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ABSTRACT

The scale and extent of changes to demographic, economic and environmental systems
exacerbated by human activities have been rapid and pervasive enough that it has been
established that a new geologic era termed the Anthropocene has already begun. One of the
most critical and challenging consequences of the Anthropocene has been the accelerated
release of greenhouse gases leading to global warming and, consequently, climate change
(CC), which has impacted hydrological responses and available water resources by
increasing surface temperatures and altering precipitation patterns across spatio-temporal
scales. These changes have exacerbated the vulnerability of various systems that sustain
livelihoods, placing them at high risk of collapse. One of these systems is sugarcane
production, which is a crucially important agricultural activity in many parts of the world,

including southern Africa.

There is a consensus that as a region, southern Africa will be subjected to amplified
hydrological impacts which will affect the sugarcane production landscape. Further the
expansion and intensification of sugarcane production across southern Africa is highly likely
due, in part, to the recognition of the economic and social importance of this activity for
supporting livelihoods. Sugarcane yields have been declining over the past 25 years in the
region because of the increased frequency of climatic extremes. Literature reviews showed
that by amplifying precipitation variability, climate change will increase the exposure and
vulnerability of sugarcane to water stress and will have a devastating impact on yields.
However, knowledge gaps remain regarding climate change impacts on water resources and
sugarcane yields. Further, few studies have addressed the vulnerability and adaptation
potential of sugarcane production at sufficient spatio-temporal scales. To address these
knowledge gaps, an initial review was conducted to understand the dynamics between global
change and water resources across southern Africa. The review showed that although global
drivers are intricately related, their water resources impacts are highly complex, indirectly

coupled and spatially and temporally sensitive.

Having established a general perspective of the impacts of global change in southern Africa,

the multi-scale drivers of sugarcane production were analysed using of a frequency analysis.
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This approach allowed the determination of proximate and ultimate drivers in the uMngeni,
uMlaas, and Umvoti catchments in South Africa, the Ubombo catchment in eSwatini, the
Shire catchment in Malawi and the Kilombero catchment in Tanzania. The frequency
analysis provided quantitative descriptions of the water resource impacts of sugarcane
production across southern Africa. Applying a relationship between observed sugarcane
yields and future low, medium, and high production scenarios, this study developed water
use estimates for sugarcane over multiple growing cycles. Results indicated that ultimate
drivers play the most dominant role in the expansion of sugarcane production within each
catchment. Drawing from this analysis, a methodology of assessing yield declines was
developed based on a yield gap analysis using the AquaCrop crop growth model. The results
were used to develop recommendations to mitigate yield declines by offering safeguards for
the sugarcane industry against climatic extremes. Modelling results suggested that yield
trends can be attributed to existing crop management approaches instead of prevailing
hydroclimatic regimes. The importance of recognising the vulnerability and adaptation
potential in sugarcane production was highlighted in this study. It was concluded that if
sugarcane growers are to adapt to the effects of extreme climatic events, they must consider
shifting crop management approaches and be proactively included in related research. This
research highlighted the importance of addressing the interactions between activities that
drive land use change, such as sugarcane production, and the current impacts of climatic
extremes on water resources. This is important in rapidly developing regions and climate
change hotspots such as southern Africa. The development of innovative adaptation policies
that will safeguard the already-pressured water resources and secure the sustainability of

sugarcane production will become increasingly important under an altered climate.
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CHAPTER ONE
INTRODUCTION

The ability of humanity to alter their habitats to access, secure and cultivate important
resources such as water, food, fodder, fibre, and fuel dates back to the First Agricultural
Revolution around 7500BC (Braidwood, 1960; Kerridge, 2013). Since then, and particularly
following the Industrial Revolution in the 18" century, the scale and extent of changes to a
host of socio-ecological systems driven by human activities have been rapid and pervasive
enough that it has been suggested that a new geologic era termed the ‘Anthropocene’ has
already begun (Crutzen, 2006; Ruddiman, 2013; Steffen et al., 2011) This is a geologic era
dominated by humanity, and one in which anthropogenic activities have become the main
change agents to global climates and ecosystems. Humanity has been exceptionally
successful at extracting and processing natural resources, often with unintended and
unpredictable consequences. The successful exploitation of these resources has come at
significant environmental and human costs, particularly in low-income regions such as

southern Africa (Parnell and Walawege, 2011; Vincent, 2011).

Perhaps the most pervasive and challenging consequence of the Anthropocene has been the
accelerated release of greenhouse gases (GHGs) which has led to global warming
(Houghton, 2005) and, consequently, climate change (IPCC, 2019; Hennessy et al., 2022;
Houghton et al., 1990) which has impacted hydrological responses and available water
resources by increasing surface temperatures (Kaufmann et al.,, 2011), accelerating
evaporation rates (Dai et al., 2018) and altering precipitation patterns over a range of spatial
and temporal scales (Knapp et al., 2017; O’Gorman, 2015) particularly in southern Africa
(Engelbrecht, 2017; Theron et al., 2022). This region is often severely impacted by climate
change, despite contributing a small fraction to global greenhouse gas emissions (M. L
Tongwane & Moeletsi, 2018). This is a result of the high vulnerability and low resilience of
various important systems such as water resources that render the region highly susceptible
to collapse as a consequence of climate change. While the drivers of climate change are often
local in scale, their impacts tend to be expressed across regional and global scales (Ngcobo
et al., 2013). An example of this dynamic is extensive land use change (LUC) (Musakwa &
Niekerk, 2013; Schulze, 2000; Warburton Toucher et al., 2010) which, despite being a local
phenomenon, can potentially and significantly alter the hydrological cycle by disrupting



critical processes and fluxes such as total evaporation, convection, precipitation and surface

runoff.

In southern Africa, a region already subject to high hydroclimatic variability (Hennessy et
al., 2022) (Figure 1.1), the amplification of the intensity of these processes tends to be
cumulative and can lead to high-impact ‘natural’ disasters such as extensive floods (Dube et
al., 2023; Kalantari et al., 2018; Smithers et al., 2018) and the high frequency of droughts
and heatwaves (Engelbrecht, 2017; Theron et al., 2022).
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Figure 1.1  Mean annual precipitation (MAP) across southern Africa highlighting the
high spatial variability of rainfall across the region. The global average of
860mm/yr is represented by the thick red line (Data Sources: Hewitson et al.,
2005; Turton, 2008).

In many parts of the world, LUC is a well-understood process and its consequences have
been widely studied (Aleman et al., 2016; Fischer & Hajdu, 2015; Forsell et al., 2016;
German et al., 2020; Meyfroidt et al., 2013; Veldkamp & Lambin, 2001); however,
significant knowledge gaps related to LUC dynamics remain across southern Africa. The
region is made up of developing nations and emerging economies where the drivers of LUC

are particularly unique and are geared specifically towards social and economic
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development, and these drivers of LUC often generate non-linear impacts (Deressa et al.,
2005; Dubb, 2015). Commercial agriculture, for instance, is a necessary and economically
important form of LUC that in many instances (although not always) disregards
environmental and hydrological impacts such as biodiversity loss and soil degradation.
Despite their long-term significance, these negative impacts are often overlooked in favour
of the socio-economic development benefits associated with commercial agriculture

(German et al., 2020; Gasparatos et al., 2021).

While the 2014/2017 drought and the 2020/2021 pandemic resulted in the decline in
productivity for a plethora of commercial agriculture enterprises (Nchanji & Lutomia, 2021),
the extent and significance of the impacts of anthropogenic LUC borne form commercial
agriculture has not diminished (Odebiri et al., 2023). In fact, it may be argued that the pace
of LUC has regained its momentum to recoup the economic losses incurred during the
2014/2017 drought and the unexpected pause in production triggered by the COVID-19
pandemic. The inherent dynamism of LUC in southern Africa has been investigated by
numerous scholars in the region including Odebiri et al., (2023), German et al., (2020),
Gasparatos et al., (2021), Mararakanye et al., (2022) and more broadly by the IPCC Special
Report on Climate Change and Land (IPCC, 2019). A few common themes emerged from
the results generated by these studies and these include, inter alia, the central role of land as
a source and sink of GHGs and an important medium in the exchange of water and energy
(IPCC, 2019), the importance of land in providing important ecosystem goods and services
(Odebiri et al., 2023; Akpoti et al., 2022) and the role of land as a key determinant of the
extent and intensity of the negative impacts of climate change (Mararakanye et al., 2022).
While LUC has supported increased food, fodder and fibre production in the region, it has
also affected the regional climate by increasing the release of GHGs, particularly CO2, NoO
and CH4 (Atedhor, 2023; Tongwane & Moeletsi, 2018; Tongwane et al., 2016) ultimately
leading to the increased frequency and intensity of extreme hydrological events such as
droughts, heatwaves and extreme rainfall. These observations are supported by Meque et al.,
(2022) who note that the spatial and temporal variability of heatwave characteristics have
increased significantly in southern Africa as a result of the El Nifio Southern Oscillation
(ENSO) climate pattern, the effect of which, as Akpoti et al., (2022) conclude, has resulted
in significant losses of suitable agricultural land owing to high day/night temperature

oscillations.



These climatic and hydrological changes are-or should be-a major concern across Southern
Africa considering that this is a region currently undergoing major land use changes that are
influenced by economic transformation and agricultural expansion (Conradie et al., 2019;
Musakwa & Niekerk, 2013; Alcamo et al., 2011). While necessary to alleviate the crippling
endemic poverty, the long-term consequences of these activities are often poorly understood.
The combination of LUC and climate change has enhanced the vulnerability of numerous
systems that are important in sustaining livelihoods - and combating poverty - and placed
them at high risk of collapse (Hennessy et al., 2022; Ishtiaque et al., 2022). The IPCC Special
Report on Climate Change and Land (IPCC, 2019) presented substantive evidence to suggest
that commercial agriculture is a significant contributor to regional climate change and acts
as a stressor to biophysical systems, particularly water resources (German et al., 2020).
Concurrently, however, commercial agriculture is an invaluable and indispensable activity
that is the cornerstone of multiple economies in the region (du Preez & van Huyssteen, 2020;
Ncoyini et al., 2022). The effect of this “double-edged sword” state of affairs necessitates a
detailed study of both the drivers and impacts of LUC on important biotic and abiotic

resources but also of the effects of climate variability on LUC.

This study addresses LUC instigated by commercial agriculture through the lens of
sugarcane production. For purposes of this study, ‘sugarcane production’ relates to both
commercial and small-scale outgrowers. Outgrowers are defined as small-scale on
smallholdings that supply larger commercial growers through binding long-term contractual
agreements (Wendimu et al., 2016; Sulle, 2017; von Maltitz et al., 2019). The inclusion of
outgrowers is important because they represent a highly significant component of the
sugarcane production value chain and, being small-scale growers, are often highly
vulnerable to the impacts of climate variability. As one of the most important agricultural
activities in southern Africa, sugarcane production supports millions of livelihoods and
contributes significantly to the economies of this region particularly in South Africa,
Tanzania and eSwatini (Deressa et al., 2005; Hess et al., 2016; German et al., 2020).
However, sugarcane production is under severe pressure to maintain and/or increase yields
under challenging natural hydroclimatic and international economic conditions. This
pressure will be amplified by the ongoing and projected expansion and intensification of
sugarcane production that will cause significant impacts and responses on regional water
resources and introduce added complexity to agronomic management (cf. Chapter Three for

a detailed discourse on these impacts) (Dubb, 2015).
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Sugarcane production is particularly vulnerable to climate variability as a result of the effects
of changes in temperature and precipitation (Zinyengere et al., 2013; IPCC, 2019; Christina
et al., 2021; Verma et al., 2023). This vulnerability may be expected to be enhanced in
countries that rely heavily on rainfed agriculture and have limited access to irrigation

systems (Jones et al., 2015a; Singels et al., 2019).

Further, the now-confirmed and already in-progress increases in the frequency of extreme
events (i.e. droughts, heatwaves and extreme rainfall) (Hennessy et al., 2022; Meque et al.,
2022) are introducing novel challenges to the production and management of sugarcane and
will undoubtedly introduce additional complexities and vulnerabilities to sugarcane
production. A review by Chandiposha (2013) on the potential negative impacts of climate
change on sugarcane production in Zimbabwe showed that production trends often resemble
the fluctuations in extreme climate events, and this illustrates the sensitivity of sugarcane
production to climate variability. Similarly, the work by Knox et al., (2010) in Eswatini
suggested that changes to rainfall instigated by climate change can result in yield declines
unless irrigation is implemented on a continuous basis. Further, in a study in South Africa,
Jones and Singels (2015a,b) also showed that yields may be compromised as a result of
droughts leading to the increased frequency of soil water deficits. While these studies
provided comprehensive assessments of the potential impacts of climate variability and
change on sugarcane production, they were limited in scope and spatiotemporal scale since
they considered sugarcane production in individual countries. It thus remains necessary to
develop a regional assessment of the effects of climate variability on sugarcane production
in order to capture the connectivity of the southern African sugarcane industry and the

overarching effects of climate variability in this region.

Over the past 15 years, the sugarcane production industry has experienced significant
changes to the entire production value chain. The typical southern African sugarcane
production value chain includes numerous important industries, which include research,
small and large-scale farms, sugar estates, mills and refineries, export markets, retailers, and
consumers (Figure 1.2). This value chain has been changed -and continues to be changed-
by a variety of factors, including increased competition for critical resources such as land
and water, changes to rainfall seasonality leading to changes in planting dates, improved
production and processing technologies, advances in biotechnology research leading to

improved sugarcane varieties, increased pest outbreaks, increased illegal imports of sugar,
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and policies which support (McKay et al., 2016) or undermine (James & Woodhouse, 2017)

sugarcane production.

/ Input Suppliers /

Export Sugar Market /

Local Sugar
Market

Downstream
Industrial Direct Sector
Sector

Figure 1.2 A typical southern African sugarcane production value chain

(Modified from: (Booysen et al., 2017 ; Harvest-Choice, 2019).

These changes have either been internal to ensure that growers remain internationally
competitive (Meyer & Antwerpen, 2021; Zulu et al., 2019) or external as a result of stressors
such as a climate change and, more often, myopic economic policies that suppress the
progress of the sugar industry (Gasparatos et al., 2021). The drivers, impacts and feedbacks
of these changes, however, remain poorly understood in this region. In the context of
sugarcane production, while some relatively technologically advanced countries such as
South Africa and eSwatini have begun to develop an understanding of the impacts of climate
change on sugarcane production (Jones et al., 2015a; Singels et al., 2014), the same cannot
be said for other major sugar producing countries in southern Africa. In fact, there are no
known studies that have attempted to quantify the impacts of climate change on sugarcane

over sufficient spatial and temporal scales in this region.



Despite a generally well-understood production environment (Figure 1.2), sugarcane yields
remain far below their potential and there are still significant variations yields between
different sugar producing countries in southern Africa. This is often a consequence of
climate variations, particularly rainfall and temperature (Christina et al., 2021), high
vulnerability to extreme climate events and pest outbreaks (Cockburn et al., 2014;
Kasambala Donga & Eklo, 2018), poor forecasting systems (Muller et al., 2020; Ncoyini et
al., 2022) and a macroeconomic landscape typified by high production costs and illegal
cheap sugar imports (Chinsinga, 2017; Fundira & Henley, 2017) all of which undermine the
successful cultivation of sugarcane and limit the global competitiveness of the regional sugar
industry. The combination of these factors implies that there are significant gaps in
knowledge that require greater scrutiny in order to create a production environment that can
withstand current and future impacts of increased climate variability and reduce

vulnerabilities across the production value chain.

Interrogating and understanding the impacts of climate variability on sugarcane production
requires the consideration of the full spectrum of factors which determine the exposure and
vulnerability of the crop to climatic extremes. This, as acknowledged by various scholars,
includes a thorough assessment of the socioeconomic (Gasparatos et al., 2021),
environmental (Conradie et al., 2019) and political (Dubb et al., 2017) factors which
determine and influence the long-term sustainability of sugarcane production. For instance,
Yang et al., (2022) and Desalegn et al., (2023) note that while it is important to increase
productivity and profitability, this has to be achieved without compromising water, land and
human resources upon which the enterprise depends. Further, as argued in Chapter 4 of this
study and supported by Narimoto & Camarotto (2018), new technologies such as drought
and pest-resistant cultivars and efficient irrigation systems need to be transferred to
commercial and small-scale outgrowers at a faster pace to circumvent the effects of climatic
extremes and minimise vulnerabilities across the production chain. Additionally, Coelho and
Goldemberg (2019) highlight the importance of balancing the requirements for improved
yields with meeting environmental regulations particularly in a rapidly changing region.
Finally, Herrmann et al., (2018) and Silalertruksa & Gheewala (2020) suggest that the
apparent increased competition between energy and food production is already enhancing
the complexity of an already complex Water-Energy-Food Nexus (Hoff, 2011; Biggs et al.,
2013; Albrecht et al., 2018) by limiting the availability of land and water resources which

will undoubtedly compromise the continuity of sugarcane production across the region. It is
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clear from the arguments presented above that sugarcane production is facing a multitude of
challenges that will be compounded by a changing climate. It is thus imperative that the ideal
of quantifying exposure, reducing vulnerabilities, and enhancing adaptation potential be
supported by regional studies that seek to understand and quantify the effects of increased

climate variability on sugarcane production.

