Soybean (Glycine max), a leguminous crop, has been recognised
for its commercial potential because of its use in food, livestock feed and as an industrial raw material
(Acevedo-Siaca & Goldsmith, 2020). Soybean plants in symbiosis with Rhizobium bacteria are able to fix
atmospheric N, the underground residue left behind after harvest improves soil N content and organic
matter (Acevedo-Siaca & Goldsmith, 2020; Coskan & Dogan, 2011). This decreases the need for
chemical fertilizer as N is produced naturally (Acevedo-Siaca & Goldsmith, 2020). In addition, soybean
in rotational systems can increase total microbial communities and bacterial diversity (Fu et al., 2020; Gil
etal., 2011).
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The inclusion of a third crop in rotational systems is encouraged (Jug et al., 2018; Tanveer, lkram & Ali,
2019). Including a third crop in crop rotational systems has potential to further enhance soil health,
resulting in better crop production (Jug et al., 2018; Tanveer, lkram & Ali, 2019). It has been suggested
that including a cover crop mixture as a third crop improves the rotational system’s productivity (Magdoff
& Van Es, 2021; Smit, Strauss & Swanepoel, 2021). Cover crop is a cash crop substitute and usually
refers to plants that are grown but not harvested (Magdoff & Van Es, 2021; Smit, Strauss & Swanepoel,

2021). There are many benefits associated with growing a cover crop (Figure 5.1).
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Figure 5.1: Benefits associated with including a cover crop in rotational systems (adapted from Magdoff
& Van Es (2021))

Research has shown that agricultural sustainability can be achieved through improvement of soil health
by means of crop rotational systems (Deiss et al., 2021; Raphael et al., 2016). The key is finding crop
rotational systems ideal for the North-Western Free State. As part of identifying ideal crop rotational

systems, it is important to closely monitor soil health.

5.1.1 Haney soil health test (HSHT)

A crucial initial step in evaluating soil health is properly assessing the condition of the soil (Haney et al.,
2018). Unlike traditional methods, Haney takes a different approach of evaluating soil health by focusing
on soil as a dynamic living system, rather than just physical or chemical processes. (Haney et al., 2018).
Haney et al. (2018) highlights the importance of including the biological aspect into soil health score. Soil



51

microbes colonise plant roots inducing mechanisms that increase plant growth (Miransari, 2011).
Therefore, the HSHT not only estimates plant available N, P and K but also provides an indication of soil

health with respect to nutrient and C cycling (Haney et al., 2018).

The HSHT uses a H3A (Haney, Haney, Hossner and Arnold) extractant to measure plant available
nutrients including N (NH4-N and NO3-N), P and K (Chu et al., 2019; Singh et al., 2020). This extractant
is made up of organic acids (citric acid, oxalic acid and acetic acid), which mimic plant root exudates
better than other extractants (Haney et al., 2018; Singh et al., 2020). Since the majority of nutrient cycling
is due to a natural drying- rewetting effect (rainfall and irrigation), water extracts are also investigated to
better represent the natural environment (Haney et al., 2018). The water extractable organic N (WEON)
is the active organic soil N (Haney et al., 2018). The water extractable C (WEOC) reflects the quality of
soil organic C as it provides the energy source for soil microbial activity, therefore similar to WEON,
WEQOC estimates the active pool of soil C (Haney et al., 2018). This approach considers the WEOC/
WEON ratio a more sensitive indicator of microbial activity than the traditional total C:N ratio (Chu et al.,
2019).

An important factor in the HSHT is the microbial respiration CO2-C (Chu et al., 2019). The CO,-C released
by soil microbes in 24 hours after the soil has been dried and rewetted is an indicator of soil respiration,
and consequently microbial activity (Haney et al., 2018; Singh et al., 2020). The properties measured by
the HSHT are integrated using Haney’s formula to obtain an overall soil health score as related to nutrient
and C cycling. (Haney et al., 2018; Ward Laboratories, 2019). The resulting score can range between 0
and 50, with a higher score meaning better soil health (Ward Laboratories, 2019). Most soils do not score

more than 30, while scores below seven are regarded low (Ward Laboratories, 2019).



92

5.2 Materials and methods

5.2.1 Sample collection and testing

Soil samples were collected from all maize plots in the Christinasrus
trial during each season (Table 5.2, Table 5.3, Table 5.4). The
samples were taken at maize maturity, approximately 100 days after | A jy
planting (23/03/2021, 23/03/2022 and 24/03/2023 respectively) and
collected at a depth of 0 — 0,15 m (Figure 5.2). Samples were taken
randomly within each plot 0,20 m from the plant row and combined
to form a composite sample. Environmental ethical clearance was
received from the UFS (UFS-ESD2022/0118) and samples were

sent to Soil Health Solutions for further analysis. (No biomass was

S T,

S X g gy A

Figure 5.2: Soil sample collection on

removed nor utilised by any farm animals.) 23/03/2022 (photograph by M de Bruyn)

Table 5.2: Plots from which soil samples were taken for soil health analysis during the 2020/2021 season

(highlighted in green)

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot 9
MMS MS MM MCS MCS MMS MS MCS MMS
Maize 1 Maize Maize Maize Cover crop Soybean Soybean Soybean Maize 2
Plot 10 Plot 11 Plot 12 Plot 13 Plot 14 Plot 15 Plot 16 Plot 17 Plot 18
MCS MS MCS MMS MCS MM MMS MS MMS
Maize Soybean Cowver crop Maize 1 Soybean Maize Maize 2 Maize Soybean
Plot 19 Plot 20 Plot 21 Plot 22 Plot 23 Plot 24 Plot 25 Plot 26 Plot 27
MM MMS MCS MS MMS MMS MS MCS MCS
Maize Soybean Maize Soybean Maize 1 Maize 2 Maize Cower crop Soybean

Table 5.3: Plots from which soil samples were taken for soil health analysis during the 2021/2022 season

(highlighted in green)

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot 9
MMS MS MM MCS MCS MMS MS MCS MMS
Maize 2 Soybean Maize Cowver crop Soybean Maize 1 Maize Maize Soybean
Plot 10 Plot 11 Plot 12 Plot 13 Plot 14 Plot 15 Plot 16 Plot 17 Plot 18
MCS MS MCS MMS MCS MM MMS MS MMS
Cover crop Maize Soybean Maize 2 Maize Maize Soybean Soybean Maize 1
Plot 19 Plot 20 Plot 21 Plot 22 Plot 23 Plot 24 Plot 25 Plot 26 Plot 27
MM MMS MCS MS MMS MMS MS MSC MCS
Maize Maize 1 Cover crop Maize Maize 2 Soybean Soybean Soybean Maize
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Table 5.4: Plots from which soil samples were taken for soil health analysis during the 2022/2023 season

(highlighted in green)

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot 9
MMS MS MM MCS MCS MMS MS MCS MMS
Soybean Maize Maize Soybean Maize Maize 2 Soybean Cover crop Maize 1
Plot 10 Plot 11 Plot 12 Plot 13 Plot 14 Plot 15 Plot 16 Plot 17 Plot 18
MCS MS MCS MMS MCS MM MMS MS MMS
Soybean Soybean Maize Soybean Cower crop Maize Maize 1 Maize Maize 2
Plot 19 Plot 20 Plot 21 Plot 22 Plot 23 Plot 24 Plot 25 Plot 26 Plot 27
MM MMS MCS MS MMS MMS MS MCS MCS
Maize Maize 2 Soybean Soybean Soybean Maize 1 Maize Maize Cover crop

Soil pH was measured in a water (H20) suspension (Soil Health Solutions, 2021). Physical properties
which included volumetric stability and organic matter were measured in the laboratory (Soil Health
Solutions, 2021). Chemical and biological properties, as described in Table 5.5 were measured and
calculated using the HSHT. The subsequent overall soil health score was determined using the

calculation described by Haney (Haney et al., 2018; Soil Health Solutions, 2021).

Table 5.5: Chemical and biological soil properties measured and calculated in the HSHT (Haney et al.,
2018)

Chemical properties Total water extractable N (WEN)
Inorganic N (NOs-N and NH4-N)
Organic N (WEON)

Total P

Total K

Biological properties Soil respiration CO,-C

Water extractable organic C (WEOC)

5.2.2 Data analysis

Data received from Soil Health Solutions contained the results of the soil properties and HSHT. Data
were cleaned and prepared for SPSS, where it was further analysed using descriptive and inferential
statistics. Descriptive statistics were represented in text as mean * standard deviation, unless stated
otherwise. General data were rounded off to two decimals, percentages were rounded off to the nearest
whole number. Inferential statistics included two-way ANOVAs, which were run to determine if there was
a statistically significant interaction effect of rotational system and season on soil properties and overall
soil health. Assumption testing included testing for outliers, normal distribution and homogeneity of

variances. Assumptions of normal distribution and homogeneity were violated in some cases however,
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because of the small sample size and the fact that ANOVAs are considered robust to deviations all results
were interpreted (Jaccard, 1998; Maxwell, Delany & Kelley, 2017). Post-hoc Least Significant Difference
(LSD) tests were run for statistically significant ANOVA results. Statistical significance was accepted at p
<0,05.

5.3 Results

5.3.1 Soil pH

Figure 5.3 shows the mean soil pH (H20) over the study period. The two-way ANOVA (Table 5.6) showed
that soil pH was affected by season (F(2) = 91,96, p < 0,001) but not the rotational system (F(4) = 0,57,
p = 0,69), with no interaction between these variables, F(8) = 0,80, p = 0,61. There was an upward trend
in soil pH with regards to the seasons. Soil pH in the first season (2020/2021) was within the ideal range
of 5,50 - 6,50 (Soil Health Solutions, 2021) for all systems. The proceeding two seasons saw an increase
in soil pH exceeding the ideal range, with movement towards a more neutral state (pH = 7,15 and 7,62)
in the second season (2021/2022) and third season (2022/2023), respectively. In addition, LSD results
in Table 5.7 showed the mean difference to be statistically significant between all seasons, with season
one (2020/2021) having the lowest average pH (6,07 + 0,18) and season three (2022/2023) having a
25% higher pH of 7,62 + 0,26.
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Figure 5.3: Mean soil pH (H20) of maize plots in different rotational systems for three seasons
(2020/2021, 2021/2022 and 2022/2023)
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Table 5.6: Results of the two-way ANOVA for rotational system and season with soil pH

Source Sum of squares  df Mean square F-statistic ~ p-value
Rotational system 0,24 4 0,06 0,57 0,69
Season 19,04 2 9,52 91,96 <0,001
Interaction 0,66 8 0,08 0,80 0,61
Error 3,12 30 010

Corrected total 23,04 44

Statistical significance indicated in bold text

Table 5.7: Post-hoc test: LSD results for statistically significant difference in soil pH between seasons

Season (a) Season (b) Mean difference (a-b) p-value
2020/2021 2021/2022 -1,09 <0,001
2022/2023 -1,55 <0,001
2021/2022 2020/2021 1,09 <0,001
2022/2023 0,47 <0,001
2022/2023 2020/2021 1,55 <0,001
2021/2022 0,47 <0,001

Statistical significance indicated in bold text

5.3.2 Physical soil properties

The sandy soils had a very low volumetric aggregate stability percentage. All maize plots had a volumetric
aggregate stability percentage of 2% for all seasons. This percentage is well below the ideal of more than
45% (Soil Health Solutions, 2021).