The impacts of a changing climate are no longer speculative or confined to climate
projections which have often been subjected to undue criticism and scepticism. The
frequency of droughts, heatwaves and floods across southern Africa has visibly increased
dramatically over the past 10 years (Ekolu et al., 2022; Gannon et al., 2018; Gizaw & Gan,
2017; Johnson et al., 2021; Lottering et al., 2021; Omotoso et al., 2023; Ramlall & Smithers,
2023; Ward et al., 2020) often with dramatic impacts. Sugarcane production, and agriculture
in general, has experienced a variety of impacts stemming from increased climate variability
which include increased water stress and pest outbreaks. While the regional sugar industry
has responded effectively to these impacts by developing and adopting improved sugarcane
varieties (Olivier and Singels, 2015) and changing agronomic management practices, these
responses are still confined to the relatively technologically advanced countries such as
South Africa and Eswatini. Other important sugar producing countries such as Malawi and
Tanzania still lag far behind in the adoption of these mitigation strategies. This limits the
overall competitiveness of the regional sugar industry and leaves it exposed to potential

economic exploitation from other major global sugar producers.

Sugarcane production in southern Africa is an especially complex activity that involves
multiple actors and a diverse array of biophysical, hydroclimatic and even sociopolitical
landscapes. The sugar industry is domiciled in a region that is unfavourable to the production
of this crop and, in many cases, was established out of necessity rather than design. The
global sugar shortage of the 1970s led to high import costs which prompted many countries
in the region to start cultivating sugarcane locally despite the high hydroclimatic variability
that does not lend itself to the production of a water-use intensive crop such as sugarcane
(Lewis, 1990; Dubb et al., 2017; Zhou, 2013) (Figure 1.1). Further, the now well-accepted
vulnerability of this region to climate change implies that the viability and sustainability of
sugarcane production will remain under threat as a direct consequence of the impacts of

climate change (IPCC, 2019; Hennessy et al., 2022).



Despite the importance of this crop in southern Africa, it remains exposed and vulnerable to
the effects of climatic extremes caused by climate change (Knox et al., 2010a; Jones et al.,
2015b). This exposure is already undermining yields by increasing water deficits (Jones et
al., 2019; Dias & Sentelhas, 2021), and by forcing changes in crop management which can
threaten the long-term sustainability of the sugar industry (Biggs et al., 2013). There is a
consensus that southern Africa will experience amplified hydrological impacts which will
affect the sugarcane production landscape (Jones et al., 2015; Sulle, 2017; von Maltitz et al.,
2019). It has been noted (e.g. Dubb et al., 2017; James et al., 2017; Ngcobo and Jewitt, 2017,
Zuluetal., 2019) that the future expansion and intensification of sugarcane production across
southern Africa is highly likely due, in part, to the recognition of the economic and social
importance of this activity for supporting livelihoods. Knowledge gaps remain, however,
regarding climate change impacts on water resources and sugarcane yields. By amplifying
precipitation variability, climate change will increase the vulnerability of sugarcane to water
stress and is likely to have a potentially devastating impact on sugarcane yields. To date,
relatively few studies have addressed the vulnerability and adaptation potential of sugarcane
production at sufficient spatial and temporal scales in this region. In fact, it is clear that
sugarcane production will continue to be directly and indirectly affected by increases in
climate variability and will require the continuous updating of adaptation strategies to offset
the negative effects of extreme climatic events. This study, and other like it, seeks to
understanding the drivers of sugarcane production and also assess the impacts of climate

variability on this important commodity crop.

Research Justification

Sugarcane is one of the most important commodity crops on par with maize, cassava,
sorghum, and sweet potatoes and supports millions of livelihoods in the region (Deressa et
al., 2005; Hess et al., 2016; German et al., 2020). The importance of this crop cannot be
overstated: the number of outgrowers and commercial producers grew by nearly 7% between
2015 and 2020 and over the same period, sugarcane accounted for approximately 11% of
total earnings from all agricultural commodities. In addition, in the 2018/2019 growing
cycle, the southern African sugar industry exported approximately 1.2 million tonnes of
refined sugar and generated over $2.15 billion in revenue. However, sugarcane requires an
average of 1 800mm.annum™' of rainfall for a full canopy crop to achieve break-even yields

consumes over 40% of available water resources in catchments where it is cultivated (Knox
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etal., 2010a; Singels et al., 2014; Jones et al., 2015b). Sugarcane is grown in over 785 000Ha
across southern Africa and in many catchments requires almost continuous irrigation which
necessitates significant investments in technology, agronomic and financial resources. This
is one of the main reasons sugarcane is a high-impact and high-benefit crop (Hess et al.,

2016).

Despite being an evidently important commodity crop, sugarcane production remains one of
the most challenging agricultural activities in the region (Carr and Knox, 2011; Eksteen et
al., 2014). This is a result of three factors, namely, 1) the hydroclimatic environment, ii) the
magnitude of resources required to produce adequate yields and iii) the favourability of the
sugarcane production landscape with respect to policies governing the production of the
crop. As a result of a combination of increased hydroclimatic variability influenced by
climatic change and global economic downturns, these factors have, in recent years,
undermined the sustainability of sugarcane production in southern Africa. Coupled with
significant competition for resources, sugarcane production will, for the foreseeable future,

remain under severe pressure.

Climate change represents a significant threat to the sustainability of sugarcane production
in southern Africa. However, there are currently no known studies that have addressed the
impacts of this phenomenon on outgrowers and commercial producers in the region over
sufficient temporal and spatial scales. The limiting hydroclimatic, agronomic and political
conditions across this region, however, are not necessarily conducive to the large-scale
production of sugarcane. Therefore, the sugar industry must adopt unique production

techniques and be as adaptive as possible to allow for the successful cultivation of this crop.

The works presented by Hess et al., (2016); Knox et al., (2010); Xiong et al., (2023) have
highlighted the need for regional studies that highlight the diversity of sugarcane production
regimes across southern Africa. Such studies can generate useful data and knowledge based
on the unique experiences of growers across the major sugar producing countries. Not only
will these studies contribute towards mitigating the impacts of increasing climate variability
on sugarcane, but they will also assist in sustaining communities that rely solely on this crop
for their livelihoods (Cockburn et al., 2014; Manda et al., 2020; Mbabazi et al., 2023; Ndlela
& Worth, 2021). It should be noted with concern that while such regional studies exist for

crops such as maize and cassava for instance, the same is not true for sugarcane. This is even
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further concerning considering the land and water resources required for sugarcane

production.

As mentioned earlier, the effects of climate change are already being experienced across the
sugarcane value chain and considering the pressure that the sugar industry is under to
maintain and/or increase yields, there is a clear need to assess, understand and quantify the
impacts of climate change on sugarcane production and offer realistic adaptation strategies

that will buffer the sugar industry against climatic extremes in southern Africa.

Research Aim

To assess the potential impacts of climate change on sugarcane production in six catchments
and six mill areas across southern Africa. Using a combination of crop modelling, yield gap
analyses, frequency analyses and a water stress index, this study assesses the impact of
climate change on water resources and consequently sugarcane yields. Climate change will
amplify precipitation variability and thus increase the exposure and vulnerability of
sugarcane to water stress which will ultimately compromise sugarcane yields. A secondary
research aim was to address the vulnerability and adaptation potential of sugarcane
production. Finally, this study recommends adaptation strategies that are applicable within

the southern African sugarcane production industry.

Research Objectives

The specific research objectives of this study were to:

e Review the dynamics between global change and water resources across southern
Africa. The purpose of this review was to frame the current understanding of the
dynamics between global change and water resources and assess how they relate to
local change (Chapter Two, Paper One).

e (Conduct an assessment with the aim of understanding the multiscale drivers of
sugarcane production and expansion and the impacts of this activity on water
resources in southern Africa (Chapter Three, Paper Two).

e Assess sugarcane yield declines as a result of recent climatic extremes across the
region using a yield gap analysis. The results of the yield gap analysis were used to
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assess and develop recommendations that can assist in combating yield declines by
offering potential safeguards for the sugarcane industry against climatic extremes
(Chapter Four, Paper Three).

e Assess the vulnerability and adaptation potential of sugarcane production to water
stress in selected mill areas located across the region using a combination of the Crop
Productivity Ratio (CPR) concept, and a well-established relationship between

sugarcane yields and actual sugarcane water use (Chapter Five, Paper Four).

Thesis Outline

Apart from Chapters One and Six and Seven, this thesis consists of self-contained chapters
written as manuscripts that can be (or in some cases already are) published in academic peer-
reviewed journals. This approach notwithstanding, each preceding chapter formed the basis
of subsequent chapters, and all chapters share a common theme: the assessment of the
impacts of climate change on sugarcane production and the recommendation of adaptation

strategies that can buffer the sugar industry against climatic extremes.

Chapter Two reviews the aspects of global change critical to southern Africa and assesses
their interaction with drivers of local change and the vulnerability of society to these
changes. The chapter concludes with a reflection on hard i.e., technology and infrastructure,
and soft i.e., governance and management, adaptation activities considered critical to

southern Africa, with lessons that are relevant beyond the region.

Chapter Three applies a frequency analysis approach to ascertain the multiscale proximate
and ultimate drivers of sugarcane production. This chapter expounds on proximate drivers
as the immediately observable drivers which cause specific environmental changes and
ultimate drivers as the underlying, higher-level socio-economic demands placed upon the
environment to deliver a certain product or raw material. The chapter develops water use
estimates for rainfed and irrigated sugarcane for future low, medium and high production
scenarios. The chapter concludes with the observation that ultimate drivers assume a more
important role in sugarcane production and that water use may be anticipated to increase in
response to increased production intensity, particularly in the medium and high growth

scenarios.
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Chapter Four develops a methodology for assessing yield declines based on a yield gap
analysis approach. The yield gap analysis indicated that yield gaps, the differences between
maximum potential yields and actual observed yields, remain high across all mill areas in
the study. It was concluded that yield gaps are primarily attributed to existing crop
management approaches as opposed to the climatic regimes in these mill areas. Climate
change, thus far, assumes a less important role compared to agronomic management in the

region.

Chapter Five assesses the vulnerability and adaptation potential of sugarcane production to
water stress across southern Africa. The aim of this chapter was to assess the vulnerability
and adaptation potential of sugarcane production in selected mill areas across southern
Africa and recommend viable and realistic adaptation strategies. These strategies would
necessarily need to be applicable across the majority of the southern African sugarcane
production industry. The paper concluded that adapting to a changing climate necessitates
recognition and rectification of the vulnerability and enhancing the adaptation potential of

the various components of the sugarcane value chain.

Chapter Six provided a synthesis of the overall research study, i.e. Chapters One to Five.
This chapter details the key messages from the research results and outlines the main

contributions to new knowledge derived from this study.

Chapter Seven outlines the main conclusions to the study.
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CHAPTER TWO
IMPACTS OF GLOBAL CHANGE ON SOUTHERN AFRICAN WATER
RESOURCE SYSTEMS*

Ngcobo, S.!, Jewitt, G.P.W. !, Stuart-Hill, S.' and Warburton, M'.
!Centre for Water Resources Research, School of Agricultural, Earth and Environmental

Sciences, University of KwaZulu-Natal, Pietermaritzburg, South Africa

Abstract

Southern Africa is considered to be highly vulnerable to the effects of global change. There
is increasing evidence of negative demographic and environmental changes influenced by
anthropogenically driven local changes in this region and these changes result in
vulnerability exacerbated by the overarching effects of climate change. These are
exemplified by the potential impacts on water resources and the opportunities, approaches
and technologies developed in the region to consider these impacts. Thus, the aim of this
paper is to review aspects of global change most critical to southern Africa and assess their
interaction with drivers of local change and the vulnerability of society to these changes.
Although local changes are influenced by global drivers such as climate change, land-use
change and socio-economic development; these changes are not always direct consequences
of global drivers, and they are rarely instigated by a single global change driver. This review
shows that although global drivers are intricately related, their water resources impacts are
highly complex, indirectly coupled and are spatially and temporally sensitive. It is concluded
that the development of technologies, management approaches and policies, which can be
applied in an integrated and adaptive management framework, are an imperative to the

development of the region.

Keywords: Global Change, Southern Africa, Water Resources, Climate Change,
Population Growth, Economic Development, Impacts, Responses,

Vulnerability.

* Referencing adheres to the format of Current Opinions in Environmental Sustainability.
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Introduction

Changes to myriad demographic, economic and environmental systems inspired by human
activities over the past century have been rapid and pervasive enough that it has been
suggested that a new geologic era termed the Anthropocene has already begun [1, 2, 3, 4].
These changes are expressed through the unifying phenomenon of global change. Global
change can be considered as the complete suite of anthropic-related changes to the biosphere
directly or indirectly initiated, promoted and sustained for the benefit of humanity by
humanity. Included under the banner of global change are well-recognized subject matters
such as climate change [5, 6], population growth [7, 8°*], economic development [9, 10],
urban sprawl and land use change [11,12,13,14], all of which are relevant in the rapidly

developing southern Africa region.

The world’s population has more than tripled since the 1930s to over 6 000 million [15, 16],
urbanization has also grown nearly tenfold since the 1950s. To accommodate urban-specific
population growth [3], pastures and croplands now account for almost 40% of the planet’s
total land cover [12], and the projected impacts of climate change on natural and
anthropogenic systems are beginning to manifest in palpable and sobering ways [5]. As the
term implies, issues of global change are considered on a global scale. However, there is a
complex relationship between change which results from global drivers and the way in which
these drivers manifest at continental, regional, country and local scale, the way in which
change which may result from local drivers has specific local impacts [17°,18], but feeds
back to these broader scales when their extent grows (Figure 2.1). The complexity of these
relationships is a function of the inherent socio-economic and environmental dynamics
unique to a particular location or, in this instance, region. The challenge of sustainable water

supply provides clear examples of this.

The fifteen contiguous nations of southern Africa belonging to the inter-governmental socio-
economic development and trade organization known as the Southern African Development
Community (SADC) and the river basins they share (Figure 2.2) form the basis of this paper.
The effects of global change in this region are often expressed through highly localised
impacts [17, 18, 19°®]. For instance, rates of urbanization coupled with normal urban-

specific population growth are high owing to mass migration from rural to urban regions,
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economic development often takes precedence over environmental protection [20], and the
impacts of climate change on water resources and other economically strategic natural and
agricultural resources are becoming pervasive [21°°, 22]. These changes, in conjunction with
weak governance structures [23°°], political instability and low institutional capacities
characteristic of many countries in this region, highlight the risk of widespread
environmental degradation and the destruction of many resources which sustain human well-
being [23°°*]. The high vulnerability of this region to some of the factors of global change,
such as climate change [5], land use change often termed ‘land grabbing’ and population
growth [8°°] coupled with shifts in economic practice driven by unexpected drivers such as
the high proportion of the population with HIV/AIDS [23, 24], serve to accelerate
environmental degradation and risks to water supply. To counter this, the direct
implementation of innovative technologies, policies and management strategies designed to
mitigate the harmful effects of anthropogenically induced global and local change is
imperative. Thus, the aim of this paper is to review the aspects of global change most critical
to this region and assess how they relate to local change. The review and examples presented
herein reflect a diverse set of vulnerabilities at different levels, viz. national, regional and
local and is approached by considering global change as a catalyst and a trigger of local
environmental and socio-economic pressures. Further, the way in which these have been
studied, the responses developed, and approaches followed, provide lessons that are relevant
for all water resources practitioners. Hence, the paper concludes with a reflection on hard,
i.e., technology and infrastructure, and soft, i.e., governance and management, adaptation
activities considered critical to southern Africa, but with lessons that are relevant beyond the

region.
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Figure 2.1  Diagram building from the ‘kite’ concept [88] indicating the various drivers
of change unique to southern Africa across different spatial scales, but also
illustrating the panarchy of changes ranging from rapid, small changes
(‘revolt’) at local scales to large and slow changes (‘remember’) at larger
scales. Rapid, small changes (revolt) can overwhelm larger and slower
changes in the region (e.g. socio-political unrest related to poor public service
delivery). The ‘remember’ progression of change represents the
dissemination of wisdom accumulated from episodes of revolt to prevent
further collapse of systems and, ideally, this wisdom cascades progressively

from large to small scales.

Vulnerability to Global Change

Global change is a complex phenomenon with profound implications resulting in equally
complex local effects and for a variety of reasons, southern Africa is considered to be

particularly vulnerable. Across the region, rainfall is highly variable with high daily, monthly

24



and annual coefficients of variation with intra-annual anomalies common [25]. As a
consequence, the flow in the rivers is highly variable. Together with Australia, Sub-Saharan
Africa has the world’s lowest rainfall: runoff ratio and an extremely low reliability of yield.
Changes in the nature of rainfall and changes which affect the partitioning of runoff are
likely to have exaggerated effects on human wellbeing. This has led some to suggest that the
countries in this region are "hostage to their hydrology" [26], a perspective which highlights
the strong link between economic performance and development and rainfall and runoff
regimes. In this region, the concept of the average condition, often presented as mean annual
information estimated at a broad spatial scale, is not useful. Instead, this information should
be presented on a daily, or at the very least, seasonal scale to highlight the high hydroclimatic
variability characteristic of this region. As expanded on below, a more local context is
required. In the regions, water resource planning is often focussed on floods and droughts.
Storage of water is major part of (Figure 2.2) and increasingly seen as an important
component of the suite of measures being developed to counter the effects of climate change

[27].