5.3.2.1 Organic matter

Similar to the volumetric aggregate stability percentage, the organic matter percentages were below the
ideal value of 3% (Soil Health Solutions, 2021). Table 5.8 shows that organic matter varied from 0,27%
(MCS in 2021/2022) to 0,50% (MM in 2020/2021). The two-way ANOVA (Table 5.9) showed that organic
matter was affected by season (F(2) = 6,36, p = 0,01) but not the rotational system (F(4) = 0,63, p = 0,65),
with no interaction between these variables, F(8) = 0,67, p = 0,72. In addition, LSD results in Table 5.10
showed the mean difference in organic matter to be statistically significant from the first season
(2020/2021), with the proceeding two seasons having a lower mean organic matter percentage.
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Table 5.8: Mean organic matter percentage for rotational systems for all three seasons (2020/2021,
2021/2022 and 2022/2023)

Rotational system

Organic matter (%)

2020/2021 2021/2022 2022/2023

Mean
MM 0,50 0,37 0,37 0,41
MMS2 0,47 0,37 0,40 0,41
MMS1 0,43 0,40 0,33 0,39
MS 0,40 0,30 0,37 0,36
MCS 0,47 0,27 0,40 0,38

Mean 0,45 0,34 0,37

Results in the table are represented as means only

Table 5.9: Results of the two-way ANOVA for rotational system and season with organic matter

percentage
Source Sum of squares  df Mean square F-statistic p-value
Rotational system 0,02 4 0,01 0,63 0,65
Season 0,10 2 0,05 6,36 0,01
Interaction 0,04 8 0,01 0,67 0,72
Error 0,35 30 0,01
Corrected total 0,40 44

Statistical significance indicated in bold text

Table 5.10: Post-hoc test: LSD results for statistically significant difference in organic matter percentage

between seasons

Season (a) Season (b) Mean difference (a-b) p-value
2020/2021 2021/2022 0,11 0,002
2022/2023 0,08 0,02
2021/2022 2020/2021 0,11 0,002
2022/2023 0,03 0,32
2022/2023 2020/2021 -0,08 0,02
2021/2022 0,03 0,32

Statistical significance indicated in bold text
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5.3.3 Chemical and biological soil properties

The mean measurements of three seasons, and ANOVA results of chemical and biological properties
measured during the HSHT for each rotational system are shown in Table 11a-c. The chemical properties
WEN, inorganic N and total K were similar between rotational systems and seasons, with no interaction
between the two variables (p-values > 0,05). However, season had a statistically significant effect on the
chemical properties WEON (F(2) = 22,63, p < 0,001) and total P (F(2) = 4,60, p = 0,02) as well as the
biological properties WEOC (F(2) = 31,79, p < 0,001) and CO,-C (F(2) = 77,99, p < 0,001). WEON and
WEOC were both the highest in the first season (2020/2021), declined in the second season (2021/2022)
and increased again in the third season (2022/2023). WEON decreased by 41% and then increased by
30% while WEOC decreased by 39% and increased by 36%.

Similar to WEON and WEOC, total P and CO2-C had their highest measurements in the first season
(2020/2021) with a decline in the second season (2021/2022). However, contrary to WEON and WEOC,
total P and CO2-C had a further decline in the third season (2022/2023). Total P decreased 19% from
season one (2020/2021) to season three (2022/2023), while CO-C decreased 45%.
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Table 5.11a: Mean measurements of three seasons and ANOVA results of N soil properties measured during the HSHT for each rotational system

ANOVA results
Rotational Season 1 Season 2 Season 3
HSHT soil properties Rotational system Season Interaction
system (2020/2021)  (2021/2022) (2022/2023) . . .
F-statistic = p-value | F-statistic  p-value | F-statistic  p-value
Mean
Chemical ~ WEN MM 11,83 10,80 10,53 11,06
properties  (mg kg) MMS2 11,80 10,37 13,87 12,01
MMS1 12,70 11,80 9,63 11,38
0,73 0,58 0,75 0,48 0,84 0,58
MS 10,23 9,97 10,80 10,33
MCS 11,87 10,67 13,17 11,90
Mean 11,69 10,72 11,60
Inorganic N MM 5,83 5,26 3,43 4,84
(mg kg) MMS2 4,63 577 5,90 5,43
MMS1 5,57 5,96 410 5,21
0,57 0,69 1,51 0,24 1,15 0,36
MS 4,60 5,38 3,37 4,45
MCS 547 4,27 5,50 5,08
Mean 5,22 5,33 4,46
WEON MM 8,23 543 7,10 6,92
(mg kg™ MMS2 8,60 4,57 8,10 7,09
MMS1 9,70 5,80 6,07 7,19
0,83 0,52 22,63 <0,001 0,94 0,50
MS 7,37 4,03 7,23 6,21
MCS 8,77 5,50 7,63 7,30
Mean 8,53 5,07 7,23

Results in the table are represented as means only

Statistical significance indicated in bold text
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ANOVA results
Rotational Season 1 Season 2 Season 3
HSHT soil properties Rotational system Season Interaction
system (2020/2021)  (2021/2022) (2022/2023) . . .
F-statistic  p-value | F-statistic p-value | F-statistic  p-value
Mean
Chemical  Total P MM 32,00 35,37 24,00 30,46
properties  (mg kg) MMS2 35,33 33,71 23,67 30,90
MMS1 42,00 31,52 25,00 32,84
0,26 0,90 4,60 0,02 1,69 0,14
MS 31,33 31,00 31,00 31,11
MCS 28,33 29,89 32,00 30,07
Mean 33,80 32,30 27,13
Total K MM 93,00 80,71 104,00 92,57
(mg kg) MMS2 82,67 83,37 102,67 89,57
MMS1 83,67 75,24 71,33 76,75
1,14 0,36 1,36 0,27 0,88 0,55
MS 62,00 87,69 81,67 77,12
MCS 85,00 61,28 90,33 78,87
Mean 81,27 77,66 90,00

Results in the table are represented as means only

Statistical significance indicated in bold text
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Table 5.11c: Mean measurements of three seasons and ANOVA results of biological properties measured during the HSHT for each rotational system

ANOVA results
. ) Rotational Season 1 Season 2 Season 3 ] ]
HSHT soil properties Rotational system Season Interaction
system (2020/2021)  (2021/2022)  (2022/2023) . . .
F-statistic =~ p-value | F-statistic p-value | F-statistic  p-value
Mean
Biological WEOC MM 84,33 56,00 87,00 75,78
properties  (mg kg) MMS2 86,33 50,00 89,33 75,11
MMS1 98,33 58,33 68,67 75,22
0,03 0,99 31,79 <0,001 1,26 0,30
MS 80,33 56,00 87,00 74,44
MCS 89,33 46,33 86,00 73,89
Mean 87,73 53,33 83,60
Soil respiration CO.-C MM 21,26 16,67 11,33 16,42
(mg kg'C) MMS2 19,63 13,67 13,00 15,43
MMS1 21,37 13,33 10,67 15,12
0,45 0,77 77,99 <0,001 1,30 0,28
MS 21,28 14,33 11,00 15,54
MCS 22,24 12,00 12,33 15,52
Mean 21,16 14,00 11,67

Results in the table are represented as means only

Statistical significance indicated in bold text
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5.3.4 Overall soil health

The overall soil health score obtained from the integrated chemical and biological measurements are
shown in Figure 5.4. All soil health scores were below the ideal value of 7,00, varying from 2,70 (MCS in
2021/2022) to 5,07 (MMS1 in 2020/2021) (Ward Laboratories, 2019). The mean, maximum and minimum

soil health score for each season can be seen in Table 5.12.
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Figure 5.4: Mean soil health score of maize plots in different rotational systems for three seasons
(2020/2021, 2021/2022 and 2022/2023)

Table 5.12: Mean, maximum and minimum soil health score for all three seasons (2020/2021, 2021/2022

and 2022/2023)
Season Mean soil health Maximum soil health Minimum soil health
2020/2021 4,72 + 0,65 MMS1 (5,07 + 0,93) MS (4,47 £ 0,46)
2021/2022 2,98 +0,34 MM (3,33 £ 0,49) MCS (2,70 £ 0,00)
2022/2023 3,58 + 0,42 MMS2 (3,90 + 0,26) MMS1 (3,07 + 0,26)

The two-way ANOVA (Table 5.13) showed that soil health was affected by season (F(2) = 48,13, p <
0,001) but not the rotational system (F(4) = 0,17, p = 0,95), with no interaction between these variables,
F(8) = 1,27, p = 0,30. In addition, LSD results in Table 5.14 showed the mean difference in soil health to
be statistically significant between all seasons, with season one (2020/2021) having the highest average
soil health score (4,72 £ 0,65) and season two (2021/2022) the lowest (2,98 £ 0,34). The average soil
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health dropped 37% in the second season (2021/2022) and improved again by 17% in the third season
(2022/2023).

Table 5.13: Results of the two-way ANOVA for rotational system and season with soil health score

Source Sum of squares  df Mean square F-statistic ~ p-value
Rotational system 0,17 4 0,04 0,17 0,95
Season 23,54 2 11,77 48,13 <0,001
Interaction 2,48 8 0,31 1,27 0,30
Error 7,34 30 024

Corrected total 33,53 44

Statistical significance indicated in bold text

Table 5.14: Post-hoc test: LSD results for statistically significant difference in soil health score between

Seasons

Season (a) Season (b) Mean difference (a-b) p-value

2020/2021 2021/2022 1,74 <0,001
2022/2023 1,14 <0,001

2021/2022 2020/2021 -1,74 <0,001
2022/2023 -0,60 0,002

2022/2023 2020/2021 -1,14 <0,001
2021/2022 0,06 0,002

Statistical significance indicated in bold text

5.4 Discussion and conclusion

The overall soil health of the maize plots in the rotational systems trial was low. This can be attributed to
the semi-arid climate and low clay and organic matter content leading to low physical, chemical and
biological properties observed in the soil. Although common for the North-Western Free State, the soils
had very low volumetric aggregate stability and organic matter percentages, which in turn results in

inadequate chemical properties and restricted biological processes (Horneck et al., 2011; Lal, 2016).

In contrast to what was expected, this study showed no effect of crop rotational systems on individual soil
properties, nor overall soil health. This could be due to the fact that the benefits of soil health only reach
full potential when the organic matter is above 1,5 — 2% (Lal, 2016). However, this was not an isolated
case as studies by Bavougian et al. (2019) and Roper et al. (2017) showed similar results where soil

health scores were not sensitive to management changes, including crop rotations. Nevertheless, the
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fact that the monoculture maize received more fertilizer over time than maize rotated with soybean and
cover crops, without significantly effecting soil health, could be an indication that by incorporating these
crops chemical levels can be maintained naturally. Soybean is able to fix atmospheric N in symbiosis with
Rhizobium bacteria (Acevedo-Siaca & Goldsmith, 2020; Coskan & Dogan, 2011). Similarly, the legumes

in the cover crop are also able to act as a source of nitrogen (Fageria, Baligar & Bailey, 2005).

The role that season variation (mainly rainfall) plays on soil and its health was evident throughout the
study. This co-insides with the findings of numerous studies that continually show the seasonal effect on
soil health (Babur & Dindaroglu, 2020; Mitchell et al., 2017; Sharma, Singh & Singh, 2020; Sherbine et
al., 2023). Three different significant seasonal trends were identified in this study. The first was an
increase in measured values over the duration of the study. This was seen with soil pH (H20) and could
be as a result of the application of lime before the onset of the trial which is one of the most common
practises to reduce soil acidity (Li et al., 2019) as well as salts in the topsoil being diluted due to the wet

conditions (Rengel, 2011).

The second trend identified was a decrease in measured values over the duration of the study. This was
the case for total P and CO.-C. This could be linked to pH as a higher pH is associated with constraints
in P (Rengel, 2011). The variation in P is related to the magnitude of soil respiration and could have been
further suppressed by the anaerobic conditions caused by the heavy rainfall of the second season
(2021/2022) (Cusack et al., 2019; Magdoff & Van Es 2021; Parent et al., 2008). The kinetic energy of
raindrops causes surface sealing and crust formation that reduces soil infiltration (Vaezi, Ahmadi &
Cerda, 2017).

The third, and most common, trend was a significant decrease in measured values from season one
(2020/2021) to season two (2021/2022), with an increased value in the third season (2022/2023). The
measured organic matter was one such value which is generally low in sandy soil but was further
degraded by the anaerobic conditions caused by the rain intensity and duration of season two
(2021/2022) (Horneck et al., 2011). Sitthaphanit et al. (2009) further explains that when rainfall intensity
is high decomposition occurs too quickly, causing organic matter and nutrients to be lost through leaching,
rather than being released slowly into the soil, resulting in a lower WEON and WEOC which are key
determinants of the overall soil health score. The more wide-spread rainfall in the third season
(2022/2023) allowed some physical, chemical and biological properties to recover due to their ability to
withstand short-term fluctuations (Turner et al., 2015) and because the surface sealing and crust

formation was less severe (Vaezi, Ahmadi & Cerda, 2017).
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In conclusion, soybean and the legumes incorporated in cover crops are able to naturally maintain similar
soil health as artificially fertilized monoculture maize therefore minimising the need for fertilizer
application. This is a promising sign for the incorporation of crop rotational systems as a means of
sustainable agriculture in this area. In addition, with the prediction of more extreme weather in the future,
it is important to note that recovery rates of different soil properties vary after intense, high rainfall, yet
the overall soil health is generally weakened by such events. Seasonal variation (especially rainfall
intensity and duration) in combination with inherent soil properties are important attributes of soil health

the region.

The results reported in this chapter have been published in de Bruyn, M.A., Nel, A.A., & van Niekerk, J.A.
(2024). The effect of crop rotation on soil health in the north-western Free State region, South Africa,

South African Journal of Plant and Soil, vol. 40, no. 4-5, pp. 1-8.
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Chapter 6
Nutritional benefits of maize-soybean rotational systems in the North-Western
Free State

6.1 Introduction

Maize is a common food source for both animals and humans (Nuss & Tanumihardjo, 2010). Figure 6.1
illustrates the various products and by-products derived from maize (DALRRD, 2021). The maize plant
and its by-products are used as feed for animals, either directly in fields or after processing (Adeniyi &
Ariwoola, 2019; Dei, 2017). Although maize is generally used more for animal feed, in Africa maize
(specifically white maize) is produced mostly for human consumption (Dei, 2017; Okoruwa & Kling, 1996;
Shew et al., 2021). In South Africa 38% of the maize produced is for human consumption (Jordaan,
2022). In 2020/2021, 60% of white maize products in South Africa consisted of maize meal (SAGL, 2021).
Maize kernels can also be dried, boiled, fried, roasted, ground and fermented for use in breads, porridges,

cereals, cakes and alcoholic beverages (Nuss & Tanumihardjo, 2010).

Maize meal

Dry milling
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Figure 6.1: The maize value chain diagram (adapted from DALRRD (2021))
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6.1.1 Maize kernels

Maize kernels are storage organs that contain the components essential for plant growth and
reproduction, they are also the edible part of the plant used for processing and consumption (Nuss &
Tanumihardjo, 2010; Shah, Prasad & Kumar, 2016). Moisture content of maize kernels is important to
the maize processor and consumer (Adeniyi & Ariwoola, 2019). Sufficiently ripened and dried maize
kernels have a moisture content of 10 — 14% (Dei, 2017). The higher the moisture content of maize, the

more likely it is to deteriorate in quality (Adeniyi & Ariwoola, 2019).

Figure 6.2 illustrates the constituents of a typical maize kernel. The outermost layer, the pericarp (seed
coat) is made up of the fibres: Hemicellulose, cellulose and lignin (Nuss & Tanumihardjo, 2010). Crude
fibre, which is a measure traditionally associated with animal nutrition, is indigestible and remains as a
food residue after digestion (Muinos, 2022). Crude fibre is also found in the endosperm and embryo
(germ) but in much lower quantities (Nuss & Tanumihardjo, 2010). The total dietary fibre, which is more
commonly used in relation to human nutrition, is similar to crude fibre in that it is not digested but rather
passes through the body intact to help food move through the digestive tract and assist in nutrient
absorption (Muinos, 2022). Sufficient intake of dietary fibre improves health and reduces the risk of heart

disease, type 2 diabetes and colon cancer (Muinos, 2022).

The endosperm is the largest section of the maize kernel and mostly made up of starch which is the
primary carbohydrate constituent of a kernel (Nuss & Tanumihardjo, 2010). Other carbohydrates include
small amounts of sugars such as glucose, sucrose and fructose (FAO, 1992). Digestion of carbohydrates
together with fats provide a source of energy. (Okoruwa & Kling, 1996; Poole, Donovan & Erenstein,
2021). Energy can be stored in fats and used when calorie intake is insufficient to meet demand (Okoruwa
& Kling, 1996).

The endosperm also has the majority of the crude protein, which includes the N content (Nuss &
Tanumihardjo, 2010; Rasby & Martin, 2023). Protein is found in the embryo (germ) in higher
concentrations than the endosperm but of less quantity (Nuss & Tanumihardjo, 2010). Generally maize
has a low protein content (about 8%) which limits it nutritional value (Dei, 2017; SAGL, 2021). The low
protein content is due to the lack of essential amino acids, lysine and tryptophan, which are essential for
building and maintaining the body (Dei, 2017). These amino acids contribute to the production of enzymes

and antibodies which are vital for normal body functions (Adeniyi & Ariwoola, 2019).



67

The embryo, which gives rise to the future plant, has the highest ash content compared to the pericarp
and endosperm (Nuss & Tanumihardjo, 2010). The ash content of maize (1 - 3%) is an indication of the
total minerals present and normally includes Ca, Mg, Na and K (Adeniyi & Ariwoola, 2019; Precisa, 2023;
Qamar et al., 2017). A lower ash content is an indication that less processing has occurred, normally

natural foods have a lower ash content than processed foods (Precisa, 2023).
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Figure 6.2: Constituents of a maize kernel (illustration by M de Bruyn)

Total digestible nutritional (TDN) value is a composition score of nutritional properties. The TDN is a
calculated value which takes moisture, fibre, carbohydrates, fat, protein and ash contents into account
(SAGL, 2020b). The TDN is proportional to the energy available, therefore a higher TDN is an indication
of more energy available (Albin, 2021).

The energy made available by maize, together with its nutrients make it an affordable, healthy food option
and is recommended by Shah, Prasad and Kumar (2016) to be part of our daily diet. This is promising as
malnutrition caused due to consumption of unbalanced diet has emerged as one of the major health
concerns particularly in the developing and under-developed world (Hossain et al., 2022). The
composition of maize kernels is influenced by many factors, including genetic background, seed variety,
environmental conditions, plant age and geographic location (Galani, Orfila & Gong, 2022). In this study

we looked at the influence of crop rotation on the nutritional value of maize.



6.2 Materials and methods

6.2.1 Sample collection and testing

Maize kernels (grain) were collected after maturity for nutritional

analysis from all maize plots in the Christinasrus trial during each

season (Table 6.1, Table 6.2, Table 6.3). The maize kernels were
collected by hand before harvesting on 01/05/2021, 16/05/2022
and 23/05/2023 respectively (Figure 6.3). Two samples were

randomly taken per maize plot. Samples from the same rotational

system were combined to give a composite sample per rotational

system. Environmental ethical clearance was received from the
UFS (UFS-ESD2022/0118) and samples were sent to the SAGL

for nutritional analysis.
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Fiure 6.3: Mize kernel coIIetion on -
16/05/2022 (photograph by J de Bruyn)

Table 6.1: Plots from which maize kernels were taken for nutritional analysis during the 2020/2021 season

(highlighted in green)

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot 9
MMS MS MM MCS MCS MMS MS MCS MMS
Maize 1 Maize Maize Maize Cover crop Soybean Soybean Soybean Maize 2
Plot 10 Plot 11 Plot 12 Plot 13 Plot 14 Plot 15 Plot 16 Plot 17 Plot 18
MCS MS MCS MMS MCS MM MMS MS MMS
Maize Soybean Cover crop Maize 1 Soybean Maize Maize 2 Maize Soybean
Plot 19 Plot 20 Plot 21 Plot 22 Plot 23 Plot 24 Plot 25 Plot 26 Plot 27
MM MMS MCS MS MMS MMS MS MCS MCS
Maize Soybean Maize Soybean Maize 1 Maize 2 Maize Cover crop Soybean

Table 6.2: Plots from which maize kernels were taken for nutritional analysis during the 2021/2022 season

(highlighted in green)

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot 9
MMS MS MM MCS MCS MMS MS MCS MMS
Maize 2 Soybean Maize Cowver crop Soybean Maize 1 Maize Maize Soybean
Plot 10 Plot 11 Plot 12 Plot 13 Plot 14 Plot 15 Plot 16 Plot 17 Plot 18
MCS MS MCS MMS MCS MM MMS MS MMS
Cover crop Maize Soybean Maize 2 Maize Maize Soybean Soybean Maize 1
Plot 19 Plot 20 Plot 21 Plot 22 Plot 23 Plot 24 Plot 25 Plot 26 Plot 27
MM MMS MCS MS MMS MMS MS MSC MCS
Maize Maize 1 Cover crop Maize Maize 2 Soybean Soybean Soybean Maize
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Table 6.3: Plots from which maize kernels were taken for nutritional analysis during the 2022/2023 season

(highlighted in green)

Plot 1 Plot 2 Plot 3 Plot 4 Plot 5 Plot 6 Plot 7 Plot 8 Plot 9
MMS MS MM MCS MCS MMS MS MCS MMS
Soybean Maize Maize Soybean Maize Maize 2 Soybean Cover crop Maize 1
Plot 10 Plot 11 Plot 12 Plot 13 Plot 14 Plot 15 Plot 16 Plot 17 Plot 18
MCS MS MCS MMS MCS MM MMS MS MMS
Soybean Soybean Maize Soybean Cower crop Maize Maize 1 Maize Maize 2
Plot 19 Plot 20 Plot 21 Plot 22 Plot 23 Plot 24 Plot 25 Plot 26 Plot 27
MM MMS MCS MS MMS MMS MS MCS MCS
Maize Maize 2 Soybean Soybean Soybean Maize 1 Maize Maize Cover crop

Nutritional analysis included measuring moisture, crude fibre, total dietary fibre, crude fat, crude protein,

ash, total carbohydrates, energy and TDN value. Analysis was conducted using South African National
Accreditation System (SANAS) accredited methods, as shown in Table 6.4 (SAGL, 2020b). Values were

calculated using standard operating procedures (SOP) (SAGL, 2020b).