The rapid population increases observed over the past century coupled with increasing
economic development and the successful exploitation of natural resources have resulted in
unpredictable changes in the state of the biosphere [15, 28]. Land, soil and water resources
and the production of goods and services such as of food, fibre, fodder and more recently
fuel (i.e. bioenergy) are closely linked. In this developing region, society is largely dependent
upon the land for its survival, but that land is also subject to pressure due to a growing
demand, from local populations moving and expanding, through trade of agricultural
produce within a country and across the region and globally from foreign investors. A
significant proportion of the world’s food insecure and impoverished people live in Africa.
Southern Africa is subject to the socio-economic effects of global change. In fact, the most
rapid responses of economic development and population growth occur primarily in low-
income countries, of which there are many in this region [10, 29, 30, 31, 32]. These changes
usually proceed with little resistance and this elevates the susceptibility of natural resources

to depletion and degradation [19, 33].

The value of land to food security and economic development in the region is recognised

through the Comprehensive Africa Agriculture Development Programme (CAADP)
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(http://www.nepad-caadp.net) which aims to coordinate agricultural growth, food security,
and rural development in Africa with the goal of attaining an average annual growth rate of
6 percent per annum in agriculture. Currently, the region can be described as being in rapid
transition from subsistence livelihoods with a corresponding transition to intensive
agriculture and associated land use change including urbanisation. It is estimated that some
1 125 000Ha of this land is now owned by foreign investors [“The New Scramble for
Africa’] and within the region, agricultural development is often in response to global, not
local markets. A well-known example of this is the large-scale development of irrigation
areas used to grow flowers for export in the Lake Navaisha region of Kenya [33]. Indeed,
the rate and extent of change is unprecedented and is likely to be exacerbated by the effects
of climate change. The rapid growth of urban centres in southern Africa results in the
deterioration of water quality in numerous catchments owing to the increased generation of
pollution [33, 34]. This introduces additional strain on already pressured supply and
reticulation systems [6, 35], and downstream water quality, and can potentially affect
economic production in the region, and ultimately economic growth, food security and

socio-political stability [36, 37].

These examples illustrate that although the effects of global change on local systems are
fairly well recognised [3, 37, 38, 39], these effects are by no means linearly correlated [40°°],
that they are not limited to a single global change driver, and that uncertainty and lack of
understanding of the complexity of these interactions increases the vulnerability of society
[41]. Consequently, the most adverse climate change related impacts are anticipated to occur
in the developing regions of the world, of which Southern Africa is a part [5]. Although
sufficient evidence exists for generally increasing trends with respect to drivers of change at
the global level [3, 8], it remains imperative to identify and understand sources of local
pressures derived from the suite of these change drivers. In other words, the quantification
and understanding of impacts and reasonable responses at local scales needs to be based on

a sound investigation of local pressures elicited by these drivers.

Depending on the policies and management strategies in place, different countries in the
region may be expected to manage the impacts of global change on local systems differently.
Given the natural environment, the foci of these is generally on flood and drought and the

consequences thereof. South Africa, for instance, has in place intensive monitoring

26



programmes applying principles from the National Water Resource Quality Monitoring
Programme, Integrated Water Resources Management (IWRM) principles, the
internationally acclaimed National Water Act (Act. No. 36) of 1998 and advanced water
resources modelling tools [43, 44]. Similarly, Namibia employs the Water Policy of 2000
and the National Drought Policy to manage and protect the water resources of the country
[45]. Other nations in the SADC region have in place similar laws and policies, all of which
are designed to explicitly uphold the integrity and highlight the paramount importance of
water in this semi-arid region. These integrated management approaches are underpinned by
a participatory philosophy, building on a wide recognition that this is a prerequisite to ensure

sustainable development [23].
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Aspects of Global Change

2.3.1 Climate Change

Climate change projections, generated from various General Circulation Models (GCMs)
present persuasive evidence that climatic regimes and hydrological systems of southern
Africa are going to change despite mitigation actions [5, 21, 39, 46, 47°] (Figure 2.3).
Coupled with human-induced changes to the biosphere, climate change is anticipated to
induce additional and overarching pressures on the local environmental and socio-economic
aspects such as ecological health and integrity, food and water security, human well-being,
economic and political stability, and socio-economic development [30, 39, 48]. It is
acknowledged that the impacts of climate change will result in changes in the state of local
water resource systems [5, 21, 30, 39, 49], which will have far-reaching impacts on water-

centric production systems such as agriculture, forestry and mining.

Precipitation trends under climate change scenarios indicate that increases in mean annual
precipitation, increases in raindays and increases in rainfall event intensities may be expected
for eastern and central parts of the region while the opposite is anticipated for south-western
parts [50]. In South Africa, extensive climate change studies have been conducted in which
the projected impacts of climate change on the water resources of the country were assessed
through climate scenario development and impact modelling [21]. Runoff and,
consequently, streamflow responses to the projected changes in precipitation instigated by
climate change were projected to increase between two to three times relative to current
trends [21] and this ‘amplification’ was attributed primarily to climate change [21, 40, 50].
A high dependence on climate-sensitive economic sectors, geographic exposure and low-
income status characteristic of this region [48], mean that the region is particularly
vulnerable to such projected changes, particularly through its water resources [21, 46, 51,
52, 53, 54°*]. The design and implementation of locally specific adaptation strategies is,
therefore, important in order to protect the viability of local production systems which

sustain human well-being in this region.
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(@)

(b)

Figure 2.3  (a) Multi-model probabilistic forecasting for the likelihood of February-
March-April 2011 rainfall totals exceeding the 85" percentile (extremely wet,
left panel) and 15™ percentile (extremely dry, right panel) percentiles of the
climatological record [55, used with permission] and (b) projected changes
(%) in austral summer (Dec-Feb) mean daily precipitation rates in each of the
5 climatic zones of Southern Africa generated from multi-model ensembles

[47°, used with permission].

2.3.2 Land Use Change

Land-use change is one of the key drivers of change in southern Africa. The rapid economic
expansion and population growth seen over the past few years in this region [16] has resulted
in the extensive alteration of land to supply economic trade-commodities (e.g. primary

minerals, industrial machinery and equipment, iron ore and steel and high value agricultural
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crops) and accommodate this socio-economic expansion. Development and a change of
land-use in the region are inevitable and will probably carry on in the near to far future [3,
56]. However, this usually leads to the degradation of natural ecosystems which are
necessary in providing important ecosystem goods and services [12, 20]. Water resources
related impacts, including the role of soil and the associated benefits and losses associated
with the carbon, nitrogen and phosphate cycles are foci of ongoing research, both in terms
of the monitoring of its extent and quantification of its impacts, for example using remote
sensing estimates of total evaporation from natural and altered land uses [40°®, 57°°] and an

understanding of the in situ impacts thereof [58°®, 59°°, 60°°].

Sustaining these goods and services requires the implementation of policies and management
tools that draw on appropriate levels of understanding to guide such development [61°°]. It
has already been mentioned that the vast majority of nations in this region are heavily
dependent on their natural resources as a source of economic growth and human well-being.
It follows, therefore, that the rate of growth of these resource-based economies may be
considered to be inversely correlated to the sustainability and long-term integrity of natural
ecosystems in this region. In effect, short-term economic growth and production associated
with land-use change are traded for long-term environmental degradation and loss of
ecosystem goods and services [12, 62°°], particularly where governance systems are weak
as evidenced by the endemic inadequate implementation of environmental protection laws

[63°°, 64].

The current and projected rate of urbanization and population growth for this region implies
that increased land-use change may be anticipated and, thus, increased potential for the
degradation of natural ecosystems may be expected [65]. Increasing food production using
both dryland and irrigated systems, securing water resources by constructing impoundments,
infrastructural developments for shelter, transport and industry, establishing biodiversity
conservancies and afforestation all require considerable land-use change and since southern
Africa is projected to experience rapid economic and population growth, substantial land-
use change may be anticipated for this region. Indeed, Grafton et al., [66], in a study of four
river basins throughout the world, including the Orange River shared basin between South
Africa, Zimbabwe, Botswana and Namibia, concluded that the hydrological effects of water

resources developments far exceed the projected impacts of climate change.
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Responses to such pressures include careful monitoring and allocation of water use licenses,
the National Water Resource Quality Monitoring Programme, the Ecological Reserve and
the Streamflow Reduction Activity decision-support framework and the innovative
‘Working for Water’ programme where the clearing of water-use intensive invasive alien

plants is undertaken as a job creation programme [67°].

The Environmental Kuznets Curve theory [68°] (Figure 2.4) offers a more positive outlook
on the long-term effects of land-use change for developing countries and emerging
economies. According to this theory, the initial stages of economic growth are usually
associated with increased environmental degradation and pollution; however, beyond a
certain level of income per capita this trend starts to reverse and at high income levels,
environmental protection increases and the state of natural resources improves [9, 12, 68°],
provided system thresholds are not exceeded [69]. Based on this theory, the currently
observed and projected trends in economic expansion in southern Africa will lead to land-
use change and environmental degradation. This condition may reverse with an increase in
education, per capita economic growth and individual and institutional environmental
awareness. It has been argued (Ausubel et al., [70°]) that ongoing improvement in the
production of crops will allow future populations to be sustained by less as opposed to more
agricultural land, allowing for increasing areas to be restored or set aside for conservation
purposes. Whilst there is clear evidence of opportunities for improved yields from the bulk

1..

of southern Africa’s cropping systems [71°*], the limitations faced in this region, arguably
not adequately considered in the treatise of Ausebel et al., [70°] are water availability
coupled with soil nutrient and fertiliser availability, which raises some risks with respect to
the expected trajectories of the Environmental Kuznets Curve (Figure 2.4). Ongoing efforts
to improve agricultural production are aligned with this and include detailed spatial and

temporal monitoring of crop water use and biomass production using remote sensing

technologies ([72°°] www.fruitlook.co.za), improved crop breeding [73, 74°*°] and improved

agricultural water management practices [59°°, 71°°*]. Regardless of whether or not a healthy
level of environmental awareness is attained in southern Africa, it is critical that land-use

change be detailed, and its effects managed judiciously.
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Figure 2.4  Modified Environmental Kuznets Curve showing two possible
environmental degradation trajectories (a, b) across various stages of
economic development for South Africa: a) under the current limited
implementation of environmental protection policies designed to limit
environmental degradation; b) effective implementation of environmental
protection policies (e.g. NWA and NWRS) and availability of capacity to

facilitate implementation [67, reproduced with permission].

2.3.3 Population Growth and Economic Development

One of the fundamental and perhaps defining aspects of development in southern Africa is
the current and projected rapid rate of population growth, improving lifestyles and economic
growth in this region. Although population growth is projected to slow by 2030 [8°°], it
remains a key factor in the rapid utilisation of natural resources [75, 76] which are important
in sustaining human well-being [77°]. This presents significant implications for the integrity
of these economy-sustaining resources as highlighted through the current focus on a nexus
of food-water-energy [75, 86]. Arguably, the dominant issue in southern Africa is not
necessarily one of population growth but associated population movement, or migration.
There is a noticeable transition in southern Africa from being a predominantly rural region
to one with burgeoning urban centres which attract a significant portion of rural citizens [8°°,
78]. This is not surprising considering the current economic growth of numerous countries
in this region. This growth acts as a precursor and continues in parallel to the expansion of
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urban centres which are generally associated with economic prosperity. One consequence of
this is the change in the landscape of the region owing to the physical expansion of cities
and the migration of people to them [8°®]. The rate of urbanization, assumed to be coupled
with economic growth, is projected to increase [32]. A key aspect highlighted by rapid urban
growth is that of the provision of water and sanitation to rapidly urbanising areas and the
associated individual and environmental health risks. This phenomenon is expected to
increase the exposure of people to the potential proliferation of water-borne and water-based

diseases worsened by poor urban management and substandard sanitation and reticulation.

Thus, population and economic growth in this region are not necessarily coupled. Rather,
urban specific population growth driven by the increasingly attractive economic
opportunities drives the exploitation of natural resources in this region. For example, growth
of cities such as Maputo and Dar-Es-Salaam leads to increasing demands for fuel wood and
charcoal and results in the deforestation of the surrounding areas. Similar to land-use change,
this is a condition which cannot be avoided. With such rapid growth, uneven and inequitable
access to resources, including finances is inevitable. Poverty is thus a major concern in much
of the population and its concomitant effects of increasing water and food insecurity,
particularly when associated migration leads to break-down of social relationships and so
decreasing capacity to adapt to change. Governments, some of them relatively newly formed,
are struggling with these aspects whilst simultaneously developing capacity across various

governance levels to address them.

Discussion and Conclusions

Southern Africa is considered to have commenced progressive development relatively late
compared to other global regions such as the Caribbean, Latin America, Eastern Europe and
Oceania [10, 32]. The intricate and close relationships between global drivers as indicated
by Vincent [71] show that this region with its highly variable climate and uneven distribution
of resources, and perhaps as a consequence of this development lag [8°*], is hypersensitive
to the effects of global change. This hypersensitivity, or vulnerability, is projected to increase
as the impacts of global change drivers, particularly climate and land-use change, begin to
directly impact natural ecosystems [79]. These effects are anticipated to be manifested on a

localised scale with direct impacts on the functioning and behaviour of socio-economics and
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demographics (Figure 2.1). For instance, it was highlighted in this review that climate
change is anticipated to not only have an impact on the behaviour of natural resources, most
notably water [79, 81°], but also on the long-term demographics of this region. These lessons
can serve as guides to allow the suggestion and development of resource management
strategies to cope with or even avert local change-driven pressures and consequential

impacts.

It has been argued [8°°, 81°] that as southern Africa develops, the rates of natural resource
cultivation, processing and consumption will increase (Figure 2.4) leading to the irreversible
erosion of economy-sustaining resources. As this is an unsustainable approach, it would be
more prudent to adopt more balanced and forward-thinking strategies such as knowledge-
based and indexed economies wherein the focus is on investing in natural resource and
environmental protection and frugal resource extraction coupled with innovation in both
technology and policy development and implementation. This is critical considering the
increasingly unpredictable changes to the biosphere which would necessarily threaten the
integrity of natural resources and the provisioning of ecosystem goods and services upon
which human well-being relies [61°*]. The unpredictability of change is further complicated
by the overarching effects of climate change. This particular global change driver has been
shown [e.g. 5, 46, 39, 32] to proceed at an unprecedented rate and so introduce added
complexity to the already complex global and local change discussion. Although the
Environmental Kuznets Curve theory suggests that, in the long-term, southern Africa has the
potential to withstand the effects of global change as the region continues to develop
economically, the actual transformation process driven by global change is harmful to socio-
economic and demographic systems and the unique nature of the region means impacts will

be translated and expressed differently.

The vulnerability of this region to the effects of global and local change makes it an absolute
necessity to base the development of policies and management strategies related to resources
and systems on highly incisive and progressive water resources research. Research in this
region needs to recognize and maintain pace with change, and go a step further and offer
tangible and actionable solutions which recognize the transdisciplinary nature of global and
local change. A number of studies specific to this region have, in fact, provided useful

outcomes. The following are examples of lessons sourced from the work of various
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researchers based in southern Africa across different research fields. The relevance of these

lessons is not limited to southern Africa. These lessons, drawn from a region undergoing

rapid change, can be applied in an international context and represent a meaningful

knowledge contribution to water resources management.

24.1

24.2

243

Science and Technology Lessons

Remote sensing can be applied as a useful tool in monitoring total evaporation from
natural and altered land uses and improving water use efficiencies in agricultural
production [57°°, 72°°].

Erosion mitigation requires proactive management of soil cover through appropriate
livestock management and conservation agriculture particularly in locations most
vulnerable to natural erosion [57°°, 58°¢, 59°°].

A number of modelling systems have been developed with the dual purposes of
serving as decision-support tools and for furthering the understanding of the unique

biophysical environment of the region [80, 81°°, 82°°].

Governance, Policy and Management Lessons

Enhancing resilience and reducing vulnerabilities requires the development of
initiatives which recognise the links between biophysical and socio-economic
changes [83°].

A number of innovative, research-based products have been formulated, including
the Streamflow Reduction Activities decision-support framework, the human and
environmental flows Reserve, the National Water Act and the National Water

Resource Strategy [63°°].

Socio-economic Lessons

The effects of global change on local systems are not linearly correlated, they are not
limited to a single driver of change and the vulnerability of society to these effects is

a factor of the limited understanding and the uncertainty related to these effects [40°°,

41].
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e The CADDP initiative seeks to highlight the value of land in food security and
economic development by coordinating and increasing agricultural growth, food
security and rural development.

e Societal vulnerability to sudden external disturbances can be enhanced by various
factors including political inaction, lack of access to resources and information, and

failure to enhance active community resilience [84].

The issue of global change is complex and requires treatment above the limited scope
presented in this paper. This review serves to provide an overview of the effects of global
change in southern Africa and the importance of considering global change as a catalyst of
local change and a trigger of local environmental and socio-economic pressures. As
indicated in this review, global change drivers which include climate change, land-use
change, population growth and economic development are all coupled and interrelated
anthropic-forms of change and they need to be treated as such. The management of the
impacts of global and local change, therefore, requires a holistic approach which recognizes

the interrelationships and adopts an integrated and adaptive management framework.
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Abstract

The reality of sugarcane expansion and intensification across southern Africa requires
greater scrutiny than is currently the case, particularly considering the impacts of this activity
on water resources in this region. This study uses of a frequency analysis approach to
determine the multiscale proximate and ultimate drivers of sugarcane production as reported
in case studies across the uMngeni, (South Africa), Ubombo (eSwatini) and Kilombero
(Tanzania) Catchments. Applying a relationship between observed sugarcane yields and
future low, medium and high production scenarios, this study determines water use estimates
for rainfed and irrigated sugarcane over six production cycles, viz. 2013/14 - 2019/20.
Results indicate that ultimate drivers such as foreign direct investment and increased local
and international demand for sugar play a dominant role in expanding sugarcane production
at both a regional and catchment scale. Water use is anticipated to increase in response to
increased production intensity, particularly in the medium and high growth scenarios.
However, this may be mitigated by increased water use efficiency and the development and
adoption of improved cane crop varieties. More detailed water use modelling studies are
required to account for critical aspects related to crop water use such as changes to
temperature, total evaporation and CO concentration as a consequence of climate variability
and change. This will provide useful policy advice for regional agricultural development
initiatives.

Key words: Proximate drivers, ultimate drivers, land use change, sugarcane water use,

frequency analysis, spatiotemporal scales.

* Referencing adheres to the format of Environmental Development.

46


mailto:NgcoboS21@ukzn.ac.za

Introduction

Considered to be one of the ‘last frontiers’ of socio-economic development (Pretty et al.,
2011; Hoff et al., 2012), southern Africa is a region undergoing major land use change
(LUC) owing to economic transformation and expansion (Alcamo et al., 2011).
Consequently, water resources are subject to increasing pressure from a number of
competing activities such as agriculture, mining and energy generation (Conway et al.,
2015). Despite low abstraction rates penned at 170 m’/capita/year or 44 km?/year from a
total of 2 300 km?/year of potentially available renewable water resources (SADC, 2012;
FAO Aquastat, 2015), a number of catchments are either closed or rapidly approaching
closure owing to the combined effects of resource over-allocation (Turton, 2010), high
natural variability and poor rainfall to runoff conversion ratios (Schulze et al, 2005)
underscored by high evaporation rates (Gleick, 2000; Hewitson ef al., 2005; Hennessy et al.,
2022).

The continuing LUC trends throughout the region in response to rapidly escalating domestic
and international demands for natural resources (Brauman et al., 2007; Daccache et al.,
2015), superimposed with an intensive socio-economic development agenda currently being
adopted throughout this region (SADC, 2012; Mulenge, 2013) pose numerous threats to the
sustainability of regional water resources. For instance, the fifteen member states of the
Southern African Development Community (SADC) recently adopted a multi-billion dollar
SADC Regional Infrastructure Development Master Plan (RIDMP). This plan has multiple
complementary objectives which include enhancing market integration, stimulating
economic and social development and growth and fostering environmental protection
(SADC, 2012; UNDP, 2014; SADC Sugar Digest, 2014). The scope and intensity of the
RIDMP implies that, in all likelihood, its success will hinge on the development and
mobilisation of a substantial portion of water resources to support the proposed

infrastructural and socio-economic developments.

A fundamental vehicle for socio-economic development with arguably the greatest potential
for success in the SADC region is agriculture (Mathews, 2008a; Watson, 2011; Verburg et
al., 2013; Hess et al, 2016). The production of high-value commodity crops such as
sugarcane (Zuurbier and Van de Vooren, 2008; Knox et al., 2010; Hess et al., 2016), which,

inter alia, require substantial water resources to establish and sustain them (Table 3.1)
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(Inman-Bamber and Smith, 2005; Bezuidenhout et al., 2006; Jewitt and Kunz, 2011; FAO
Aquastat, 2015) is an interesting case. This is particularly true when the expansionist policies
related to the production of this crop (SADC Sugar Digest, 2014; Hess et al., 2016) and high
risk hydroclimatic environment of this region are considered simultaneously (Figure 3.1
and Figure 3.2). This is underscored by the observation that sugar consumption in southern
Africa will grow faster than anywhere else in the world over the next 10-20 years

(International Sugar Association, 2010).

Sugarcane (complex hybrid of Saccharum officinarum), as the major focal crop of interest
in this discourse, occupies a unique agronomic space in this region owing to the manner of
its cultivation and management (Table 3.1). For example, sugarcane in southern Africa is
grown under both rain-fed and irrigated conditions and has a reported mean annual crop
water use of ~1 400 mm/annum for a full canopy crop (Bezuidenhout et al., 2006). Other
estimates place the average regional water use of sugarcane between 1 100 and 1 800
mm/annum depending on location and management (Carr and Knox, 2010). Further,
sugarcane occupies approximately 785 000 Ha, of which more than 40% is irrigated (FAO
Aquastat, 2015) (Figure 3.3). These water and land use estimates notwithstanding,
sugarcane production is demonstrably a resource intensive activity, particularly in light of
the hydroclimatic characteristics of the region (Figure 3.1 and Figure 3.2). Consequently,
as will be demonstrated in this paper, sugarcane has the unique potential to be a high-impact
and high-benefit crop with regard to the dynamics of regional and local water resources and

socio-economic systems (Hess et al., 2016).

Despite the apparent availability of adequate reserves of water resources and low withdrawal
rates in southern Africa (Watson, 2011; SADC, 2012; Conway et al., 2015; FAO Aquastat,
2015), the current lack of adequate infrastructure necessary to render these resources
available for development means that water remains a major limiting resource in this region
(Turton, 2008) (Figure 3.2). Further, owing to the high spatial and temporal hydroclimatic
variability of the region (Hewitson et al., 2005) (Figure 3.1), water resources management
policy and practices tend to evolve and change, not only at the national scale, but also at the
local catchment scale. The consequence of these differences in water resources management
policy and practices is that the impacts of LUC as a consequence of sugarcane production

on water resources are expressed over a wide range of spatial and temporal scales (Wagener
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et al., 2010; IPCC, 2014a). This makes quantitative prediction and robust management
difficult (Meiyappan et al., 2015).

Table 3.1 Hydrological indicators, estimated sugarcane water use and approximate

harvested sugarcane area by country in the SADC region.

Mean
Sugarcane Average
Mean Annual Annual Sugarcane
Area Sugarcane Reference
Country Precipitation Potential Water Use
Harvested  Production  Data Sources
(mm) Evaporation  (mm/annum)
(Ha) (tonnes/Ha)
(mm)
Angola 1 050 1400 285%%* 13 000 38
Botswana 400 2 000 Nil Nil Nil Schulze et al.,
DRC 1534 1300 315%* 16 500 42 1997; Shahin,
Lesotho 760 1 634 Nil Nil Nil 2002;
Madagascar Not Not Hewitson et
1513 1 800 : 103 000 .
Established Established al., 2005;
Malawi 1104 1610 788** 27 000 105 Bezuidenhout
Mauritius 2 041 1 600 548** 53 871 73 et al., 2006;
Mozambique 969 1900 7TT73** 48 000 103 Carr and
Namibia 254 2 600 Nil Nil Nil Knox, 2010;
Seychelles 2330 1 688 Nil Nil Nil FAO Aquastat,
South Africa 497 1943 598 325 000 63 2015;
Swaziland 788 1904 1799 56 000 93 FAOSTAT,
Tanzania 937 2 800 795 58 500 106 2015; World
Zambia 1011 1818 795 39 000 106 Bank, 2015.
Zimbabwe 652 1750 1825%* 44 800 105
¥k Water use estimates based on calculations proposed by Cheesman (2004), Watson (2011) and FAO
Aquastat (2015).

The current and projected land use changes across southern Africa, in response to the

regional developmental agenda, will undoubtedly amplify the pressure on hydrological

systems, particularly water resources. Sugarcane production, whether irrigated or rain-fed,

may be conceptualized with the intent of fostering economic growth and mitigating poverty.

However, the drivers and impacts of this activity on water resources and, by extension,

society, at appropriate spatio-temporal scales need to be adequately quantified to enhance

the potential of designing appropriate social and technical solutions. This remains a

surmountable, yet major challenge in this region.
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Ocean Qcean

Figure 3.1  Mean annual precipitation (MAP) across southern Africa highlighting the
high spatial variability of rainfall across the region. The global average of
860mm/yr is represented by the thick red line (Data Sources: Hewitson ef al.,
2005; Turton, 2008).

Like any other comparable LUC activity, sugarcane production is often a consequence of
both proximate and ultimate drivers (Geist and Lambin; 2001; Steffen et al., 2005; Azevedo
et al., 2014). Proximate drivers are the immediately observable drivers which trigger specific
environmental changes while ultimate drivers are the underlying, higher-level socio-
economic demands placed upon the environment to deliver a certain product or raw material
(Steffen et al., 2005). The concept of proximate and ultimate drivers and their relevance to

sugarcane production is expanded on in Section 3.2.
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(b)

Figure 3.2

Mean annual precipitation (MAP) and mean annual runoff (MAR)
conversion ratios relative to various countries (a) (Turton, 2008) and
(b) MAR ranges across major shared basins in Southern Africa
(Modified After: Schulze et al., 2001). The MAR: MAP conversion
ratio across southern Africa is only 20%, at best (Gleick, 2000).
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The proximate and ultimate drivers of LUC which simultaneously induce and amplify
impacts on water resources are becoming increasingly well-recognised as vital ecosystems
rapidly approach total collapse and large-scale regime shifts occur, often with unpredictable
and costly ecological, social and economic consequences (Walker and Salt, 2006; Van der
Walt et al, 2015). However, an increase in the recognition of the interface between
anthropogenic LUC and water resource systems does not necessarily translate to an increase
in the understanding of the consequences of this interface. This is particularly true in the

SADC region (Hassan et al., 2005; Warburton et al., 2012).

Figure 3.3 Sugarcane harvested areas across southern Africa occupying an area of

approximately 785 000 Ha (Modified From: Harvest-Choice, 2015).

The added pressure engendered by the current and projected expansion and intensification
of sugarcane production in the region will elicit multiscale impacts and responses on regional
water resources and introduce added complexity to prediction and management. This
complexity will be further compounded by the vulnerability of the region to the impacts of
climate change and climate variability (IPCC, 2014a) underscored by relatively low socio-

economic and biophysical adaptive capacity and resilience (Desanker and Magadza, 2001;
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Stuart-Hill and Schulze, 2010; Hoff et al., 2012). Despite some recognition of these issues
(e.g., Alcamo et al., 2011; Jewitt and Kunz, 2011; Ngcobo et al., 2013; IPCC, 2014a;
Naidoo, 2014; Msimanga and Sebitosi, 2014; Gasparatos et al., 2015) there remains a dearth
of place-based studies detailing the impacts of sugarcane production on water resources at
appropriate spatial and temporal scales across southern Africa. The interface between
sugarcane production and water resources in this region thus requires greater scrutiny than
is currently the case. This is evidenced by the significant water use requirements of this crop
as indicated in Table 3.1, and the high spatial and temporal variability of water resources.
This paper, therefore, seeks to describe proximate and ultimate drivers and provide
quantitative descriptions of the potential water resource impacts and responses engendered
by LUC in the context of sugarcane production across southern Africa. In support of these

aims, the following section describes the dynamics of sugarcane production in this region.

Proximate and Ultimate Drivers of Sugarcane Expansion in southern Africa

3.2.1 Sugarcane expansion in southern Africa

The reality of sugarcane expansion in southern Aftrica is demonstrated by national policies
enacted to support the accelerated production of sugarcane-derived biofuels and stimulate
employment creation and serve as a tool of industrial development (De la Torre Urgate and
He, 2007; RSA Biofuels Strategy, 2007; SADC Sugar Digest, 2014). The expansion and
intensification of sugarcane production across southern Africa (Figure 3.3) presents
significant challenges for water resources management in this region. This is owing to the
complex interface between the water use characteristics of sugarcane (Table 3.1) and the
high inter- and intra-annual variability of rainfall and runoff across the region (Figure 3.2b)
(Grey and Sadoff, 2007). Water use estimates developed by various researchers for the
SADC region (e.g. Inman-Bamber and McGlinchey, 2003; Inman-Bamber and Smith, 2005;
Bezuidenhout et al., 2006; Mark and Luckson, 2010; Dunkelberg et al., 2014; Eksteen et al.,
2014; FAOAquastat, 2015; Jones et al., 2015; Olivier and Singels, 2015; Van Eekelen et al.,
2015) have demonstrated that sugarcane, owing to its high potential and actual total
evaporation rates (PET and AET), requires significant volumes of water to achieve

economically viable yields.
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Against this background, it is important to note that the local knowledge and understanding
of the sugar production process, value chain and water use signature is substantial (e.g.
Bezuidenhout et al., 2006; Bezuidenhout and Singels, 2007; Singels et al., 2011; South
African Sugarcane Research Institute, 2013; Mashoko et al., 2013; Smithers, 2014). A
concerning aspect, however, is that despite the vast knowledge base regarding the sugarcane
production value chain and considering the potential of sugarcane as a viable tool of socio-
economic development in Southern Africa (Hess et al., 2016), the main impetuses of
sugarcane expansion remain largely obscure or ignored. To elucidate the drivers and the
associated impacts of sugarcane production on water resources, this study will attempt to
establish and describe the causative patterns of sugarcane production expansion and
intensification at different spatial and temporal scales based on the concept of proximate and
ultimate drivers as postulated by Geist and Lambin (2001) and Steffen ez al., (2005) and will
outline water resource impacts by developing estimates of water use through the introduction

of various sugarcane production growth scenarios.

Proximate and Ultimate Drivers

Proximate drivers are the observable anthropogenic activities which trigger specific
environmental responses (Geist and Lambin, 2001; Steffen et al., 2005). An example of a
proximate driver, in the context of sugarcane production, is the burning and clearing of
forests by smallholder growers to create space for cane cultivation (e.g. Dlamini et al., 2014;
Dunkelberg et al., 2014). The immediate impact of this land use conversion would be an
immediate change in, inter alia, local albedo (Loarie et al., 2011), actual and potential total
evaporation (Inman-Bamber and Smith, 2005), direct and indirect water withdrawals
through irrigation and soil water abstraction, respectively (Van Eekelen et al., 2015), and a

potential depletion of soil nutrient reserves (Cherubin ef al., 2015).

Sugarcane is a highly valuable commodity crop with a global export trade worth US$47
billion (in 2011) and the sugar industry supports the livelihoods of millions of people and
forms an important part of national economic wellbeing for several countries (Fairtrade
Foundation, 2013). The demands for raw sugar and sugar-based derivatives such as
bioethanol, widely considered to be a viable energy alternative to conventional fossil fuels,

have been steadily increasing over the past few years (OECD-FAO, 2011).
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In light of these statements, ultimate drivers, as Steffen ez al., (2005) note, are the human
demands that shape consumption expectations and patterns. This human dimension
introduces depth and complexity to these drivers and has the potential to introduce
confirmation bias with regard to actual and perceived drivers, particularly as scales change.
For instance, the dominant ultimate driver of sugarcane production at local catchment scales
in South Africa may not necessarily be the same as that of Tanzania or Swaziland owing to,
exempli gratia, differences in demographics, politics, management and global influences. A
common theme, however, which characterises ultimate drivers is the pursuit of social and
economic (i.e. financial) prosperity. Further, while the causal relationship between
proximate and ultimate drivers may apparently be linear, the multiscale impacts of sugarcane

production on water resources are often non-linear.

The Significance of Scale in Understanding Drivers and Impacts

The dominance of drivers and the severity and extent of impacts changes with spatial scale.
Local drivers can instigate regional and global impacts (e.g. climate change driven by local
enhanced greenhouse gas emissions) (Figure 3.4, Green Arrows) and global drivers can
result in regional and local impacts (e.g., foreign direct investment resulting in local LUC)
(Figure 3.4, Red Arrows). Similarly, impacts can vary significantly across different
temporal scales. This has been demonstrated by the Intergovernmental Panel on Climate
Change (e.g. IPCC, 2001a; IPCC, 2007; Bates et al., 2008; Cubasch et al., 2013; IPCC,
2014a) and other collaborative research bodies such as the International Food Policy
Research Institute (IFPRI, 2014) and the Future Earth Initiative (ICSU, 2013). As spatial
and temporal scales change, however, connectivity patterns evolve and cross-scale
interactions change (Kumar, 2011; IPCC, 2014a), and such multiscale nonlinearity
engendered by new levels of complexity introduced at different scales cannot be described
by simply upscaling or downscaling data (Bloschl and Sivapalan, 1995; Bloschl ez al., 2015).
Most hydrological studies circumvent the difficulty of multiscale nonlinearity by conducting
investigations and analyses at either fixed spatial or temporal scales. The validity of this
approach notwithstanding, the argument proposed in this study is that this complexity can

be overcome, or at least managed, and will suggest ways of accomplishing this.
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The relationships depicted in Figure 3.4 form the conceptual basis of this study. The
feedbacks, feedforwards and cross-sectoral links (Blue Arrows) highlight the tightly-coupled
connectivity of drivers across spatial scales and this presents important implications for the
sustainability of water resource systems and socio-economic development in this region.
Further, though not highlighted in Figure 3.4, drivers and impacts change as temporal scales
change. For instance, Adger and Pulhin (2014) in an extensive study of climate change
impacts on various dimensions of human security note that risks and potential for adaptation
are time-sensitive factors. As climate-related drivers of impacts such as extreme temperature
and rainfall increase in frequency and severity, delaying mitigation and adaptation only

serves to amplify vulnerability and lends increased potency to the eventual impacts.