Table 6.4: Methods used by SAGL to measure nutritional aspects of collected maize kernels in each
season (2020/2021, 2021/2022 and 2022/2023)

Analysis

Method

Moisture
Crude fibre

Total dietary fibre

Crude fat
Crude protein
Ash

Total carbohydrates

Energy value
TDN value

AACCI 44-15.02, latest edition (130°C for 60 min)

In-house method 031

In-house method 012

In house method 024 (petroleum ether extraction)
AACCI 46-30.01, latest edition

In-house method 011 (700°C for 45 min)

Calculated value (SOP MCO023: Includes moisture, fat, protein, ash and fibre)

Calculated value (SOP MCO023: Includes moisture, fat, protein, ash, carbohydrates and fibre)

Calculated value (SOP MCO023: Includes moisture, fat, protein, ash, carbohydrates and fibre)

6.2.2 Data analysis

Data received from SAGL contained the results of the nutritional analysis. Data were cleaned and

prepared for SPSS where it was further analysed using descriptive and inferential statistics. The rotational

system variable was transformed into a dichotomous cropping system variable to compare the nutritional

values in maize after maize and in maize after soybean (Table 6.5).
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Table 6.5: Rotational systems allocated to each category of the dichotomous cropping system variable

Cropping system Rotational system
Maize after maize MM, MMS2
Maize after soybean MMS1, MS, MCS

Descriptive statistics were represented in text as mean + standard deviation, unless stated otherwise.
General data were rounded off to two decimals, percentages were rounded off to the nearest whole
number. Inferential statistics included two-way ANOVAs, which were run to determine if there was a
statistically significant interaction effect of cropping system and season on crude fibre, total dietary fibre,
crude fat, crude protein, total carbohydrates, energy and TDN value respectively. Assumption testing
included testing for outliers, normal distribution and homogeneity of variances. The assumptions of
normal distribution and homogeneity of variances were violated, however, because of the small sample
size and the fact that ANOVAs are considered robust to deviations all results were interpreted (Jaccard,
1998; Maxwell, Delany & Kelley, 2017). Post-hoc LSD tests were run for statistically significant ANOVA

results. Statistical significance was accepted at p < 0,05.

6.3 Results

6.3.1 Moisture content

Moisture content of the maize kernels ranged from 12 — 15%. All maize kernel samples were therefore
sufficiently ripened and dried (Dei, 2017). The moisture content was similar between cropping systems

as well as between seasons.

6.3.2 Crude fibre and total dietary fibre content

Figure 6.4 shows the crude fibre and dietary fibre content of the cropping systems. Crude fibre varied
between 1,50 and 2,07 g 100 g-' grain, while dietary fibre varied between 8,00 and 9,83 g 100 g-* grain.
The two-way ANOVA results in Table 6.6 show that crude fibre and dietary fibre were affected by both
cropping system and season (p values < 0,05), with no interaction between these variables, F(2) = 1,49,
p =0,24 and F(2) = 0,33, p = 0,72 respectively. Maize after soybean had higher crude fibre and dietary
fibre than maize after maize in all three seasons. The mean crude fibre of the maize after soybean was
1,82 £ 0,23 g 100 g grain which is 8% higher than the crude fibre of maize after maize. Similarly, the
dietary fibre of maize after soybean was 9,05 £ 0,69 g 100 g-! grain which is 4% higher than the dietary
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fibre of maize after maize. In addition, the LSD results in Table 6.7 show the mean difference in crude

fibre and dietary fibre to be statistically significant between all seasons. Season three (2022/2023)
recorded the highest mean crude fibre (1,99 £ 0,11 g 100 g-' grain) and dietary fibre (9,72 + 0,17 g 100

g grain).
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9 8,60 8% 8,43
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Figure 6.4: Crude fibre and dietary fibre in cropping systems for all three seasons (2020/2021, 2021/2022

and 2022/2023)

Table 6.6: Results of the two-way ANOVA for cropping system and season with crude fibre and dietary

fibre
Source Sum of squares  df Mean square F-statistic ~ p-value
Crude fibre:
Cropping system 0,21 1 0,21 21,67 <0,001
Season 1,46 2 0,73 75,96 <0,001
Interaction 0,03 2 0,01 1,49 0,24
Error 0,38 39 0,01
Corrected total 2,20 44
Dietary fibre:
Cropping system 1,12 1 1,12 9,76 0,003
Season 16,65 2 8,33 72,48 <0,001
Interaction 0,08 2 0,04 0,33 0,72
Error 4,48 39 0,16
Corrected total 22,59 44

Statistical significance indicated in bold text
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Table 6.7: Post-hoc test: LSD results for statistically significant difference in crude fibre and dietary fibre

between seasons

Season (a) Season (b) Mean difference (a-b) p-value

Crude fibre:

2020/2021 2021/2022 0,22 <0,001
2022/2023 -0,24 <0,001

2021/2022 2020/2021 0,22 <0,001
2022/2023 -0,46 <0,001

2022/2023 2020/2021 0,24 <0,001
2021/2022 0,46 <0,001

Dietary fibre:

2020/2021 2021/2022 0,52 <0,001
2022/2023 -0,96 <0,001

2021/2022 2020/2021 0,52 <0,001
2022/2023 -1,48 <0,001

2022/2023 2020/2021 0,96 <0,001
2021/2022 1,48 <0,001

Statistical significance indicated in bold text

6.3.3 Crude fat content

Crude fat content of the maize is illustrated in Figure 6.5. The crude fat ranged from 3,10 to 3,45 g 100
g’' grain with little difference between cropping systems. The two-way ANOVA results in Table 6.8 show
that crude fat was affected by season (F(2) = 126,34, p < 0,001) but not cropping system (F(1) = 1,89, p
= 0,18), with no interaction between these variables, F(2) = 2,96, p = 0,06. Similar to the fibre results,
LSD results show the mean difference in crude fat to be statistically significant between all seasons (Table
6.9), with season three (2022/2023) recording the highest mean crude fat (3,43 £ 0,04 g 100 g grain),
3% more than the first season (2020/2021) and 9% more than the second season (2021/2022).
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Figure 6.5: Crude fat content in cropping systems for all three seasons (2020/2021, 2021/2022 and
2022/2023)

Table 6.8: Results of the two-way ANOVA for cropping system and season with crude fat content

Source Sum of squares  df Mean square F-statistic ~ p-value
Cropping system 0,01 1 0,01 1,89 0,18
Season 0,71 2 0,36 126,34 <0,001
Interaction 0,17 2 0,01 2,96 0,06
Error 0,11 39 0,003

Corrected total 0,83 44

Statistical significance indicated in bold text

Table 6.9: Post-hoc test: LSD results for statistically significant difference in crude fat content between

Seasons

Season (a) Season (b) Mean difference (a-b) p-value

2020/2021 2021/2022 0,20 <0,001
2022/2023 0,10 <0,001

2021/2022 2020/2021 0,20 <0,001
2022/2023 -0,30 <0,001

2022/2023 2020/2021 0,10 <0,001
2021/2022 0,30 <0,001

Statistical significance indicated in bold text
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Crude protein ranged between 5,98 and 6,85 g 100 g (Figure 6.6). The two-way ANOVA results in Table
6.10 show that crude protein was affected by season (F(2) = 17,26, p < 0,001) but not cropping system
(F(1) = 0,96, p = 0,33), with no interaction between these variables, F(2) = 0,50, p = 0,61. In addition,

LSD results (Table 6.11) show that the mean crude protein content difference was statistically significant

between all seasons, with the second season (2021/2022) having the highest mean crude protein (6,73

+0,27 g 100 g).
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Figure 6.6: Crude protein content in cropping systems for all three seasons (2020/2021, 2021/2022 and

2022/2023)

Table 6.10: Results of the two-way ANOVA for cropping system and season with crude protein content

Source Sum of squares  df Mean square F-statistic =~ p-value
Cropping system 0,10 1 0,10 0,96 0,33
Season 3,77 2 1,87 17,26 <0,001
Interaction 0,11 2 0,06 0,50 0,61
Error 4,26 39 011

Corrected total 8,19 44

Statistical significance indicated in bold text
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Table 6.11: Post-hoc test: LSD results for statistically significant difference in crude protein content

between seasons

Season (a) Season (b) Mean difference (a-b) p-value
2020/2021 2021/2022 -0,40 0,002
2022/2023 0,31 0,02
2021/2022 2020/2021 0,40 0,002
2022/2023 0,70 <0,001
2022/2023 2020/2021 0,31 0,02
2021/2022 0,70 <0,001

Statistical significance indicated in bold text

6.3.5 Ash content

Similar to the FAO guidelines, the ash content of all maize kernels was 1% (FAO, 1992). All cropping
systems in all three seasons had an ash content of 1%. Therefore, the mineral content of maize was

similar between cropping systems and seasons.