Figure 3.4 Diagram building from the ‘kite’ concept indicating the dominance of various
drivers of change applicable to Southern Africa across different spatial scales.
The green arrows indicate changes in dominant drivers as scale is progressively
increased and red arrows reflect changes as scales are reduced (After: Ngcobo et
al., 2013). This indicates that at large scales, ultimate drivers become
increasingly dominant, whereas at smaller scales proximate drivers assume the

dominant role.
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Methods

3.5.1 Data Acquisition and Processing

To capture the dynamics of sugarcane production in southern Africa, 161 case studies
spanning local (i.e. sub-national or catchment) and regional scales were considered. These
case studies included peer-reviewed scientific articles, national statistical reports and
specialist reports and these were supplemented with information from various data
repositories such as the UN-Food and Agriculture Organization and the Fairtrade Foundation
(Fairtrade Foundation, 2013; FAO Aquastat, 2015). From these, a total of 87 cases
considered directly relevant for purposes of this paper were selected for analysis. The
complement of cases had to necessarily correspond with the conceptual framework depicted
in Figure 3.4 and describe catchment and regional dynamics of sugarcane production,
specifically with respect to proximate and ultimate drivers and observed and probable
impacts to water resources. In that regard, the total number of case studies (n = 87)
incorporates studies conducted at both catchment (n = 34) and regional scales (n = 53).
Finally, the case studies had to provide some indication of the temporal variations or trends

of local and regional sugarcane production.

For local scale analyses, and as a means of comparison, three catchments from the region,
each with highly active commercial and smallholder sugarcane production enterprises, were
selected. These are the Mngeni Catchment in the KwaZulu-Natal Province of South Africa,
the Kilombero Catchment in the Morogoro Region of Tanzania and the Ubombo Catchment
in the Lubombo Region of Swaziland (Figure 3.5). These three catchments were selected
on the basis of their varied hydroclimatic conditions, high sugarcane production levels,
geographic placement and sugarcane agronomic management (Table 3.2). By extension,
regional scale analyses were conducted only on cases carried out with the sole purpose of
capturing the regional dynamics of sugarcane expansion. This approach allowed the
description of local drivers and impacts and provides a representative regional ‘snapshot’ of

the sugarcane production environment.

Temporal scale analyses were conducted on cases that directly addressed the prospects of
the sugar industry across different time periods following the IPCC approach (e.g. IPCC,
2014a). These included the present (2015-2020), near-future (2020-2050) and distant future
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(2050 and beyond). Data extracted from reports and articles considered current and projected
water use estimates, areas under cultivation, costs of production, average yields per hectare
and demographic data (e.g. number of employees per processing plant). These data were
used to discern the actual, underlying drivers (as opposed to perceived drivers) of sugarcane

production throughout the region.

Since proximate and ultimate drivers can simultaneously be biophysical and anthropogenic
(cf. Section 3.3), data collected included both qualitative interpretations of secondary
information and data developed through quantitative analyses. To allow for a standardised
analysis, interpretation and presentation of results and remove confirmation bias, both forms
of data (i.e. qualitative and quantitative) were treated as non-exclusive. This implies that all
case studies - since they were conducted in the same region and share a similar narrative

describing change and associative impacts - are comparable.

Figure 3.5  Location of case study catchments in southern Africa.
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Table 3.2 Background information on case study catchments (Sources: SA Canegrowers
Association, 2018; Swaziland Sugar Association, 2018; Kasinthula
Canegrowers Association, 2015; Illovo Sugar Africa, 2018; Illovo Malawi,

2018; The Sugar Engineers, 2018).

MAP MAE Area Annual
Area Production
Catchment  Location Range Range Under Output*
(km?) System
(mm) (mm) Sugarcane (Ha) (tonnes/annum)
KwaZulu- 1570 .
Mngeni  Natal, South 4474 [00- _ 25300 3392 653
. 1550 and Rainfed
Africa 1740
2 000
Ubombo  -ubombo. 555, 300~ ~ Tmigated 10 981 1303 750
Swaziland 710
2200
1 600 .
Kilombero  OT0801% 793¢ 1000- 7 Irrigated 21 800 1200 000
Tanzania 1 800 1 800 and Rainfed

*Total sugarcane crushed by mills in the 2013/2014 production cycle.

3.5.2 Frequency Analysis of Proximate and Ultimate Drivers

A frequency analysis is a systematic measure of the number of times a particular condition
is met or exceeded and is generally used to construct a categorical frequency distribution
(Bluman, 2009). To facilitate the frequency analysis, a set of broad themes which encompass
proximate and ultimate drivers of sugarcane production were identified from the 87 cases.
These broad themes were adapted from LUC indicators proposed by Geist and Lambin
(2001) and tailored for sugarcane expansion. The frequency of drivers was determined by
observing the number of times a particular broad theme was addressed across the cases.
Owing to the wide scope of proximate and ultimate drivers, the frequency of each driver
could not be counted individually. To prevent double accounting, only broad thematic
drivers were counted and not the individual drivers associated with a specific broad theme.
For instance, ‘agricultural expansion’- as a broad thematic driver- is often associated with
both land clearing and increased demand for raw and refined sugar as proximate and ultimate
drivers, respectively. A case study describing both the former and latter drivers would thus
be counted as a single case describing ‘agricultural expansion’. The inherent subjectivity of
this methodological approach is acknowledged. It was nonetheless adopted since it offers a
means of comparing and describing otherwise divergent themes of LUC through a single

approach.
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Sugarcane production in this region is primarily driven -or limited- by four broad themes,
viz. agricultural expansion, economics and demographics, technological advances and
policy. These four themes are in turn characterized by unique, often overlapping, proximate
and ultimate drivers. To highlight the distinct nature of each theme, however, it is important

to define each one in turn, thus:

Agricultural Expansion (AGEX): Refers to the spatial expansion of cropped land in absolute
and relative terms as a consequence of, inter alia, land conversion, agricultural
infrastructural developments, growth in subsistence and commercial farming and shifting

cultivation.

Economics and Demographics (ECD): Describes economic factors such as
commercialisation, foreign direct investment, economic growth and development and

factors related to human population dynamics such as population growth and movement.

Technological Advances (TECH): Refers to changes and advances in technology which
directly or indirectly influences (agricultural) productivity. Examples include the
development of new drought and pest-resistant sugarcane cultivars and improved in-field

mechanisation.

Policy and Institutional Factors (POL): This refers to the evolution and change of political
and related institutions via changes in legislation, leadership philosophies and public

opinion.

These broad themes, their associated proximate and ultimate drivers and probable impacts
on water resources are summarised in Table 3.3 and the results of this exercise are
summarised in Section 3.7. Figure 3.6 summarizes the methodological approach adopted in

this study.
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Figure 3.6 Schematic representation of the methodological approach.
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Table 3.3 Broad themes and variables which culminate in proximate and ultimate drivers

for sugarcane production and the associated impacts on water resources (After:

Geist and Lambin, 2001; Steffen et al., 2005).

Water Resource

Theme Proximate Drivers Ultimate Drivers
Response/Impact

Land clearing (e.g.

forest clearing and Increased demand for raw  Accelerated sedimentation

cutting; “slash and and processed sugar. and water quality decline.
burn” practices).

Irrigation Management Increased requirement for o
Decline in renewable

. (i.e. Scheduling and access to water for sugar
Agricultural ) . water resources.
. Expansion). production.
Expansion
Soil and water : -
( AGEX) Imperatives to minimise the o
Potential improvement of

conservation structures . .
environmental impact .
(e.g. contour : water resource quality.

signature of sugarcane.

ploughing).

Construction of farm Redirection of water
Increased demand for water
dams and waste ] ) resources from essential
] ] in processing plants. )
disposal sites. services.

Permanent cultivation Demand for energy co-
(i.e. monoculture generation (i.e. burning of Intensive water use.
farming systems). residual biomass).

Loss of soil structure and

Irreversible land degradation
Urbanisation and Land increased infiltration.
(loss of soil nutrients).
Abandonment. Increased surface runoff
Altered business practice. ) )
from impervious surfaces.

Construction of new  Global demand for sugar and Reallocation and diversion

Economic and
mills/processing plants. sugar-based derivatives. of water for industry

Demographic
) Demand for sugarcane
Indicators ]
-------- ethanol (i.e. biofuel -
(ECD) feedstock).
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Technological
Advancements

(TECH)

Policy and
Institutional

Factors (POL)

Increase in influx of
people seeking
employment in the

sugar industry.

Crop variety
development and

changes.

Optimisation of In-

Field Mechanisation.

Access to Real-Time
Weather Data (e.g.
Automatic Weather
Station Installation).

Land Re-Distribution

(i.e. Resulting in
agronomic practice
changes).
Establishment and
expansion of cane
growers’ associations
(e.g. Fairtrade
Foundation and the
SUSFARMS
Initiative).
“Land Grab”

Phenomenon.

Demand for food,
employment and financial

security.

Demand for improved yields
and reduced crop
susceptibility to disease and
drought.

Demand to reduce in-field
traffic and reduce

compaction.

Demand for optimal

irrigation management.

Declaration of Sugarcane as
a Streamflow Reduction
Activity (i.e. in South
Africa).

Demand for food and
financial security, poverty
alleviation and improved
lifestyles.

Ethical considerations
(Environmental
Responsibility).
Policies which support

sugarcane cultivation.

Increase in domestic water
demand and potential
water quality decline in
instances of poor

sanitation.

Potential increases in

water use efficiency.

Increases in production
efficiency and possible

water conservation.

Improved irrigation
scheduling and, thus,

water use efficiency.

Mitigation of long-term
losses in renewable water
resources (streamflow and

groundwater).

Risks of water resource
over-allocation.
Potential for improved
water resources

management practices.

No direct water resources

impact.

Water Resources Impact Assessment

3.6.1 Sugarcane Production Growth Scenarios

A series of sugarcane production growth scenarios were introduced based on plausible

output prospects across the study catchments (Figure 3.5). These scenarios were intended

to provide a description of the water resource impacts manifested by expanding sugar

production. Using guidelines and projections from the International Sugar Association

(ISO), the South African Cane Growers Association (SACGA), the Bureau for Food and
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Agricultural Policy (BFAP), the OECD-FAO Agricultural Outlook Yearbook and the South
African Sugar Association (SASA), three scenarios are considered, viz. the low, medium and

high production scenarios (Table 3.4).

The southern African sugar industry collectively produces approximately 5 million tonnes
of refined sugar annually. This is anticipated to increase by 57 thousand tonnes under the
low production scenario, 1.9 million tonnes in the medium production scenario and upwards
of 3.2 million tonnes in the high production scenario by 2020 (SADC Sugar Digest, 2014;
ISO, 2014). (It is important to note that these scenarios only consider refined sugar output
and not raw sugarcane crushed at individual mills). These scenarios are based on critical

assumptions including:

e The successful completion and initiation of all major sugar production projects in
Tanzania and Mozambique and the ability of South Africa to maintain an annual
production rate of 2.5 million tonnes,

e The continued economic, social and political reforms in the region creating a
favourable environment for foreign investors, and

e The stabilisation of international sugar prices and the positive outcome of the EU

sugar policy reform.

It is acknowledged that these regional projections of sugarcane production rates do not
reflect the production potential within the individual catchments in this study. However,
since local cane growers and millers ultimately contribute to regional sugar production, these
projections can be used as an indicator of the potential and idealised rate of sugarcane
production growth in these catchments. That is to say, if the regional production rate is
anticipated to grow by 1.14% (a year-on-year factor of 0.19%) in the ‘low’ production
scenario and 64% between 2014 and 2020 (a year-on-year factor of 10.67%) in the ‘high’
production scenario, it is not unreasonable to assume comparable growth rates within the
individual catchments assuming ideal production conditions. The limitations of this
assumption are recognised; particularly the fact that these are geographically distinct
catchments, both in terms of production potential and hydroclimatic conditions. However,
to the authors’ knowledge, no catchment-scale objective projections of sugarcane production

growth rates have been developed. Therefore, the projections developed herein are assumed
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to be applicable and appropriate. Table 3.4 summarises the key aspects related to these

projections and production scenarios respectively.

Table 3.4 Current sugarcane production rates and prospective production scenarios.

Production Scenarios (2014-2020)*

Area Annual Low Medium High
Catchment Under Output (1.14%) (32%) (64%)

Sugarcane (Ha) (tonnes/annum) (tonnes/annum) (tonnes/annum) (tonnes/annum)

Mngeni 25 300 3392 653 3431 513 4 632 890 6233 313

Ubombo 10 981 1303 750 1318 684 1780356 2395376
Kilombero 21 800 1200 000 1213 745 1 638 678 2204 757
* These are rates of production (t/annum) at the end of 2020 assuming year-on-year production rates of

0.19%, 5.33% and 10.67% under the low, medium and high scenarios respectively.

3.6.2 Estimating Sugarcane Water Use

Sugarcane water use reflects the actual total evaporation or evapotranspiration (ETc in
mm.day!) of the cane crop, as limited by available soil moisture. Using Equation 3.1, ETc
is calculated from a reference crop evapotranspiration (ETo in mm.day™) which assumes
ideal growth conditions, i.e. no limitations related to water, soil, nutrition, CO2 and minimal
disease or pest interference:
ETc =KcETo (3.1

Where Kc is an empirical crop coefficient which, in this study, was assumed to be 1.25 for
a full canopy, mid-season cane crop (Inman-Bamber and McGlinchey, 2003) and, using
Equation 3.2, ETo is calculated from a standard parameterisation of the Penman-Monteith

equation for a short-grassed surface (Allen et al., 1998):

900

ETo = A+ y (1+0.340)

Where Rn represents the net radiation (W. m), T is the air temperature (°C), u is the wind

speed (m. s), D is the vapour pressure deficit (kPa), all measured at 2m above the soil
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surface, G is the soil heat flux density (W. m™2), is the psychrometric constant (kPa. °C")
and A is the slope of the saturation vapour pressure curve (kPa. °C™!) at temperature T. Bakker
(1999), after an extensive field-based investigation of sugarcane water use, made use of
Equation 3.2 to derive a relationship between sugarcane yield and ETc as summarised in

Equation 3.3:

Y ETc
100

Yield = 9.53

— 2.36 (3.3)

Where ZETc (mm) is the total actual crop evapotranspiration since crop initiation and Yield
is sugarcane yield (t. ha!). Following on the work by Thompson (1976) and Bakker (1999),
Bezuidenhout et al., (2006) derived a relationship to determine sugarcane mean annual water
use as a function of mean production per hectare per annum. This relationship is summarized

in Equation 3.4:

100 (P+2.36)
o 9.53

(3.4)

where wu is the mean annual water use within the mill area in mm. a™' and P is the mean
production per hectare per annum in t.ha'.a’!. Using Equation 3.4, this study determined
sugarcane water use using observed P in the Mngeni, Ubombo and Kilombero catchments
for the 2013/2014 production cycle. Further, the probable water use estimates related to the
projected sugarcane production estimates as detailed in Table 3.4, were also calculated using

Equation 3.4. The results of this exercise are summarised in Section 3.7.
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Results and Discussion

3.7.1 Drivers of Sugarcane Production across Spatial Scales

A frequency analysis was performed according to the four established broad themes in
Section 3.5.2 (see Table 3.3) to discern the most pertinent proximate and ultimate drivers
of sugarcane production in the three catchments. The results of this analysis are presented in
Table 3.5 and Figure 3.7. As expected, ultimate drivers assume a more important role in
determining the expansion and intensification of sugarcane production at both catchment
and regional scales. This is owing to the strong inherent human dimension intrinsic to
ultimate drivers; a dimension which exerts enormous pressure on the environment to deliver

goods and raw materials to meet demands and secure social and economic prosperity.

POL (25%)
< TECH (24%) <+— REGIOI*:?I;H;?]TIONAL —  ECD (20%)
o I3
o o
= &)
5 AGEX (22%) .
b =
o 2
S POL (14%) 2
[ ]
@ TECH (18%) LOCAL (n = 34) ECD (24%) =
g \ e
o T}
c @
i AGEX (44%) e
KEY:
Strong M
Spatially Dominant Driver Strength of Relationship:
(Proximate or Ultimate) Weak/Marginal «—»

Figure 3.7  Spatial relative dominance of drivers at local catchment and regional scales
also indicating the strength of the causal relationships between themes of

drivers.
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Table 3.5 Spatial frequency of cases describing broad proximate and ultimate drivers across local catchment and regional scales.

Local Scale (n = 34) Regional Scale (n = 87)
Mngeni Ubombo Kilombero
™ Proximate Ultimate  Proximate Ultimate Proximate Ultimate Proximate Ultimate
eme
Drivers Drivers Drivers Drivers Drivers Drivers Drivers Drivers
Acgricultural Agricultural
& 5 2 0 8 11 8
Expansion Expansion
Economics Economics and
and 2 3 0 Demographics 6 19
Demographics
Technological Technological
2 7 0 9 12
Advances Advances
Policy and Policy
Institutional 1 4 0 and 6 16
Factors Institutional Factors
Total 9 17 0 32 55
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At the local catchment scale, agricultural expansion (AGEX) and economic and
demographic factors (ECD) are the most dominant themes accounting for over 44% and 24%
of drivers respectively (Figure 3.7). Cases describing ultimate drivers were proportionally
greater (X = 22) than those describing proximate drivers (X = 12) (Table 3.5). This is
indicative of the rapid growth of the sugar industry across all three catchments in a bid by
parent countries to raise the gross domestic product, create employment, enhance foreign
trade and promote rural development (i.e. ECD). Substantial investments in new processing
plants, distribution infrastructure and improved sugarcane varieties have been made within
these catchments. The consequence of these investments has been the physical expansion of
sugarcane cropland (AGEX), particularly in the Kilombero and Ubombo Catchments, and
the intensification of this activity in the Mngeni catchment. These trends provide some
explanation of the dominance of ultimate drivers related to AGEX and ECD at the local

catchment scale.

This, however, does not diminish the importance of proximate drivers. At this scale, physical
changes to the landscape, typified by proximate drivers are more likely to result in direct
impacts to water resources in the form of altered hydrological responses and fluxes. For
instance, in the Mngeni Catchment, proximate drivers (n = 9) are outweighed by ultimate
drivers (n = 17) (Table 3.5). However, on close inspection it is apparent that the bulk of
ultimate drivers in this catchment are influenced by Technological Advancements (TECH).
In the Mngeni Catchment, sugarcane production is intensifying rather than expanding
spatially. This intensification is preceded by limitations to AGEX which necessitate
improved production techniques in the form of new crop varieties, more efficient irrigation
schemes and advanced in-field mechanisation. This is to ensure greater sugar production
with the same or less crop land. Regardless, such intensification of production may be
expected to impact water resources directly, most likely in a positive manner insofar as

improved water resources management is concerned, at least within the Mngeni catchment.

It is important to note that there exists a complementarity between the various themes of
drivers. One theme tends to be influenced by another by varying degrees. At local scales,
AGEX, ECD and POL strongly influence one another, whereas POL and TECH share a

markedly weak relationship.
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The strong relationship between these LUC themes at local scales (Figure 3.7) reflects the
highly sensitive nature of the sugar industry to both proximate and ultimate LUC drivers.
Technological advancements (TECH) such as irrigation optimisation, mechanisation,
storage and processing and the construction of dams can immediately prompt significant
changes in sugar production rates (AGEX), thus changing the economics of production
(ECD) which can lead to changes in policies (POL) which support (or oppose) the production
of sugarcane. At the regional scale, however, the strength of these relationships changes
markedly (Figure 3.7). Drivers related to policy and legislation (POL) not only dominate at
this scale but have a direct influence on the expansion of sugar production (AGEX). This is
owing to factors such as land redistribution and the establishment of new smallholder and
commercial cane growers (Table 3.3). The prospective rapid growth of the sugar industry in
the region may result in economic gains (ECD) which might render the goal of human well-

being and livelihood security more attainable.

LUC drivers change as spatial scales change (Figure 3.4). At local scales, LUC drivers are
often specific and readily observable whereas the main mechanisms behind these drivers are
often obscure. At larger scales (i.e. as we ‘zoom out’ spatially), the regional scale in this
instance, the underlying mechanisms influencing LUC become more obvious. This is the
‘increasing detail, decreasing context’ (local ‘zoomed in’ scale) vs. ‘decreasing detail,
broader context’ (regional scale and above) narrative (Figure 3.4 and Figure 3.7). The
increase in detail and loss of context allows a perspective showing that proximate drivers
dominate at local scales and the decrease in detail and broader context makes it clear that
ultimate drivers dominate at regional and larger scales. This was not the case in this study.
At both local and regional scales, ultimate drivers across all four (4) themes and across all
three catchments dominated. This is evidence of the strong political and economic impetus
to propel sugarcane production as a key industry to ameliorate the social and economic

complexities in the region.

3.7.2 Drivers of Sugarcane Production across Temporal Scales

The number of cases describing the drivers of sugarcane production at different temporal
scales in this region was negligible (n = 8). Nonetheless, these cases provided some

indication of the temporally sensitive drivers of sugarcane production (Table 3.6).
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Table 3.6 Frequency of cases describing drivers of sugarcane production across various temporal scales.

Mngeni (n = 4) Ubombo (n = 3) Kilombero (n =1)
Time Frame Time Frame Time Frame
2015- 2020- 2050 and 2015- 2020- 2050 and 2015- 2020- 2050 and
Theme 2020 2050 Beyond 2020 2050 Beyond 2020 2050 Beyond
Production and
Consumption 4 0 0 0 0 0 1 0 0
Patterns
Biophysical
Stressors (LUC; 0 4 0 0 3 0 0 0 0
Climate Change)
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The International Sugar Association (ISO), in conjunction with the SADC Technical
Committee on Sugar (TCS), in a review of the prospects of southern Africa as a major sugar
production region published in the annual SADC Sugar Digest (2014), made the observation
that in this region, sugar consumption will grow faster than anywhere else in the world over
the next 10-20 years. Further, southern Africa is poised to be a surplus sugar producer as a
consequence of domestic and foreign direct investment in the industry (Bureau for Food and
Agricultural Policy, 2014; OECD-FAO Agricultural Outlook, 2015; Hess et al., 2016).
These trends are most likely going to be driven by increases in local and global sugar
demands, access to international markets by local cane growers and millers and by the
increasing competitiveness of the southern African sugar industry. The cases assessed in this
study appear to agree with these observations. Production and consumption patterns will, for
the most part, drive sugarcane production in the present (2015-2020), at least in the Mngeni
and Kilombero Catchments. However, it is unclear if this trend will persist in the near-future

(2020-2050) and distant future (2050 and beyond).

Climate change and climate variability will undoubtedly affect the production of sugarcane
by instigating changes to hydrological processes and fluxes such as rainfall, runoff,
temperature, total evaporation and infiltration. Changes to these processes and fluxes in any
direction can severely affect the growth of sugarcane and consequently the production of
economically viable yields. For instance, sugarcane is particularly vulnerable to the African
sugarcane stalk borer (Eldana saccharina) during periods of water stress (SASRI, 2013).
The projected increases in hydroclimatic variability as a direct consequence of climate
change in the region, imply that the frequency of droughts will likely increase in the near-
future (Schulze et al., 2005; IPCC, 2014a). This implies that sugarcane will become
increasingly susceptible to the Eldana stalk borer owing to an increase in the frequency of
dry conditions. This will necessitate increased irrigation of an already water use intensive
crop. These observations were recognised in a few cases conducted in the Mngeni (n = 3)
and the Ubombo (n = 2) Catchments. Despite the large investments in programmes designed
to promote sugarcane production across all three catchments and across the region, climate
change, as a direct biophysical stressor, will assume a much greater role in limiting the

successful cultivation of this crop in the near-future.
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Major collaborative research efforts have been initiated in southern Africa to manage, and
adapt to, the inevitable impacts of climate change on key LUC activities, including sugarcane
production. The most notable of these efforts include the Future Climate for Africa (FCFA)

(http://futureclimateafrica.org/what-fcfa-does/ Accessed June 2016, Future Climate for

Africa, 2015) and the Drought Early Warning and Forecasting to Strengthen Preparedness
and Adaptation in Africa (DEWFORA) project

(http://www.ecmwf.int/en/research/projects/dewfora, Accessed July 2016).

Water Resources Impacts

The results of sugarcane water use (wu) as a function of mean annual production (P) in the
2013/2014 cycle across the study catchments are presented in Table 3.7. Figure 3.8
indicates actual and projected yield trends based on the low, medium and high growth
scenarios for the period 2013/14-2019/20 and the current and projected sugarcane water use

trends correlated to annual production rates.

Under current conditions, representing the 2013/14 production cycle, observed raw
sugarcane yields for the Mngeni Catchment were reported as 3 392 653 tonnes or 134 t.ha
Lal with an associated water use (wu) estimate of 1 432 mm.a’'. This estimate compares
favourably with the findings of Bezuidenhout ez al., (2006) which placed the wu of sugarcane
in this catchment at 1 468 mm.a'. This estimate compares favourably with the estimated
mid-season, full canopy sugarcane peak wu of 1 723 mm as calculated using Equation 3.1

and a K¢ factor of 1.25.

In the Ubombo Catchment, where the current yield, for the same aforementioned production
cycle, was reported as 1 303 750 tonnes or 119 t.ha!.a™!, the estimated sugarcane wu was
1271 mm.a™!. This estimate was considered to be significantly different from the reference
crop evaporation (ETo) of 1 904 mm.a™! as reported by Schulze et al., (1997). Further, using
Equation 3.1, the estimated peak wu was calculated as 2 380 mm from a K¢ factor of 1.25,
a significant deviation from the wu reported in the current study. It is, however, crucial to
note that these differences in wu estimates for the Ubombo Catchment reflect two critical
aspects: 1) the ETo estimate presented by Schulze ef al., (1997) was an average for the entire

country of Swaziland and does not reflect the actual hydroclimatic conditions of the Ubombo
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Catchment, 2) by extension, since Equation 3.1 relies on ETy estimates to derive ETc or
actual wu, it stands to reason that wu estimates calculated from actual observed sugarcane

production will be different from estimates based on average ETy estimates.

The Kilombero Catchment managed an output of 1 200 000 tonnes in the 2013/2014 cycle
translating to a production rate of 55.10 t.ha™!.a”! and an estimated wu of 602 mm.a™!. Similar
to the Ubombo Catchment, this estimate was significantly different from the estimated peak
wu of 1 875 mm calculated using Equation 3.1. These differences between the wu estimates
derived from Equation 3.1 and Equation 3.4 stem directly from the explicit assumption of
ideal conditions as presupposed in ETo estimates. Such conditions are seldom observed in
reality. It is therefore the opinion of the authors that the wu estimates reported in this study
be considered to be closer to the actual sugarcane wu in the various catchments since these

were based on actual sugarcane production yields.

Table 3.7 Average sugarcane water use (wu) and ETc estimates as functions of mean
annual production rates (P) and crop coefficients (Kc) respectively, for the

2013/14 production cycle, for the various catchments under study.

Crop Mean
Catchment ?1/:1?111; (m]irrlrgl) (m]i;lr;_l) Coefficient Production (myr‘;lua'l)
) ) (Kc) (P t.ha'.a™) ’
Mngeni 918.18 1378.00 1722.50 1.25 134.10 1431.90
Ubombo 710.00 1904.00 2380.00 1.25 118.73 1270.60
Kilombero  1310.10 1500.00 1875.00 1.25 55.05 602.37

In Figure 3.8(a), no appreciable increases in sugarcane yields were observed between the
2013/14 and the 2019/20 cycles owing to the negligible annual growth rate of 0.19% in the
low production scenario. This scenario suggests a possible structural failure to effectively
achieve the conditions detailed in the assumptions outlined in Section 3.6.1. Conversely,
both the medium and high growth scenarios presuppose the marginal and absolute realization

of these assumptions, respectively. Should the conditions of these assumptions come to
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fruition, therefore, it is reasonable to expect the yield trends detailed in Figure 3.8(b, c)
become a reality. This does not, however, necessarily imply a corresponding increase in wu

as alluded to earlier.

The Mngeni and Ubombo Catchments consistently outperform the Kilombero Catchment in
terms of total yield. This is despite the Ubombo Catchment using less land (10 981Ha) and
the Mngeni using a similar proportion of land (25 300Ha) in comparison to the Kilombero

(21 800Ha) to grow sugarcane. This is most likely due to the following factors:

e The majority of growers in the Mngeni and Ubombo are commercial farmers often
with access to advanced irrigation and in-field mechanisation technologies,

e The Kilombero growers and millers (i.e.. the KSCL Mill) produce sugarcane from
smaller areas than those in the Ubombo and Mngeni Catchments,

e Access to irrigation is a challenge in the Kilombero Catchment,

e The Kilombero growers are limited by the physical geography of their catchment
which limits their horizontal expansion (i.e. the Udzungwa Mountain Range), and

e Fewer sunshine hours (i.e. greater cloud cover) contribute to a lower sucrose content
of sugarcane from the Kilombero Catchment and this negatively impacts the

competitiveness of growers in the marketplace.

Despite these trends (Figure 3.8), it should be noted that increases in yield do not necessarily
translate to increases in crop water use. As mentioned in Section 3.5.2, improvements in
irrigation technology (TECH), development and adoption of improved varieties and better
agronomic management (e.g. the Sustainable Sugarcane Farm Management System
[SUSFARMS] in the Mngeni Catchment), can contribute to significant improvements in
sugarcane water use efficiency. In this study, wu estimates were not adjusted to account for
these possibilities. Sugarcane is well-recognised across all three catchments as a water
resource intensive crop (e.g. sugarcane cultivation in the Ubombo Catchment is almost
entirely irrigated) and various Best Management Practices (BMPs) are in place to minimize
the environmental impact signature of this crop. It is therefore more likely that sugarcane
water use will reflect an average of the projections indicated in the low and medium
scenarios (Figure 3.8a, b) rather than the projections of the high scenario. An annual

increase in water use in excess of 60%, as suggested by the high production scenario, cannot
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be considered reasonable or sustainable in an already water-stressed environment. For
instance, both the Mngeni and Ubombo Catchments are fast approaching their limits with
regard to available renewable resources. The currently observed expansion and
intensification of sugarcane production in these catchments implies that this activity will
come under increased scrutiny, and this may lead to significant changes in the approaches to

cultivating and managing this crop.
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Figure 3.8  Actual and projected sugarcane yields (t) for the 2013/14-2019/20 cycles based on (a) low, (b) medium and (c) high production
scenarios. Water use estimates (mm.a™!) are reported in direct relation to the projected sugarcane production rates (based on Eq. 4

as postulated by Bezuidenhout et al., 2006).
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Conclusions

By most accounts, the intensification of sugarcane production across southern Africa is a
certainty. This is owing to the region's strong socio-economic development agenda; an
agenda is anticipated to witness investments being made in high-value commodity crops
such as sugarcane. It is, however, apparent that the expansion of sugarcane production will
incur significant costs, not only in terms of economic resources but also environmental
resources, most notably water. This is a well-recognised observation and one which is critical
to the successful implementation of major sugarcane production ventures in the region.
Recognizing that water is a major limiting resource in sugarcane production can, and already
is, driving the adoption of efficient irrigation technologies and progressive land and water
resource management policies. This, inter alia, may assist in positioning southern Africa as

a globally competitive sugar-producing region.

The primary aim of this paper was to provide qualified descriptions of proximate and
ultimate drivers and outline the potential water resource impacts resulting from sugarcane
cultivation in three specific catchments across southern Africa. The results of the frequency
analysis of the current literature to assess trends in proximate and ultimate drivers, provided
a strong indication of the actual drivers of sugarcane production in this region. From a
complement of 87 case studies, it became apparent that for all three catchments, ultimate
drivers such as foreign direct investment and increased sugar demand, owing to their
intrinsic human dimension, assume a far greater role in influencing the expansion and
intensification of sugarcane production in this region. This fact notwithstanding, proximate
drivers such as land use change, which are often closely related to ultimate drivers, are more
relevant with regard to impacts to water resources. This is because proximate drivers involve
the direct alteration of the landscape which, by extension, changes hydrological processes

and fluxes thus changing water resource responses.

The interactions between the various themes of drivers (AGEX, TECH, POL and ECD) was
shown to display different strengths of the causal relationships at local and regional scales
(Figure 3.7). As spatial scales change, the degree to which various drivers interact changes.
This is a consequence of the evolution of connectivity patterns and cross-scale interactions,
demonstrating the importance of ultimate drivers in determining LUC patterns. The

decisions made at the local catchment scale can ultimately affect the regional dynamics of
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sugarcane production. An example of this is the SUSFARMS initiative in the Mngeni
Catchment. This initiative is designed to encourage sustainable sugarcane production by
implementing industry-wide Best Management Practices. Owing to the success of this
initiative, the Mngeni Catchment is arguably the most competitive and dominant sugar
producing catchment when compared to both the Kilombero and the Ubombo Catchments.
This is despite the enormous difficulties related to labour, policy and water resources
management prevalent in this catchment. The following key lessons were drawn from this

exercise:

e Sugarcane production in southern Africa is primarily driven by economic, political
and demographic factors that directly prompt land expansion under sugarcane.

e Proximate drivers are important to consider as they directly impact the region's water
resources by driving land use changes.

e The relative influence of ultimate and proximate drivers, changes as spatial scales
change and this is determined by the political and socio-economic dynamics within
each catchment.

e The risks posed by climate variability and change are well-recognized in the region
and are, fortunately, increasingly being incorporated into policy and decision-

making.

The use of sugarcane production scenarios to estimate water use indicated the potential water
resources impacts that could occur should the various scenarios become a reality. The low
and medium production scenarios were considered to provide the most realistic and probable
indication of the potential water use of sugarcane in the three catchments over the next six
years. The water use estimates in the high production scenario (>50% wu increase) were
considered to be unrealistic in light of the current water resources limitations already being
observed across the three catchments. The apparently linear correlation between sugarcane
yield and sugarcane water use (Figure 3.8) may be true only to a certain degree. It is perhaps
more likely that sugarcane water use will increase marginally and not necessarily maintain
pace with yield increases owing to improvements in crop breeding, agronomic management
and technological advancements. Although this study developed estimates of water use
based on actual and projected sugarcane yields, the use of the same methodology to estimate

future water use is subject to some limitations. The most obvious of these is that modelling
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future hydrological responses requires long term historical data which can be used to verify

and validate the veracity of models and thus provide more realistic projections of water use.
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Highlights

e The research assesses the vulnerability of sugarcane production to climatic extremes
through analysis of yield declines, and by performing a yield gap analysis.

e Using a combination of the AquaCrop crop model and observed growing cycle
yields, maximum potential yields and yield gaps were simulated based on observed
climate and yield data spanning 25 years.

e Yield gaps remain high across all mill areas, and sugarcane production remains
vulnerable to climatic extremes.

e Access to water resources will be increasingly stressed under climate change, and
sugarcane production will be under increased pressure to maintain and/or increase
yields.

e [t is critical that outgrowers and commercial growers increase technology transfer
amongst themselves, adopt innovative and proactive agronomic management

approaches and adopt drought-resistant, high-yielding cane varieties.

Graphical Abstract

The following graphical abstract summarises the research content of this article.
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Sugarcane production is highly valnerable to climatic
extremes in southern Africa and yield gaps are increasing.