6.3.6 Total carbohydrates

Figure 6.7 shows the total carbohydrates between cropping systems in each season (2020/2021,
2021/2022 and 2022/2023). Total carbohydrates were similar within seasons varying from 66,10 to 68,07
g 100 g-' grain. The two-way ANOVA results in Table 6.12 show that total carbohydrates was affected by
season (F(2) = 3,82, p = 0,03) but not cropping system (F(1) = 0,84, p = 0,37), with no interaction between
these variables, F(2) = 1,03, p = 0,37. In addition, LSD results (Table 6.13) showed that the mean total
carbohydrates difference was statistically significant from the second season (2021/2022), with grain from
this season having 2% more total carbohydrates than season one (2020/2021) and season three
(2022/2023) respectively.
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Figure 6.7: Total carbohydrates in cropping systems for all three seasons (2020/2021, 2021/22 and

2022/23)

Table 6.12: Results of the two-way ANOVA for cropping system and season with total carbohydrates

Source Sum of squares  df Mean square F-statistic p-value
Cropping system 1,99 1 1,59 0,84 0,37
Season 14,53 2 727 3,82 0,03
Interaction 3,90 2 1,95 1,03 0,37
Error 74,16 39 1,90

Corrected total 98,03 44

Statistical significance indicated in bold text

Table 6.13: Post-hoc test: LSD results for statistically significant difference in total carbohydrates between

seasons

Season (a) Season (b) Mean difference (a-b) p-value

2020/2021 2021/2022 -1,46 0,01
2022/2023 -0,24 0,64

2021/2022 2020/2021 1,46 0,01
2022/2023 1,22 0,02

2022/2023 2020/2021 0,24 0,64
2021/2022 -1,22 0,02

Statistical significance indicated in bold text
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6.3.7 Energy value

The energy values are shown in Figure 6.8. Energy values varied from 1289,00 to 1318,00 kJ 100 g
grain. The two-way ANOVA results in Table 6.14 show that energy values were affected by season (F(2)
= 14,55 p < 0,001) but not cropping system (F(1) = 0,53, p = 0,47), with an interaction between these
variables, F(2) = 10,31, p < 0,001. Maize after soybean had a 1% higher energy value than maize after
maize in season one (2020/2021) and two (2021/2022) respectively, while the opposite was seen in the
third season (2022/2023), where maize after maize had a 1% higher energy value than maize after
soybean. In addition, LSD results (Table 6.15) showed that the mean energy value difference was
statistically significant from the third season (2022/2023), with grain from this season having a 1 - 2%

lower energy value than season one (2020/2021) and season two (2021/2022).
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Figure 6.8: Energy value in cropping systems for all three seasons (2020/2021, 2021/2022 and
2022/2023)

Table 6.14: Results of the two-way ANOVA for cropping system and season with energy value

Source Sum of squares  df Mean square F-statistic =~ p-value
Cropping system 48,13 1 48,13 0,53 0,47
Season 2637,87 2 1318,93 14,55 <0,001
Interaction 1869,87 2 934,93 10,31 <0,001
Error 3536,00 39 90,67

Corrected total 8987,80 44

Statistical significance indicated in bold text

Table 6.15: Post-hoc test: LSD results for statistically significant difference in energy value between

Seasons
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Season (a) Season (b) Mean difference (a-b) p-value
2020/2021 2021/2022 -4,40 0,21
2022/2023 16,20 <0,001
2021/2022 2020/2021 4,40 0,21
2022/2023 20,60 <0,001
2022/2023 2020/2021 -16,20 <0,001
2021/2022 -20,60 <0,001

Statistical significance indicated in bold text

6.3.8 Total digestible nutritional value

The TDN values are shown in Figure 6.9 and varied from 89 to 91%. The two-way ANOVA results in
Table 6.16 show that TDN was not affected by season (F(2) = 0,70, p = 0,51) nor cropping system (F(1)
= 3,81, p = 0,06), but there was an interaction affect between these variables, F(2) = 6,67, p = 0,003.
Similar to the energy value, maize after soybean had a 1 — 2% higher TDN than maize after maize in
season one (2020/2021) and two (2021/2022) respectively, while the opposite was seen in the third

season (2022/2023), where maize after maize had a 1% higher TDN than maize after soybean.
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Figure 6.9: TDN value in cropping systems for all three seasons (2020/2021, 2021/2022 and 2022/2023)
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Table 6.16: Results of the two-way ANOVA for cropping system and season with TDN

Source Sum of squares  df Mean square F-statistic ~ p-value
Cropping system 2,19 1 2,19 3,81 0,06
Season 0,80 2 0,40 0,70 0,51
Interaction 7,69 2 3,84 6,69 0,003
Error 22,40 39 057

Corrected total 32,87 44

Statistical significance indicated in bold text

6.4 Discussion and conclusion

Nutritional factors of maize are often neglected because there is no premium provided by markets for
maize with superior nutritional value (Okoruwa & Kling, 1996). The nutritional analysis of maize kernels
in this study showed the importance of maize as an essential food crop. Maize contained valuable
amounts of fibre, fat, carbohydrates, minerals and energy. The lower amount of protein observed is a
common characteristic of maize (Ekpa et al., 2018), but could have been worsened by the sandy soil, as
well as its poor soil health (Gaikwad et al., 2020). A study by Spoljar et al. (2009) found that maize grown

in physically and chemically unfavourable soil resulted in an inferior protein content in maize.

The composition of maize kernels was influenced by season and has been highlighted in many
publications (Chemura et al., 2022; Cowieson, 2005; Galani, Orfila & Gong, 2022). The most common
seasonal trend was a decrease in measured values from season one (2020/2021) to season two
(2021/2022), with increased values in the third season (2022/2023). The wet conditions of the second
season caused maize to undergo abiotic stress, weakening its metabolic processes which reduced
nutrient assimilation (Chemura et al., 2022). However, despite the decline in nutritional parameters, the
TDN of maize after soybean was higher than maize after maize in the wetter seasons, this could be due

to the interactive affect observed between season and cropping system.

The inclusion of soybean into cropping systems with maize resulted in higher amounts of crude and
dietary fibre. Costa et al. (2021) found similar results in their study where legume-modified rotations
improved nutritional output of cereals. A higher fibre content could assist in the fight against malnutrition
as it improves overall health (Muinos, 2022). Despite the protein content of maize not being influenced

by the inclusion of soybean, actual protein intake can be increased by introducing soybean directly into
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a daily diet. Soybean contain 35 — 40% protein and nine essential amino acids, resulting in a more

nutritious balanced diet when combined with maize (Hussain et al., 2021; Wei et al., 2023).

In conclusion, the production of maize grown in cropping systems with soybean should be promoted as
a sustainable practise to fight malnutrition. Although consuming maize as a staple food provides sufficient
energy, it tends to lack in protein and remains unbalanced (Dei, 2017; Galani, Orfila & Gong, 2022).
There has been advancement in the development of quality protein maize as well as fortification by
adding vitamins and minerals (Dei, 2017; Nuss & Tanumihardjo, 2010). However, results from this study
suggest maize in cropping systems with soybean improves TDN (in wetter conditions) and fibre content
of maize while the soybean in the system act as a protein-rich companion, providing a more nutritious,

balanced diet for human consumption.

The results reported in this chapter have been published in de Bruyn, M.A., Nel, A.A., & van Niekerk, J.A.
(2024). The nutritional benefits of maize-soybean rotational systems in the North-Western Free State,

South Africa, Agriculture and Food Security, vol. 13, no. 12, pp. 1-7.
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Chapter 7
Production and profitability of maize and soybean grown in rotation in the North-

Western Free State

7.1 Introduction

Crop production and profitability is important as agricultural outputs affect a significant part of any
population, either directly or indirectly (Machek & Spicka, 2014). The two concepts typically go hand in
hand, as shown in Figure 7.1. Productivity is a measurement of physical units and generally defined as
the aggregate output versus the aggregate input (Machek & Spicka, 2014; O’Donnell, 2010). Increased
productivity improves agricultural and non-agricultural resources ultimately maintaining the environment
and improving standard of living, which is key to economic development (O’Donnell, 2010; Xaba &
Masuku, 2013). Maximum profitability (a monetary value calculated by deducted costs from revenue) is
achieved by maximising the output from a given resource, or minimising the resources required for a
given output (Machek & Spicka, 2014; O’'Donnell, 2010; Olujenyo, 2008). The more financial stable a
farmer becomes, the more likely they are to invest in new technology, equipment and resources which in

return again sustains production levels (Atube et al., 2021).

N
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Figure 7.1: The relationship between crop productivity and profitability (illustration by M de Bruyn)

Crop production and profitability is highly dependent on crop management (Feng et al., 2021). Crop
rotation is an on-farm strategy that has potential to decrease production risks and increase profitability

by suppressing pest outbreaks and buffering the effects of extreme climate conditions (Nel & Loubser,
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2004; Meena et al., 2018). Maize-soybean rotations are ideal in that they require simple management,
similar equipment, sufficient seed availability and they have relatively high market prices (Feng et al.,
2021). This study looks at the production and profitability of different rotational systems in the North-

Western Free State, with a focus on maize and soybean.

7.2 Materials and methods

7.2.1 Sample collection

Environmental ethical clearance was received from the UFS (UFS-ESD2022/0118). Maize and soybean
were combine-harvested using commercial farm equipment in June of each season respectively. The
maize and soybean weights were determined electronically. Yield results and industry data were used
for further enterprise analysis. The cover crop yield was measured by cutting aboveground plant material
over a randomly selected two rows 2,00 m length (Table 7.1). Plant material was placed in a plastic bag

and weighed. Sub samples were taken and the moisture content determined to calculate dry biomass.

Table 7.1 Date and plots from which cover crop material were collected to determine biomass during

each season

Season Date samples collected Plots

Season 1 (2020/2021) 23 March 2021 Plots 5, 12, 26
Season 2 (2021/2022) 23 March 2022 Plots 4, 10, 21
Season 3 (2022/2023) 24 March 2023 Plots 8, 14, 27

7.2.2 Enterprise analysis

Enterprise analysis was conducted for maize and soybean production by a service provider
(Agribusinessconsult). The seasonal commodity price for maize and soybean together with the yield data
were used to determine the gross production value for each crop in each rotational system. Input costs
were calculated from total specified costs and deducted from gross production values to obtain a gross

margin for each crop in each rotational system.



7.2.3 Data analysis

Yield data were cleaned and prepared for SPSS where it was further analysed using descriptive and
inferential statistics. Descriptive statistics were represented in text as mean + standard deviation, unless
stated otherwise. General data were rounded off to two decimals, percentages were rounded off to the
nearest whole number. Inferential statistics included one-way and two-way ANOVAs, which were run to
determine if there was a statistically significant interaction effect of rotational system and season on yield.
Assumption testing included testing for outliers, normal distribution and homogeneity of variances. Post-

hoc LSD tests were run for statistically significant ANOVA results. Statistical significance was accepted

at p <0,05.

7.3 Results

7.3.1 Yield

7.3.1.1 Maize yield

Maize yield is shown in Figure 7.2 and varies from 1,69 to 8,49 ton ha-1. The two-way ANOVA results in
Table 7.2 show that the maize yield was affected by rotational system (F(4) = 4,17, p = 0,01) and season

(F(2) = 61,78, p < 0,001). There was also a statistically significant interaction between these variables,

F(8) = 2,61 p=0,03.
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Figure 7.2: Mean maize yield in different rotational systems for all three seasons (2020/2021, 2021/2022

and 2022/2023)
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Calculated across all seasons, maize in the MCS rotational system had the highest mean yield (5,91 ton
ha'), 14% higher than the mean yield for monoculture maize. Maize in the MMS2 system had the lowest
mean yield and was statistically significantly lower than all other systems (Table 7.3). Additional analysis
showed that maize yields after soybean were 18% higher than maize yields after maize, this difference
was statistically significant (F(1) = 6,08, p = 0,02). LSD results (Table 7.4) showed that the mean maize
yield was statistically significantly different from the second season (2021/2022), with maize yield from
this season being 58 — 60% lower than season one (2020/2021) and season three (2022/2023).