Use the AquaCrop model and a yield trend analysis to assess the
drivers of yield gaps and sugarcane vulnerability to climatic
extremes.

**Image of examples of practical AquaCrop applications sourced from Vanuytrecht et al.,

(2014). All other images were produced by the authors.
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Abstract

Sugarcane yields have steadily declined across southern Africa for the past 25 years and, despite
research into the causes, there has been limited progress in addressing these trends. This study
developed a methodology of assessing yield declines and performed a yield gap analysis to assess
and develop recommendations to assist in combating yield declines and offering potential
safeguards for the sugarcane industry against climatic extremes. Mill areas from South Africa,
eSwatini, Malawi and Tanzania were selected, providing a diversity of regional hydroclimatic
conditions and sugarcane agronomic management approaches. Using the AquaCrop crop model,
maximum potential yields and yield gaps were simulated based on observed climate and yield
data spanning 25 years. Results show that yields are declining for the mill areas in South Africa,
Malawi and Tanzania, resulting in increased yield gaps, whilst yields are stagnant in eSwatini
resulting in relatively fixed yield gaps. Yield gaps remained high across all six mill areas,
suggesting that they remain vulnerable and exposed to climatic extremes. Modelling results
suggest that these yield trends, including yield gaps, are primarily attributed to existing crop
management approaches as opposed to the climatic regimes in these areas. Recommendations
include several solutions that could result in an immediate response and reduce yield gaps while
increasing harvestable yields. Such measures include increasing technology transfer and
agronomic management education to small-scale outgrowers, adopting drought-resistant, high-
yielding sugarcane varieties, contouring and mulching, improving soil structural properties and
minimising in-field traffic. The study concludes that if sugarcane growers are to withstand the
effects of extreme climatic events, they have to consider shifting crop management approaches

and be proactively included in related research.

Keywords: Yield Decline, Yield Gaps, Sugarcane Production, AquaCrop, Southern Africa,
Water Deficit, Crop Management.
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Introduction

The strategic importance of commercial sugarcane production as one of the primary sources of
food, fodder and energy in southern Africa cannot be overstated. Sugarcane is an important
commodity crop that not only supports millions of livelihoods (Deressa et al., 2005; Hess et al.,
2016; German et al., 2020), but also constitutes a significant proportion of the biofuels industry
(Jewitt & Kunz, 2011; Hiloidhari et al., 2021) which, if widely adopted, could contribute to the
reduction of greenhouse gas emissions across the region (Oosterveer & Mol, 2010; de Fatima
Rodrigues de Souza et al., 2018). Further, according to the World Bank, the commercial sugar
industry in the SADC region generates an estimated average indirect income of over $7.15 billion
per year (World Bank, 2019; Mudombi et al., 2021). Considering the importance of sugarcane
production as a primary source of income for thousands of growers in this region, it is important
to gain a more thorough insight into the factors which affect yields-particularly over the past 25

years which has witnessed a worrying decline (Dlamini, 2021).

In addition to its contribution to the economies of the region, the sugarcane industry assumes a
vital role in education and training (Ngcobo & Jewitt, 2017), agronomic research (Richardson,
2009; Zulu et al., 2019), science and technology and in ensuring environmental sustainability
(Sulle & Dancer, 2020). The strategic importance of this industry is reflected in the typical
southern African sugarcane value chain, which spans a myriad of major industries including,
inter alia, research, small and large-scale farms, mill-owned estates, mills and refineries, export
markets and consumers (Figure 4.1) (Koo et al., 2020). Despite the importance of this crop in
the SADC region, it remains exposed and vulnerable to the effects of climatic extremes
engendered by climate change (Knox et al., 2010a; Jones et al., 2015b). This exposure is already
undermining yields by increasing water deficits (Jones et al., 2019; Dias & Sentelhas, 2021), and
by forcing changes in crop management which can threaten the long-term sustainability of the

sugar industry in the region (Biggs et al., 2013).

Sugarcane is a perennial Cs4 carbon-fixing perennial plant that is grown across a variety of
hydroclimatic zones in southern Africa (Carr & Knox, 2011). It is usually cultivated over a period
of 18 to 24 months and during this period, access to adequate water resources (i.e. rainfall and/or
irrigation), temperature (i.e. heat units), and nutrients are crucial in determining sugarcane yield
and quality (Bezuidenhout & Singels, 2007; Stokes et al., 2016). Typically, sugarcane requires

an average of 1 800 mm.annum™' of rainfall for a full canopy crop that, in this region, must often
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be supplemented with irrigation and requires an ‘optimum’ temperature range between 32° and
38°C for successful germination, growth and senescence (Inman-Bamber et al., 2008; Singels et
al., 2019). Continuous access to nutrients and the absence of pests and disease are primary factors
that limit the successful cultivation of sugarcane (Gasparatos et al., 2021), which has specific and
narrow growing and management conditions that have to be met if sufficient yields are to be
achieved. It is, however, becoming increasingly difficult to meet these conditions owing to

competitive land-use change, pests, changes to climatic regimes and increases in illegal sugar

imports from poorly regulated foreign markets (Chinsinga, 2017; Fundira & Henley, 2017).

[E=7

/ Input Suppliers /

Export Sugar Market /
/ Local Sugar
/ Market
/ Direct Sector /

Downstream
Industrial
Sector

Figure 4.1 A typical southern African sugarcane production value chain (Modified from:

(Booysen et al., 2017 ; Harvest-Choice, 2019).

An estimated 785 000 Ha is under sugarcane across southern Africa (Harvest-Choice, 2019), and
although sugarcane growth by area has been stagnant in the region, water use has been steadily
increasing to meet the increasing water deficits caused, in part, by increases in temperature, total
evaporation and increased competition for access to water resources (Carr & Knox, 2011;
Watson, 2011). As a consequence of these increases in water deficits, yields in the countries have
correspondingly declined over the past 25 years (Jones et al., 2015; SADC Sugar Digest, 2019).
There is considerable debate regarding these declines in yields, with some scholars suggesting
water deficits as the main cause (Inman-Bamber et al., 2016), while others cite sub-optimum crop
management driven by intensive monocropping (Olivier & Singels, 2015; Dias & Sentelhas,

2021) or suggesting a combination of nutrient management, variety selection and soil health
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(Singels et al., 2021). It is, thus, necessary to understand the actual causes of the recent declines
in sugarcane yields to arrest these concerning trends. The yield gap (YG) analysis suggested in
this study provides a methodology for assessing and identifying the main factors affecting crop

yields and offers a potential tool for developing mitigation options.

At this point, it is important to note that, globally, there is a substantial body of work dedicated
to the investigation of sugarcane yield declines and yield gaps (Carrer et al., 2022; Dias &
Sentelhas, 2018a; Marin et al., 2019; Raut & Bhagat, 2021; Yang et al., 2022). However, there
remains a dearth of similar studies in southern Africa. This is of concern since the sugar industry
in the region is considered to be vulnerable not only to the impacts of climate change (Knox et
al., 2010a) but also to management-related factors that are currently transforming the global sugar
industry (Oliveira et al., 2022). If growers in this region are to remain internationally competitive
and for livelihoods to be protected, it is key that the current yield gaps and yield declines are

addressed.

As mentioned previously, climate change represents a significant threat to the productivity and
the sustainability of the sugarcane industry across southern Africa (Knox et al., 2010a; Hennessy
et al., 2022). By altering rainfall and temperature regimes, climatic changes projected for this
region (IPCC, 2022) have the potential to significantly undercut yields and, as demonstrated by
the drought of 2014-2017, devastate livelihoods (Bahta, 2022). It is, thus, important to study the
impacts of climatic extremes on sugarcane yields and offer potential adaptation measures that
can assist in buffering the impacts of climate change on the sector. A yield gap (YG) analysis
offers a methodology of identifying the main factors affecting sugarcane yields (Dias &
Sentelhas, 2018b; Zu et al., 2018; Christina et al., 2021; Gasparotto et al., 2022), and can be a
useful tool for assessing the exposure of sugarcane to extreme climatic conditions, both present

and future, and allows the determination of mitigation options.

Advances in technology resulting in the development of improved crop varieties and increasingly
efficient irrigation techniques (Olivier & Singels, 2015; Adetoro et al., 2020), combined with
climatic conditions conducive to sugarcane production over the past 25 years (Jones et al., 2019),
would intuitively suggest increases in yields however, as this study will show, this has not been
the case. Indeed, a hydroclimatic environment ideal for sugarcane production is simultaneously
ideal for the proliferation of pests and diseases such the Eldana saccharina stalk borer (Dubb,

2015) and Sporisorium scitamineum or sugarcane smut (Devnarain et al., 2010; Potgieter et al.,
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2013; Cockburn et al., 2014). In South Africa, for instance, yield declines are often a direct result
of the effects of the Eldana stalk borer, increasingly forcing growers to forgo sugarcane
production in favour of other equally high-value crops that are immune to the effects of this pest
(Tweddle et al., 2021). Growers in eSwatini are almost entirely reliant on irrigation, and the
increase in the frequency of droughts over the past 20 years has resulted in significant declines
in yields (Mhlanga et al., 2006; Knox et al., 2010b). In Tanzania, increased competition for land
as a resource, has led to stagnant yields, particularly for small-scale growers which constitute a
substantial proportion of sugarcane production in this country (Watson, 2011). Finally, in
Malawi, government involvement in the sugar industry has led to yield declines by prioritising
access to water resources for tea growers at the expense of sugarcane growers (Chinsinga, 2017;
Kasambala Donga & Eklo, 2018; Adams et al., 2019). It is clear, therefore, that no single factor
is the cause of these trends, and that each catchment or growing region requires site-specific
diagnoses to address yield gaps and yield declines. This study, therefore, aimed to i) offer a
methodology of quantifying yield declines and yield gaps as a result of climatic extremes and

management interventions, and ii1) offer recommendations to arrest these trends.

Study Sites

The Yield Gap (YG) analysis was conducted at the mill area level across six catchments located
in four countries, using hydrological, climatic and sugarcane production data spanning 25 years
(1994 - 2019). These catchments are the Mvoti, Umlaas and Mngeni Catchments in South Africa,
the Ubombo Catchment in Swaziland, the Shire Catchment in Malawi and the Kilombero
Catchment in Tanzania. Their six resident mill areas (Figure 4.2) and catchment information are
summarised (Table 4.1). The sites were selected owing to their varied hydroclimatic conditions,
relatively high sugarcane production levels, distinctive management approaches, access to long-
term climate and production data and for their strategic economic importance in their catchments
and countries (Table 4.1). Each mill area was represented by a set of observed climatic,
hydrological and production data that were used as input into the AquaCrop model to simulate
maximum potential yields. The differences between observed average growing cycle yields (Ya),
simulated maximum potential yields (Yp) and water-limited yields (Yw) represent the yield gaps
(YG) for each mill (see Figure 4.3). The yields gaps were used to isolate the effects of water
deficits and agronomic management from those of climatic extremes (Dias & Sentelhas, 2018b;

Jones et al., 2015a; van den Berg & Singels, 2013; Zu et al., 2018)
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Methods

4.3.1 Introduction

Yield gaps can be determined from field experiments, average annual yields as reported by mills
or through crop simulation models. This study used a combination of the AquaCrop crop
simulation model and average annual yields reported by primary and secondary sources to
determine yield gaps (SA Canegrowers Association, 2018; Swaziland Sugar Association, 2018;
Kasinthula Canegrowers Association, 2015; Illovo Sugar Africa, 2018; Illovo Malawi, 2018;
Rabobank International, 2013; The Sugar Engineers, 2018). The justification for this approach
rests on the fact that crop simulation models such as DSSAT/CANEGRO (Jones & Singels,
2018), APSIM-Sugarcane (Keating et al., 2003), and AquaCrop (Steduto et al., 2009; Raes et al.,
2009; Raes et al.,, 2012; Vanuytrecht et al., 2014), have shown good performance when
simulating sugarcane yields in the selected study catchments (van den Berg & Singels, 2013).
Further, reliable data related to average annual yields can be difficult to obtain and verify
independently for some of these catchments. It was thus considered imperative to consider both

observed and simulated yields to determine yield gaps.

It is important to re-iterate that sugarcane is grown under a combination of rainfed and irrigated
systems in these catchments (Table 4.1). This has significant implications for yields and yields
gaps. Sugarcane yields have been declining across all four catchments under study over the past
25 years under all growing conditions and management approaches. The challenge, however,
remains identifying the cause of this decline. According to Jones & Singels (2018) and Dias &
Sentelhas (2018b), crop simulation models provide the optimum chance of understanding current
and future sugarcane production trends, and in separating the effects of climate change from
those of management to understand yield gaps and define the causes of the recent declines in

yields.
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Figure 4.2  Mill locations within individual catchments and the spatial extent of the area under sugarcane across the region (Harvest-Choice,
2019). Clockwise from top-left: a) the Ubombo Catchment in Swaziland, b) The approximate spatial distribution of sugarcane
production areas across southern African based on modelled data (Harvest-Choice, 2019), ¢) the Kilombero Catchment in Tanzania.

d) the Shire Catchment in Malawi and e) the Mvoti, Umlaas and Mngeni Catchments in South Africa.
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Table 4.1 Information on sugarcane mills and parent catchments (Sources: SA Canegrowers Association, 2018; Swaziland Sugar Association,

2018; Kasinthula Canegrowers Association, 2015; Illovo Sugar Africa, 2018; Illovo Malawi, 2018; The Sugar Engineers, 2018).

Observed Long-Term Growing Cycle
Area Under
Production Annual Average Yield Length
Mill Catchment MAP (mm/annum) Sugarcane Agronomy
System (Ha) Output (t/ha) (Months)
a
(t/annum)
Umlaas Irrigated
Eston 833 : 36 728 1 124 488 76 24
(SA) and Rainfed :
Advanced in-
Mngeni L
Noodsberg (SA) 787 Rainfed 29917 1326214 62 field, irrigation 24
and processing
Union
Mvoti technologies
Cooperative (SA) 892 Rainfed 18 433 712 257 63 24
Limited (UCL)
Drought
resistant N41
Big Bend Ubombo (SWA) 659 Irrigated 10 987 1303 750 56 12
and N26
varieties
Irrigated
Nchalo Shire (MAL) 814 19 520 1 680 000 72 Ratooning 12
and Rainfed
Kilombero SugarKilombero Irrigated
1223 21 800 1200 000 113 Ratooning 12
Company (KSCL) (TNZ) and Rainfed
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4.3.2 Yield Gap Analysis

Conducting a YG analysis requires information related to the following yield types: potential
yield (Yp), potential water-limited yield (Yw) and observed long-term yield (Ya) per
growing cycle (Fischer, 2015; Jones & Singels, 2018) (Figure 4.3). A growing cycle is the
length in days the crop requires to reach senescence and maturity. Each of the

aforementioned yield types assessed in this research are described below:

1. Potential yield (Yp in t. ha!) is the yield that would be achieved provided that there
are no agronomic or management limitations to crop growth. This is the optimum
yield that can be attained provided the crop is not affected by, inter alia, access to
water, nutrients, sunshine and is grown under optimum management.

2. Potential water-limited yield (Yw in t. ha') is the yield that would be achieved
provided the crop is not affected by access to water from rainfall, irrigation and soil
moisture.

3. Observed yield (Ya in t. ha!) is the actual growing cycle and is reported as an

accumulated annual value by the individual mills.

Figure 4.3 A conceptual framework describing the yield gap analysis and its components

(Modified from: Dias & Sentelhas, 2018b).
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The difference between Yp and Yw results in the YG caused by water deficit or YGwb,

while the difference between Yw and Ya results in the YG caused by crop management or
YGcwm (Figure 4.3). The sum of YGwp and YGcewm yields the total yield gap or YGr. This
study was concerned with assessing YGwp, YGcewm and YGr . For purposes of this study, the
YG analysis was conducted for all mill areas for a period of 25 years ranging from 1994 to
2019 (Table 4.2). These analyses were performed only for years where observed yields (Ya)
and long-term climatic and crop management data were available. In instances where one or
more of these datasets were missing, an assumption was made that yields resembled the
average yields reported in the year either preceding or succeeding the ‘missing’ growing
cycle. Years with a significant proportion of missing climatic data were omitted from the
exercise, as any simulation results could not be accurately or reliably reconciled with the
reported Ya. The KSCL and Nchalo mills, were missing nine and eight years of Ya records,
respectively (Table 4.2). This limitation was recorded in the modelling study and considered
in the interpretation of the results. Regardless, several authors (e.g., Bezuidenhout and
Singels, 2007; van Ittersum et al., 2013; Fischer ef al., 2015) recommend a minimum of 15
years of Ya and climate data for low-yielding areas, and at least 5 years for high-yielding
areas for performing a YG study. In this study, the average Ya data spanned an average of
19 years, while the climate data averaged 15 years. The majority of the mill areas were
considered to be high-yielding and met the minimum of 15 years of data to permit the YG

analysis.