Table 7.2: Results of the two-way ANOVA for rotational system and season with maize yield

Source Sum of squares df Mean square F-statistic p-value
Rotational system 18,65 4 4,66 417 0,01
Season 138,08 2 69,04 61,78 <0,001
Interaction 23,32 8 2,91 2,61 0,03
Error 33,53 30 1,12

Corrected total 213,57 44

Statistical significance indicated in bold text
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Table 7.3: Post-hoc test: LSD results for statistically significant difference in maize yield between

rotational systems

Rotational system (a)  Rotational system (b) Mean difference (a-b) p-value
MM MMS1 0,07 0,88
MMS2 1,17 0,03
MS 0,24 0,64
MCS -0,80 0,12
MMS1 MM 0,07 0,88
MMS2 1,24 0,02
MS 0,16 0,75
MCS 0,73 0,15
MMS2 MM 117 0,03
MMS1 -1,24 0,02
MS -1,40 0,01
MCS -1,97 <0,001
MS MM 0,24 0,64
MMS1 0,16 0,75
MMS2 1,40 0,01
MCS 0,57 0,26
MCS MM 0,80 0,12
MMS1 0,73 0,15
MMS2 1,97 <0,001
MS 0,57 0,26

Statistical significance indicated in bold text

Table 7.4: Post-hoc test: LSD results for statistically significant difference in maize yield between seasons

Season (a) Season (b) Mean difference (a-b) p-value
2020/2021 2021/2022 3,86 <0,001
2022/2023 0,31 0,42
2021/2022 2020/2021 -3,86 <0,001
2022/2023 -3,55 <0,001
2022/2023 2020/2021 -0,31 0,42
2021/2022 3,55 <0,001

Statistical significance indicated in bold text



7.3.1.2 Soybean yield

The soybean yield ranged from 0,76 to 3,97 ton ha-' and showed an overall improvement from the first
season (2020/2021) to the third season (2022/2023) (Figure 7.3). The MCS rotational system had the
greatest improvement of 40%. The two-way ANOVA results in Table 7.5 show that soybean yield was
not affected by rotational system but was affected by season (F(2) = 140,60, p = 0,03). LSD results in
Table 7.6 show that all season’s soybean yield differed significantly (p values < 0,05). There was also a
statistically significant interaction affect between rotational system and season, F(4) = 3,32, p=0,03. The
MMS rotational system was the rotational system with the highest soybean vyield in the first season
(2020/2021), 9% more than MS and 33% more than MCS. In the wetter second (2021/2022) and following
third season (2022/2023) soybean in the MS rotational system performed up to 42% better than the MMS

rotational system.
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Figure 7.3: Mean soybean yield in different rotational systems for all three seasons (2020/2021,

2021/2022 and 2022/2023)
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Table 7.5: Results of the two-way ANOVA for rotational system and season with soybean yield

Source Sum of squares  df Mean square F-statistic ~ p-value
Rotational system 0,58 2 0,29 2,25 0,14
Season 36,20 2 18,10 140,60 <0,001
Interaction 1,71 4 0,43 3,32 0,03
Error 2,32 18 0,13

Corrected total 40,80 26

Statistical significance indicated in bold text

Table 7.6: Post-hoc test: LSD results for statistically significant difference in soybean yield between seasons

Season (a) Season (b) Mean difference (a-b) p-value
2020/2021 2021/2022 1,80 <0,001
2022/2023 -1,00 <0,001
2021/2022 2020/2021 -1,80 <0,001
2022/2023 -2,80 <0,001
2022/2023 2020/2021 1,00 <0,001
2021/2022 2,80 <0,001

Statistical significance indicated in bold text

7.3.1.3 Cover crop biomass

The mean cover crop biomass ranged from 2,64 to 11,37 ton ha-' (Figure 7.4). ANOVA and LSD results
in Table 7.7 and Table 7.8 show that the cover crop biomass was statistically significantly different
between seasons (p < 0,05). The highest cover crop biomass was in season one (2020/2021), 35%
higher than season two (2021/2022) and 78% higher than season three (2022/2023). The third season’s
cover crop biomass was well below the expectation of at least 7 ton ha-!, and was therefore regarded as

a failure.
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Figure 7.4: Mean cover crop biomass in different rotational systems for all three seasons (2020/2021,

2021/2022 and 2022/2023)

Table 7.7: Results of the one-way ANOVA for season with cover crop biomass

Source

Sum of squares  df Mean square F-statistic p-value
Season 114,60 2 57,30 14,36 0,005
Error 23,94 6 3,99
Corrected total 138,53 8

Statistical significance indicated in bold text

Table 7.8: Post-hoc test: LSD results for statistically significant difference in cover crop biomass between

Seasons

Season (a) Season (b) Mean difference (a-b) p-value

2020/2021 2021/2022 3,94 0,05
2022/2023 8,73 0,002

2021/2022 2020/2021 -3,94 0,05
2022/2023 4,79 0,03

2022/2023 2020/2021 -8,73 0,002
2021/2022 -4,79 0,03

Statistical significance indicated in bold text
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7.3.2 Enterprise analysis

The results for the enterprise analysis for maize and soybean production are shown in Table 7.9. The
gross margin of both maize and soybean varied from season to season. The highest gross margin for
maize production was seen in the MCS rotational system in 2020/2021 (R16 604,50 ha-') and 2022/2023
(R15 949,96 ha''), 32-33% more than the gross margin for maize production of monoculture maize in the
respective seasons. In the unfavourable second season (2021/2022), the MMS1 rotational system had
the highest gross margin (R2 960,65 ha), 95% more than the gross margin for maize production of
monoculture maize (R136,66 ha-'). Soybean production in the MMS rotational system had the highest
gross margin in the first season (2020/2021), while soybean production in the MS rotational system did
better in the second and third season (2021/2022 and 2022/2023), resulting in an overall 14% higher
gross margin for soybean production in the MS rotational system compared to the MCS and MMS
rotational systems. Estimating the gross margin of the cover crop, the mean gross margin of the rotational
systems were: MS (R11 153,87) > MCS (R9 755,00) > MMS (R8 064,92) > MM (R7 349,66).



Table 7.9: Enterprise analysis for the study period
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Season Crop Commodity price Rotational system  Average yield Gross production value Input costs Gross margin Break-even yield
2020/2021 Maize R2850,00 ton! MM 6,60 ton ha"! R18 810,00 R7 520,00 ha'! R11 290,00 ha-! 2,64 ton ha!
MMS2 4,43 ton ha! R12 625,50 R7 457,00 ha'! R5 168,50 ha'! 2,62 ton ha!
MMS1 6,50 ton ha'! R18 525,00 R7 417,00 ha'! R11 108,00 ha"! 2,60 ton ha!
MS 6,41 ton ha'! R18 268,50 R7 513,00 ha'! R10 755,50 ha-! 2,64 ton ha!
MCS 8,49 ton ha'! R24 196,50 R7 592,00 ha'! R16 604,50 ha-! 2,66 ton ha!
Soybean R7300,00 ton! MMS 3,31 ton ha'! R24 163,00 R6 441,00 ha'! R17 722,00 ha"! 0,88 ton ha'!
MS 3,07 ton ha'! R22 411,00 R6 432,00 ha'! R15 979,00 ha-! 0,88 ton ha"!
MCS 2,28 ton ha'! R16 640,00 R6 411,00 ha'! R10 229,00 ha"! 0,88 ton ha'!
2021/2022 Maize R3500,00 ton! MM 2,71 ton ha'! R9 495,66 R9 358,00 ha! R137,66 ha' 2,67 ton ha!
MMS2 1,79 ton ha! R6 268,73 R9 310,00 ha'! -R3 041,27 ha'! 2,66 ton ha!
MMS1 3,53 ton ha'! R12 361,65 R9 401,00 ha'! R2 960,65 ha! 2,69 ton ha!
MS 3,39 ton ha"! R11 875,36 R9 394,00 ha'! R2 481,36 ha'! 2,68 ton ha!
MCS 1,69 ton ha! R5912,14 R9 305,00 ha! -R3392.86 ha'! 2,66 ton ha!
Soybean R8490,00 ton! MMS 0,76 ton ha"! R6 411,45 R7 281,00 ha'! -R869,55 ha'! 0,86 ton ha"!
MS 1,32 ton ha! R10 016,42 R7 311,00 ha'! R3 916,06 ha'! 0,86 ton ha'!
MCS 1,18 ton ha! R11 227,06 R7 303,00 ha'! R2 713,41 ha' 0,86 ton ha'!
2022/2023 Maize R3500,00 ton! MM 6,00 ton ha"! R21 003,62 R10 383,00 ha"’ R10 620,61 ha! 2,97 ton ha!
MMS2 5,59 ton ha'! R19 578,23 R10 362,00 ha* R9 216,23 ha'! 2,96 ton ha!
MMS1 5,50 ton ha"! R19 250,69 R10 357,00 ha"’ R8 893,68 ha'! 2,96 ton ha!
MS 6,22 ton ha'! R21 784,04 R10 390,33 ha’ R11 393,70 ha! 2,97 ton ha!
MCS 7,55 ton ha'! R26 413,96 R10 464,00 ha" R15 949,96 ha-! 2,99 ton ha!
Soybean R8200,00 ton! MMS 3,89 ton ha'! R31 643,01 R10 098,00 ha' R21 545,01 ha! 1,23 ton ha!
MS 3,97 ton ha! R32 516,72 R10 103,00 ha* R22 413,72 ha! 1,23 ton ha!
MCS 3,83 ton ha"! R31 385,94 R10 096,00 ha" R21 289,94 ha! 1,23 ton ha!
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7.4 Discussion and conclusion

The production of maize and soybean were in line with that produced nationally in South Africa. The
average maize production of 5,10 ton ha-' was above the average national maize production of 3,60 ton
ha-! during the study period (Boakye, 2023). Similarly, the average soybean production was 2,62 ton ha-

1,0,32 ton ha-! above the national soybean production over the study period (Van Der Linde, 2023).

The production results were proportional to profitability results with similar trends being identified between
the two for maize and soybean. Maize production was affected by rotational systems with maize in the
MCS rotational system performing the best over the study period. In general, maize yields after soybean
were significantly higher than maize yields after maize. This is in agreement with a number of studies that
have shown that maize grown after soybean gives higher yield than maize after maize (Crookston et al.,
1991; Meese et al., 1991; Porter et al., 1997; Stanger, Lauer & Chavas, 2008). The soybean production
was not influenced by rotational systems, however it did show an overall improvement from season one
(2020/2021) to season three (2022/2023) with the MCS rotational system showing the greatest
improvement. This is in conjunction with Acevedo-Siaca and Goldsmith (2020) who mentioned that the
incorporation of soybean in maize-rotation not only has a benefit for the maize crop but also improves

soybean yield.

Season influenced both maize and soybean production. Both crops were negatively affected by the
unfavourable second season (2021/2022), with significantly less production and profit generated. Magdoff
and Van Es (2021) stated that the excess of water is one of the most significant overall yield-limiting
factors to crop production. However, it appears that soybean tolerated waterlogging conditions better
than maize. This could be due to soybean’s ability to form secondary aerenchyma, which is different to
primary aerenchyma formed by maize in that it is more adaptable and flexible (Takahashi et al., 2014).
Aerenchyma is a type of tissue that enhances aeration and transports oxygen to roots (Boru et al., 2003;
Takahashi et al., 2014). Furthermore, soybean also have the ability to form a barrier that prevents oxygen
leakage and enhances oxygen diffusion to root tips (Langan et al., 2022).

The effect of the rotational systems was dependent on the season, the yield ranking order varied, with
the maize in the MCS performing better in the more favourable first (2020/2021) and third season
(2022/2023), while MMS1 performed better in the wetter second season (2021/2022). The waterlogged
MCS plots caused excessive damage that negatively affected the maize yield in the second season

(2021/2022). In addition, the cover crop consisted of sorghums, which are known to produce sorgoleone
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(Sarr et al., 2020). Sorgoleone has allelopathic properties which can suppress the growth and yield of the
proceeding crops in certain seasons, especially on sandy soil (Bansal, 2020; Sarr et al., 2020).
Trichoderma viride and Aspergillus sp are some organisms that are responsible for the loss of sorgoleone
(Bansal, 2020) and could have been inhibited during the second season (2021/2022). This together with
the possibility that excessive water prevented cover crops binding with soil particles to prevent soil
erosion (Magdoff & Van Es, 2021), resulted in a poorer performance of maize and soybean in the MCS
rotational system. Although no single rotational system dominated over seasons, it can be noted that
monoculture maize never had the top-ranking position, while maize after soybean (MCS and MMS1)

always performed better, with MS having the highest mean gross margin over the study period.

In conclusion, farmers are encouraged to introduce crop rotations as a strategy to improve their
production and profitability. In the North-Western Free State maize in rotation with soybean has potential
to increase the production and profitability of each crop respectively. In addition, the incorporation of a
cover crop in the rotational system during a season with a favourable predicted climate, has potential to

further increase production and profitability, resulting in a more sustainable agricultural system.

The results reported in this chapter have been published in de Bruyn, M.A., Nel, A.A., & van Niekerk, J.A.
(2024). Production and profitability of maize and soybean grown in rotation in the North-Western Free

State, South Africa, African Journal of Agricultural Research, vol. 20, no. 2, pp. 155-162.
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Chapter 8
Association between soil health, nutritional value and maize production in

different rotational systems in the North-Western Free State

8.1 Introduction

The soil health, grain nutritional value and crop yield in different rotational systems have been discussed
in depth in Chapter 5, 6 and 7. Individually, these factors align with the three pillars of sustainable
agriculture: Environmental, social and economic (Lampridi, Sgrenson & Bochtis, 2019). These
sustainability pillars are known to be interdependent (Khwidzhili & Worth, 2016). Figure 8.1 shows that
when the environmental and social pillars intercept a bearable condition is formed, when the social and
economic pillar intercept an equitable condition is formed and when the environmental and economic
pillars intercept a viable condition is created (Mulligan, 2014). Ultimately, when all three pillars intercept
sustainability is achieved (Mulligan, 2014). Understanding how these concepts associate with each other
under rotational systems will allow for better prediction and future decisions on maize production in the

North-Western Free State with its unique inherent soil characteristics.

Bearable

Environmental Social

Viable Equitable

Economic

Figure 8.1: Pillars of sustainability and their interaction with each other (adapted from Mulligan (2014)
and Purvis, Mao and Robinson (2019))
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8.2 Methodology

8.2.1 Data analysis

Results from the previous chapters (chapter 5, chapter 6 and chapter 7) were used to determine the
association between soil health, nutritional value and maize production in different rotational systems.
Linear regressions were run to determine these associations. Assumption testing included testing for
outliers, normal distribution and homoscedasticity. A prediction equation was determined based on the

regression results. Statistical significance was accepted at p < 0,05.

8.3 Results

The main results from chapter 5, chapter 6 and chapter 7 are summarised in Table 8.1. The highest soil
health score was found in the MM rotational system however, the highest maize yield was seen in the
MCS rotational system, 14% higher than the maize yield in the MM rotational system. The TDN were

similar among rotational systems.

Table 8.1: Mean soil health, TDN and maize yield for each rotational system for 2020/2021, 2021/2022
and 2022/2023

Rotational system Soil health TDN Yield
MM 3,86 89% 5,10
MMS2 3,76 90% 3,94
MMS1 3,74 90% 5,18
MS 3,67 90% 5,34
MCS 3,78 90% 5,91

No relationship was found between TDN and soil health, nor between TDN and maize yield. However,
there was a statistically significant association between soil health and maize yield, with 40% of the
variation in maize yield explained by the regression model, F(1,43) = 30,46, p < 0,001. Soil health added
statistically significantly to the prediction of maize yield with a one unit increase in soil health resulting in
a 1,62 ton ha'' maize yield. Therefore, a positive association was determined between soil health and
maize yield (Figure 8.2), with a regression equation of: Maize yield = -1,02 + (1,62 x (soil health)).
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Figure 8.2 Scatter plot illustrating the linear association between soil health score and maize yield

8.4 Discussion and conclusion

There was not a clear interdependence relationship between soil health, TDN and maize production in
this study. However, despite soil health not directly influencing TDN, the influence of soil health on maize
yield enhanced nutritional value in terms of quantity albeit it not in quality (Farre et al., 2010). The increase
in soil health resulting in an increased maize yield is often the case, as described by Batool (2023) and
Awoonor, Dogbey and Quansah (2023). These results link the environmental and economic pillars of
sustainability, which according to the sustainability model make the conditions viable, where
environmental practices are able to maintain economic stability (Mulligan, 2014; Purvis, Mao & Robinson,
2019). If the indirect association between soil health and TDN were included, the social pillar of

sustainability could be incorporated resulting in sustainability.

Although a higher soil health was associated with higher maize yield, the highest yield in this study did
not come from the healthiest soil. All maize after soybean rotational systems (MMS1, MS and MCS) had
higher yields than monoculture maize albeit lower soil health scores. The MCS system had a 14% higher
maize production than monoculture maize despite a 2% lower soil health. This suggests a rotational effect
not captured in the soil health score. The proposed rotational effect is that the soil of maize after soybean

and/ or cover crop is replenished more naturally compared to monoculture maize which received more
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inorganic fertilizer, allowing for a slower release of nutrients over a longer period of time, resulting in a
higher maize yield (Hernandez et al., 2021). Studies by Mtambanengwe and Mapfumo (2006), and
Mamuye et al. (2021) showed that a combination of organic and inorganic nutrients result in better yields.
In addition, soybean can significantly reduce the prevalence of Striga (Striga hermonthica), a parasitic
weed also known as witchweed, by inducing suicidal germination which decreases its presence and
reduces weed pressure in subsequent maize rotations (Acevedo-Siaca & Goldsmith, 2020). Furthermore,
rotational systems disrupt pathogen cycles resulting in a breakdown of diseases and boost in productivity
(Shah et al., 2021).

In conclusion, rotational systems focusing on maize production in the North-Western Free State are
viable, with potential for agricultural sustainability in the area. According to Lampridi, Serenson and
Bochtis (2019) the sustainability assessment of such practices can be difficult due to case-specific
variables that need to be taken into consideration. Therefore, considering the extremely sandy soils of
the North-Western Free state (with a critically low organic matter content) maize rotational systems

incorporating soybean and cover crops are recommended.

The results reported in this chapter have been published in de Bruyn, M.A., Nel, A.A., & van Niekerk, J.A.
(2024). The effect of crop rotation on agricultural sustainable in the North-Western Free State, South

Africa, African Journal of Sustainable Agricultural Development, vol. 5, no. 2, pp. 32-45.
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Chapter 9

Conclusion

9.1 Introduction

The objective of this study was to determine the perception of North-Western Free State farmers on crop
diversification as well as to determine the sustainability of different rotational systems in the area. The
social science aspect of the study revealed that North-Western Free State farmers recognised the
potential benefits of crop diversification and were moving away from crop specialisation. Most farmers in
the area rotated maize with soybean and had seen an increase in yield. The natural science findings of
this study further revealed that maize-soybean rotational systems maintained soil health, provided
nutritional benefits and improved crop production and productivity. These results link the environmental,

social and economic pillars of agricultural sustainability as shown in Figure 9.1.

Environmental Social

« Minimises Bearable - Diversifies diets
artificial + Improves fibre
fertilizer content
application

Viable Equitable

Economic

* Increases yield
* Increases profit

Figure 9.1: Environmental, social and economic effects of crop rotation in the North-Western Free State

(illustration by M de Bruyn)

Although well documented in literature, an important observation in this study was the role that season
variation (mainly rainfall) played on soil health, nutrition and crop production. Aspects such as organic
matter, nutrient availability and crop production were negatively affected by above normal rainfall
conditions whereas other aspects were better able to withstand these conditions. It is important to take
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note of and monitor these observations as farmers in the area indicated that they adjust their rotational
system according to the weather predictions. With the prediction of more extreme weather in the future

knowledge and insight into these processes could be key to success.

9.2 Guidelines for sustainable rotational systems in the North-Western Free State

It is recommended that farmers in the North-Western Free State implement crop rotation as an on-farm
practise. The simplest form of crop rotation that provides noticeable benefits includes the incorporation
of soybean into rotational systems with maize (Figure 9.2). This rotational system maintains soil health

naturally and has potential to increase gross margins by 34% compared to monoculture maize.

Season 1: August

Field preparations for
maize

Season 1:
November/ December
Plant maize

Season 2:June
Harvest soybean

Season 2:
November/ December
Plant soybean

Season 1: June
Harvest maize

Season 2: August

Field preparations for
soybean

Figure 9.2: Guidelines for a maize-soybean crop rotational system in the North-Western Free State

(illustration by M de Bruyn)

Figure 9.3 shows how the maize-soybean rotational system can be further diversified to include a cover
crop. Although this system requires a livestock component to reach its full potential, the relatively high
estimated gross margins validate further exploration. Incorporation of a cover crop can increase maize

production by 5% compared to monoculture maize and soybean production can increase up to 40%. It is
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also important to note here that the MCS systems performs better than the MS system in seasons with

favourable rainfall while the MS system outperforms MCS in seasons with higher rainfall.

Season 3: June
Harvest soybean

Season 3:
November/ December
Plant soybean

Season 3: August

Field preparations for
soybean

Season 2:
Utilise cover crop

Season 1: August

Field preparations for
maize

Season 1:
November/ December
Plant maize

Season 1: June
Harvest maize

Season 2: August

Field preparations for
cover crop

Season 2:
November/ December
Plant cover crop

Figure 9.3: Guidelines for a maize-cover crop-soybean rotational system in the North-Western Free State

(illustration by M de Bruyn)

In addition, it is recommended that these findings and guidelines be disseminated to farmer groups and

associations in the area. Farmers in the area indicated that these groups and associations were their

highest ranked decision influencer. Since farmers in the area had a positive attitude towards crop rotation

the dissemination of these results could enhance sustainability in the area.

In conclusion, this study provided in-depth insight into the effects of crop rotation specific to the North-

Western Free State. The results provided evidence that crop rotation is a sustainable practice to ensure

sufficient and nutritious food for an ever-increasing population, while conserving and improving the soil

and environment. Ongoing research into this concept is necessary to ensure long-term sustainability.
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INFORMATION LEAFLET / INLIGTINGSBLAD

I, Melanie de Bruyn (PhD candidate at the UFS), am the primary researcher involved in this project. This
questionnaire forms part of a larger study that investigates crop diversity as a proposed method of sustainable
agriculture. The purpose of the questionnaire is to determine the views and perspectives of North-Western Free
State farmers on crop diversification. Farmers in the area will be approached personally by the researcher at farmer
gatherings and/ or visitations.

There are three sections to the questionnaire:
Section A: Demographic information

Section B: Farm information

Section C: Crop diversification

e The questionnaire should not take you more than 10 minutes to complete
e Research Ethics Committee of UFS, Record number: UFS-HSD2022/0242
e Your participation is voluntary, you are under no obligation to consent to participation
(You will not be able to withdraw the questionnaire once it has been submitted)
e Your responses will be treated with the highest level of confidentiality
e Your name will not be recorded
(Questionnaires will be given fictitious codes)
e Data used for research outputs (published articles, conference proceedings etc) will remain anonymous
e Hard copies of your answers will be stored by the researcher for five years in a locked cupboard for future
research or academic purposes; electronic information will be stored on a password protected computer
e You will not receive compensation for taking part in this study
e If you would like to be informed of the final research findings, please contact the researcher

Ek, Melanie de Bruyn (PhD-kandidaat aan die UV), is die primére navorser wat by hierdie projek betrokke is. Hierdie
vraelys is deel van 'n groter studie wat wisselbou as 'n voorgestelde metode van volhoubare landbou ondersoek.
Die doel van die vraelys is om die sienings en perspektiewe van Noord Wes Vrystaatse boere op wisselbou te
bepaal. Boere in die omgewing sal persoonlik deur die navorser genader word by boerebyeenkomste en/ of besoeke.

Daar is drie afdelings aan die vraelys:
Afdeling A: Demografiese inligting
Afdeling B: Plaasinligting

Afdeling C: Wisselbou

e Die vraelys behoort u nie langer as 10 minute te vat om te voltooi nie

¢ Navorsingsetiekkomitee van die UV, Rekord nommer: UFS-HSD2022/0242

e U deelname is vrywillig, u is onder geen verpligting om in te stem tot deelname nie
(Vraelyste wat ingedien is kan nie terug getrek word nie)

e Inligting wat u verskaf, sal met die hoogste mate van vertroulikheid hanteer word

e U naam sal nie aangeteken word nie
(Vraelyste word kodes gegee)

e Data wat gebruik word vir navorsingsuitsette (gepubliseerde artikels, konferensieverrigtinge ens.) sal anoniem
bly

e Harde afskrifte van u antwoorde sal vir vyf jaar deur die navorser gestoor word in 'n geslote kas vir toekomstige
navorsing of akademiese doeleindes; elektroniese inligting sal op 'n wagwoordbeskermde rekenaar gestoor
word

e U sal geen vergoeding vir deelname aan hierdie studie ontvang nie

e Asuin kennis gestel wil word van die finale navorsingsbevindinge, kontak asseblief die navorser

I have read the information leaflet and agree to take part in the aforementioned study
Ek het die inligtingsblad gelees en stem in om aan die bogenoemde studie deel te neem

Participant consent (signature):
%eelnemer toestemming (NANAIEKENMING). .. ..ttt ettt ettt ettt e et et et reneeaenanens
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SECTION A: DEMOGRAPHIC INFORMATION
AFDELING A: DEMOGRAFIESE INLIGTING

Please answer the following questions by ticking the appropriate box or providing written
responses were required

Beantwoord asseblief die volgende vrae deur die toepaslike blokkie te merk of (waar nodig)
skriftelike antwoorde te verskaf

1. What is your gender?
Wat is jou geslag?

Male
Manlik

Female
Vroulik

2. What is your marital status?
Wat is jou huwelikstatus?

Single
Enkelloppend

Married
Getroud

Divorced
Geskei

Widowed
Weduwee

3. What is your current age?
Wat is jou huidige ouderdom?

18-20 years
18-20 jaar
21-30 years
21-30 jaar
31-40 years
31-40 jaar
41-50 years
41-50 jaar
51-60 years
51-60 jaar
Older than 60 years
Ouer as 60 jaar




4. What is your highest level of education?
Wat is jou hoogste vlak van opvoeding?

Grade 12
Graad 12

Diploma/ Degree
Diploma/ Graad

Post graduate degree
Nagraadse graad

5. How long have you been farming?

Hoe lank boer jy?

Less than 5 years
Minder as 5 jaar

5-10 years
5-10 jaar

11-15 years
11-15 jaar

More than 15 years
Meer as 15 jaar

6. Are you part of a farmer’s study group?
Is jy ‘n lid van ‘n boere studiegroup?

Yes
Ja

No
Nee
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SECTION B: FARM INFORMATION
AFDELING B: PLAASINLIGTING

Please answer the following questions by ticking the appropriate box or providing written
responses were required

Beantwoord asseblief die volgende vrae deur die toepaslike blokkie te merk of (waar nodig)

skriftelike antwoorde te verskaf

1. Inwhat area do you farm?
In watter gebied boer jy?

North-Western Free State

Noordwes Vrystaat 1
(Bothaville, Bultfontein, Hoopstad, Wesselsbron)

Other (specify)
Ander (Spesifiseer).........ccccooviiiiiiiiiiiininan.

2. Farm ownership:
Plaaseienaarskap:

I own AND rent the land | farm
Ek besit EN huur die grond wat ek bewerk

| own the land | farm (don’t rent)
Ek besit die grond wat ek bewerk (huur nie)

| rent the land | farm (don’t own)

Ek huur die grond wat ek bewerk (besit nie) ?
| manage the farm 4
Ek bestuur die plaas

Other (specify) -

Ander (SpesSifiSeer)..........c.coovviiiiiiiiiiiiinnnan.

3. How many people are employed on the farm?
Hoeveel mense werk op die plaas?

....................................... employees/ werknemers

4. What is the size of the farm (ha)?
Wat is die grootte van die plaas (ha)?




5. How much of the land is cultivated (ha)?
Hoeveel van die grond word bewerk (ha)?
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6. Please indicate the percentage of each crop cultivated (please specify any crops not

mentioned):

Dui asseblief die persentasie van elke gewas wat geplant word, aan (spesifiseer asseblief

enige gewasse wat nie genoem word nie):

Crop Example Your response
Gewas Voorbeeld Jou antwoord
Maize/ Mielies 70%

Sunflowers/ Sonneblomme 15%

Soya beans/ Sojabone 5%

Wheat/ Koring 10%

Cover crop/ Dekgewas -

Other/ ANAer.......oovi i -

Other/ ANAer........ovvi e, -

Other/ ANAer.......oove e -

Total/ Totaal 100% 100%
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SECTION C: CROP DIVERSIFICATION
AFDELING C: WISSELBOU

Please answer the following questions by ticking the appropriate box or providing written
responses were required

Beantwoord asseblief die volgende vrae deur die toepaslike blokkie te merk of (waar nodig)
skriftelike antwoorde te verskaf

1. Please rate the relevance of crop diversification on a scale of 0-5 (0 = no relevance, 5 = very
relevant) with regards to the table below:
Beoordeel asseblief die toepaslikheid van wisselbou op 'n skaal van 0-5 (0 = geen
toepassing, 5 = baie toepassing) met betrekking tot die tabel hieronder:

Relevance/ Toepassing

No relevance Very relevant

Geen toepassing Baie toepassing
Yield increase
Opbrengsverhoging 0 1 2 3 4 5
Increased farm profit 0 1 5 3 4 5
Verhoogde plaaswins
Improved soil health
Verbeterde grondgesondheid 0 1 2 3 4 5
Better grain quality/ grading
Beter graan kwaliteit / gradering 0 1 2 3 4 5
Lower financial risk
Laer finansiéle risiko 0 ! 2 3 4 S

2. Do you rotate your crops?
Wissel jy jou gewasse?

Yes
Ja
No
Nee




2a. If you do not rotate your crops, please provide your reason:
Indien jy nie jou gewasse wissel nie, gee asseblief jou rede:
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Because/ want:

2b. If you do rotate your crops:
Indien jy wel jou gewasse wissel:

i. Which crops do you rotate and in what sort of system?
Watter gewasse wissel jy en in watter soort stelsel?

Example/ Voorbeeld: Maize-Soya-Maize

ii. Which of the following applies to your farm?

Watter van die volgende is van toepassing op jou plaas?

Importance/ Belangrikheid

Not so important | Important | Very important
Nie so belangrik | Belangrik | Baie belangrik

| follow a fixed rotational system

. . 1 2 3

Ek volg 'n vaste rotasiestelsel

| adjust my rotational system according to the economy/ grain

price 1 2 3

Ek pas die rotasiestelsel aan volgens die ekonomie/ graanprys

Soil health and sustainability play a role in my choice of crops

Grondgesondheid en volhoubaarheid speel 'n rol in my keuse 1 2 3

van gewasse

| adjust my rotational system according to the weather (rainfall)

predictions 1 2 3

Ek pas my rotasiestelsel aan volgens die weer (reénval)
voorspellings




iil. What results are you experiencing with regards to the table below?
Watter resultate ervaar jy met betrekking tot die tabel hieronder?
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What do you experience?
Wat ervaar jy?

1 2 3 4
Decrease Increase Nothing Not sure
Verminder Verhoog Niks Nie seker

Effect on yield
Effek op opbrengs

Effect on farm profit
Effek op plaaswins

Effect on soil health
Effek op grondgesondheid

Effect on grain quality / grading

Effek op graan kwaliteit / gradering

Effect on financial risk
Effek op finansiéle risiko

iv. Where do you get your technical information or guidance regarding crops and crop

rotation?

Waar kry jy jou tegniese inligting of voorleiding oor gewasse en wisselbou?

Importance/ Belangrikheid

Not so important | Important Very important
Nie so belangrik | Belangrik Baie belangrik
Company representatives 1 5 3
Maatskappy veteenwoordiger
Magazines
Tydskrifte 1 2 3
Internet 1 > 3
Internet
Fellow farmers (mentor farmers) 1 > 3
Medeboere (leierboere)
Farmer days 1 > 3
Boeredae
| follow my own head
. 1 2 3
Ek volg my eie kop
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3. Any additional comment/s regarding your view on crop diversity:
Enige bykomende opmerking/s met betrekking tot jou siening oor wisselbou:

Thank you for you participation / Dankie vir u deelname
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