To calculate the YGTt, YGwp and YGcm were simulated for individual mill areas using the
AquaCrop model. The exception to this approach were the UCL and Noodsberg mill areas
in South Africa which, being within a 12km radius of each other, tend to operate and report
yields as a single mill depending on seasonal conditions (seasonal production rates,
availability of labour, pest outbreaks, fuel prices etc.), and on where individual growers
choose to send their harvests in any given growing cycle. Thus, yields for all mill areas were
simulated based on their own unique climate conditions, management approach, length of

the growing cycle, area under sugarcane, irrigation status and planting density.
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4.3.3 Input Data Acquisition and Processing

Observed average annual yield (Ya) data were obtained from FAOSTAT (2019), the South
African Canegrowers Association (SACGA) yearbooks, the South African Sugarcane
Research Institute (SASRI), the UCL Company, the Swaziland Sugar Association,
Kasinthula Canegrowers Association, Illovo Sugar Africa, Illovo Malawi, the University of
KwaZulu-Natal, Harvest-Choice and the Kilombero Sugar Company (KSCL) (Table 4.2).
South Africa (1994-2019) and eSwatini (1996-2019) had the longest observed yield records.
The bulk of observed sugarcane yield data from Malawi and Tanzania was estimated from
the total annual output and area under sugarcane as reported by the mills, as there were either
no known or reliable records prior to 2000. A limitation with datasets from Malawi and
Tanzania was the lack of independent verification; therefore, it was necessary to back-
calculate the Ya from available area and mill crush/production data to create a synthetic yield
record from secondary sources. Ultimately, these estimated yields prior to 2000 were

excluded from the YG exercises, as there was no reliable method of validation.

Where necessary, the records were checked for errors using data profiling, identifying
outliers, double-mass plots, and by using the ACRU-based Time Series Analysis (Schulze,
1995) tool to identify and correct errors. Following the quality control exercises, the records
were robust enough for use in the crop yield modelling exercise. Missing daily climate data
were infilled using data from weather stations closest to the mills and from other additional
sources (Table 4.2). Some missing parameter values that could not be infilled, quality
controlled or sourced from veritable sources were defaulted to the standard as per the
AquaCrop model guidelines. These default values can be changed in the model as and when
data becomes available. The AquaCrop model was used to generate ETo data from observed
temperature records using the ETo calculator embedded within the model which is based on
the FAO Penman-Monteith equation (Allen et al., 2006). The primary limitation of this
approach was related to scale. Climate data from mills are only representative of the mills
themselves, and not the entire mill area. Therefore, an assumption was made that climate
data from mill areas are representative of so-called ‘homogeneous climate zones’ that span
the mill area (Bezuidenhout & Singels, 2007). The results were a continuous set of daily and

monthly climate records ranging from 1994 to 2019 for each mill area.
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Table 4.2 Years excluded from the YG analysis including reasons for exclusion and actual data sources for rainfall, temperature and total evaporation (Sources: University of KwaZulu-Natal Centre for Water Resources Research;
SASRI WeatherWeb; NASA/POWER Climate Portal; World Bank Climate Change Knowledge Portal; University of Cape Town Climate System Analysis Group; Texas A&M University International Laboratory for High-
Resolution Earth System Prediction; NASA Global Precipitation Measurement).

Number  Years Excluded Reason(s) Data Sources
Mill Catchment Period
of Years from Analysis for Exclusion
Mngeni
Noodsberg 1994-2019 25 - -

(SA)

1996-2019 1994 and 1995

Big Bend Ubombo (SWA) Ya data reliability

Kilombero Sugar Company (KSCL) Kilombero (TNZ) 2000-2019 19 1994 and 1999 Climate and Ya data reliability
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http://cwrr.ukzn.ac.za/resources
https://sasri.sasa.org.za/weatherweb_legacy/
https://sasri.sasa.org.za/rtwd/458/index.html
https://power.larc.nasa.gov/data-access-viewer/
https://climateknowledgeportal.worldbank.org/download-data
https://www.csag.uct.ac.za/climate-services/cip/
https://cip.csag.uct.ac.za/webclient2/app/
https://texasclimate.tamu.edu/research/data/index.html
https://ihesp.github.io/archive/products/ds_archive/Datasets.html#regional-datasets
https://gpm.nasa.gov/data

The remaining datasets, including soils and management data, were based on Best Management
Practices for sugarcane production as suggested by researchers (e.g. Baez-Gonzalez et al., 2017;
Singels, Donaldson, et al., 2005; Marin et al., 2019) and the USDA and the FAO-AGRIS

databases.

4.3.4 Model Description

Developed by the Food and Agriculture Organization of the United Nations, AquaCrop is a
crop growth model that simulates maximum potential yields as a function of total evaporation
(Steduto et al., 2009; Raes et al., 2009; Raes et al., 2012; UN-FAO, 2018). It is a water-driven
daily and monthly-time step, climate-driven crop simulation model (Steduto et al., 2009; UN-
FAOQO, 2018) (Figure 4.4). The model simulates crop, soil, and available water interactions under
different management practices (Ahmadi et al., 2022, 2022; Wellens et al., 2022), and predicts
sugarcane growth, phenology, water management, potential and actual yield under various
climatic regimes (Alvar-Beltran et al., 2021). The model was selected due to its relative ease of
use, accuracy, robustness and demonstrated reliability in simulating sugarcane yields (Rahimi
Jamnani et al., 2022). The model has a relatively simple conceptual structure and requires few
input parameters (Kelly & Foster, 2021). AquaCrop simulates four major parameters which
govern crop yields: total evaporation, daily crop transpiration, crop water productivity and
above-ground biomass (Alvar-Beltran et al., 2021). The product of above-ground biomass and
the harvest index (HI) resulted in potential yield (Yp) for sugarcane assuming no climatic,
agronomic or water-related limitations. The model was run in calendar days spanning the length
of the growing cycle in the mill areas as opposed to growing degree days which only consider
heat units required by the crop to reach senescence. The AquaCrop model uses local climate
data to simulate daily crop growth and development and simulates crop responses to water stress
using four coefficients, viz, canopy expansion, stomatal control, canopy senescence and harvest
index (Table 4.3). Depending on the degree, duration and timing of water stress, the harvest
index can be adjusted to improve biomass simulations and ultimately, yields. Owing to its
relative simplicity, the AquaCrop model has been applied by hydrologists, environmental
engineers, agricultural extension officers, governments and NGOs for a range of applications,
including irrigation planning, climate change impact studies, crop yield projections, YG
analyses and in water use efficiency assessments ( Babel et al., 2018; Zu et al., 2018; Silva et

al., 2017a; Rosa et al., 2019; Hadebe et al., 2020; Mubvuma et al., 2021).
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Figure 4.4  The AquaCrop calculation scheme indicating the various processes (indicated
by the dotted lines) that are directly affected by water stress (Steduto et al., 2009;
Raes et al., 2009; Raes et al., 2012; UN-FAO, 2018).

The model has been calibrated and verified in a number of studies conducted in Brazil for
soybean and wheat (Silva et al., 2017a; Rosa et al., 2019), southern China for sugarcane (Zu et
al., 2018), India for sugarcane (M. Babel et al., 2018) and in South Africa for sorghum and
sugarcane (Hadebe et al., 2020; Mubvuma et al., 2021). In these geographically diverse studies,
the model provided a sufficient level of accuracy to allow confidence in its use in predicting
sugarcane yields under varied climatic conditions and agronomic management regimes.
Crucially, the model is able to simulate the effects of irrigation on crop growth using its net
irrigation, irrigation scheduling and deficit irrigation modules (Silva et al., 2017a; Singels et
al., 2019). This ensures that a clear distinction can be made between yields obtained from

rainfed, irrigated and mills which use a combination of both approaches.
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4.3.5 Model Inputs

The AquaCrop model (version 6.1 released in 2018) was set up for individual mill areas and
simulations were performed iteratively for 25 years between 1994 and 2019. AquaCrop is a
water-driven model that requires observed or derived climate, crop, field and irrigation
management and soils data to simulate above-ground biomass and, ultimately, yields. In the
case of this study, simulated yields were represented by Yp, Yw and YGwp and YGcm. This
section describes the modules within the AquaCrop model, file setup and the procedures which

were followed to simulate sugarcane yields (Figure 4.5).

4.3.6 Conservative and Non-Conservative Parameters

The AquaCrop model uses both conservative and non-conservative parameters to simulate crop
yields. Conservative parameters are not affected by location, crop and soil management, time
and field management and, thus, were kept constant throughout the simulations. These
conservative parameters primarily are coefficients which govern inter alia, canopy cover,
canopy growth and development, flowering and yields, root deepening, soil water depletion,
flowering and stomatal opening and closure, aeration stress, salinity and fertility, crop
coefficients for total evaporation and atmospheric CO; concentration. Since these simulations
were concerned with only the sugarcane crop, these conservative coefficients were fixed for all
mill areas and throughout the simulation periods. Additional conservative parameters which
remained constant for all mill areas under study included soil water retention, hydraulic
conductivity, stoniness and penetrability characteristics and soil type. It is important to note that
these parameters can be adjusted as and when required to improve simulations; however, this
was kept to a minimum. All remaining parameters were non-conservative (i.e., parameters that
require adjustment for individual mill areas), and these are described in the following section

and summarised in Table 4.3.

4.3.7 AquaCrop File Setup and Simulation Procedures

Since this study was conducted at mill area level and not at the scale of individual sugarcane
estates or outgrower farms, the input files used observed data that best represented the mill area
in question. It would have been impractical to use input data from each sugarcane estate as this

would beyond the scale objectives of the study and the data it would not be possible to
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independently verify or quality control the data. Therefore, average observed data from each
mill area was used as input. The actual input and menu files have been made available in

Appendix A.

The AquaCrop model requires daily observed rainfall, minimum and maximum temperature,
ETo and atmospheric CO> concentration as inputs. The climate (CLI) module was set up for
individual mill areas with the exception of the Noodsberg and UCL mills, which (as mentioned
previously) were treated as a single mill owing to their proclivity to operate as one mill. The
Eston, Noodberg and UCL mills in South Africa used observed climate data from various
sources which are summarised in Table 4.2. Similarly, the Big Bend, Nchalo and KSCL mill
areas also used observed climate data collected from various sources and a single climate file
was created using data from these sources. While observed ETo was not consistently available
for all mill areas apart for limited periods from South Africa and eSwatini, it was estimated
using the ETo calculator embedded within the model for all mill areas. Default mean annual
atmospheric CO; concentrations measured from Manua Loa Observatory were used as input
and were not adjusted in the modelling exercise. The actual CLI files used as input in the model

for individual mill areas have been included in Appendix A, Table 4A.1.

Due to the scale at which the study was conducted i.e., mill area level, observed soils data (SOL)
at mill area level was not directly available due to the variation in soil types across individual
sugarcane production estates and outgrowers. However, soils data such as saturated hydraulic
conductivity, volumetric water content, field capacity, permanent wilting points and data on
soil horizons were based on indicative values provided by AquaCrop and from locally
determined and published data (e.g. Allen et al., 1998; Singels et al., 2003; Steduto et al., 2009;
Raes et al., 2009; Raes et al., 2012; UN-FAO, 2018). The soils module was thus set up using
both published and locally derived data already embedded as default within the model. The
non-conservative parameters were kept constant for the duration of the simulation periods. The

SOL files used as input are included in the Appendix, Table 4A.1.

Since the study was conducted at mill area level, default non-location specific but sugarcane-
specific crop (CRO), field management (MAN) and irrigation management (IRR) values were
used as input to initialize the module. The non-conservative parameters within these modules,
1.e., CRO, MAN and IRR, were subsequently fine-tuned to best reflect the management

philosophies of sugarcane production as observed within the mill areas. Specifically, the
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modules were adjusted to reflect as closely as possible the current approaches of sugarcane
production in South Africa, eSwatini, Malawi and Tanzania. Each mill area has its own
philosophy regarding cultivar types, field management (ratooning vs. direct sowing) and
production systems (irrigation vs. rainfed). The parameters were, therefore, adjusted within
AquaCrop to reflect as far as possible the current methodologies being adopted within mill areas
to maximize sugarcane yields. The actual CRO, MAN, IRR files including the actual input
values are detailed in the Appendix, Table 4A.1.

Once input files were correctly formatted, the data quality controlled and reliable records of

sufficient length established for each mill area, they were used as input into the model.

Table 4.3 Non-conservative parameters adjusted in the AquaCrop to simulate yields*.

Parameter Unit

Crop Water Productivity (WP) g. m?

Rainfall (RFL) mm
Temperature (TMP) oc

ETo mm.day!
Plant Density plants. ha'!
Soil water depletion coefficient Dimensionless
Leaf growth stress coefficient Dimensionless
Stomata stress coefficient Dimensionless
Days from sowing to senescence and harvesting Days

Harvest Index Dimensionless
Water stress coefficient Dimensionless
Irrigation Management Return to Field Capacity

*Appendix A includes the actual values used in the crop files as input in the model.

The model was run with the assumption that a full set of crop development and production
parameters was available. In reality, some of these parameters had to be estimated from
observed records as obtained from agronomy annual reports published annually by individual

mills. The model was run in calendar days spanning the length of the growing cycle, as opposed
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to growing degree days, which only consider heat units required by the crop to reach
senescence. The sowing dates were based on actual dates as reported by individual mills
assuming direct sowing as the preferred planting method. Since this was the planting method
selected, canopy cover was assumed to be initially small, progressively increasing until

maximum canopy cover was reached.

Plant densities varied between mill areas with each mill area averaging 350 000 plants per
hectare based on interrow spacings of 1.00m and plant spacings of 0.05m (Mubvuma et al.,
2021; Singels, Donaldson, et al., 2005). Plant density estimates are a crucial component that
directly influence overall above-ground biomass and thus yields, and these estimates were
based on planting and seeding densities recommended by SASRI (2018), the UN-FAO (2018)
and Singels (2003). In some instances, plant densities had to be adjusted according to the
prevailing seasonal conditions. For instance, during droughts, the number of plants per hectare

was reduced to offset the effects of water stress on overall yields.

Days to reach emergence, maximum canopy cover, senescence and maturity were determined
based on calendar days and growing cycle for each mill area. For instance, the Ubombo mill
area adopts a 12-month growing cycle, with days to senescence and maturity of 105 and 127
days, respectively. The South African mill areas follow a 24-month growing cycle with days to
senescence and maturity of 582 and 604 days, respectively. The days to senescence, maturity
and harvest are important as they, together with plant densities, directly influence the harvest
index and overall yields generated by the AquaCrop model. Accepting that sugarcane is
extremely sensitive to water stress, it was specified in the model that the crop is extremely
sensitive to soil water stress, air temperature or ETo stress, soil salinity and fertility stress. Non-

conservative coefficients related to ETo, crop water productivity and HI were kept constant.

Field management parameters were adjusted according to the soil surface and water
management approaches adopted at each mill area. For instance, the Eston mill area adopts a
hybrid of irrigation and rainfed regimes. In this instance, the net irrigation requirement option
was invoked in AquaCrop. This option ensures that at no point does the crop experience water
stress, as the allowable root zone depletion is set at a maximum of 50% of the readily available
water (RAW). It was assumed that once RAW reached 50%, irrigation would be activated to

return the soil profile to field capacity.

106



The irrigation option was not invoked for mill areas that are exclusively rainfed such as the
Noodsberg and UCL mills. The Ubombo mill area is exclusively irrigated and the irrigation
option was invoked assuming surface irrigation with an allowable RAW depletion of 10% to
return the soil profile to field capacity. Field management parameters such as soil fertility,
mulching, runoff reduction practices and weed management were assumed to be non-limiting
such that sugarcane in each mill area was produced under the best possible management
practices. Once all the modules were compiled, the model was run on a growing cycle basis for
24 years and for all six mill areas. As mentioned before, the actual input values including the
full set of menu files for non-conservative parameters for all mill areas are indicated in the

Appendix, Table 4A.1.

It is crucial to note that each mill area was simulated individually, and the actual data files used
as input into AquaCrop are summarised in Table 4A.1. This table also presents, in full, the
actual non-conservative parameters used for each mill area to generate the results presented in

this study.

4.3.8 Yield Estimation

The AquaCrop model simulates maximum potential yields (Yp) as a function of total
evaporation (ETo). The model translates ETo into above-ground biomass (B) using
conservative and non-conservative crop parameters, crop water productivity (WP) and daily

crop transpiration (Tr) using Equation 4.1:

B =WP xz; (%) (Eq. 4.1)

where:

B is the above-ground biomass (t.ha™'), Ty is the daily crop transpiration (mm.day™'), ETo is the
daily total evaporation (mm.day™!), and WP is the crop water productivity normalized for daily
total evaporation or atmospheric evaporative demand (ETo). WP is normalized for the local
climate (i.e. ETo) and is nearly constant for a crop provided no limitations related to water and
soil nutrients are present. The normalization for the local climate is calculated from the quotient
of T: and ETo. The model estimates maximum potential yields from the product of above-

ground biomass and the harvest index using Equation 4.2:
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Yp=HIxB (Eq. 4.2)

where:

Yp is the potential yield (t.ha™) that would be achieved provided that there are no agronomic
or management limitations to crop growth, HI is the harvest index which is the fraction of
biomass that is harvestable product and B is the above-ground biomass (t.ha'). The harvest
index is influenced by the degree of water stress a crop is subjected to throughout the growing
cycle and can vary from cycle to cycle. Potential water-limited yield (Yw) is the yield that
would be achieved provided the crop is not affected by access to water from rainfall, irrigation
and soil moisture. Yw was simulated by specifying no water stress, regardless of prevailing
rainfall and irrigation conditions. YGwp and YGcwm were not simulated directly in the model.
YGwp was calculated as the difference between Yp and Y (i.e. Yp — Yw) and YGcm was

calculated from the difference between Yw and Ya (i.e. Yw — Ya).

4.3.9 Model Validation and Verification

To ensure that the AquaCrop model adequately represented the observed (i.e. historical) yields
as reported by individual mills, verification studies were performed over a 15-year period
ranging from 2004 to 2019. This period was selected as it covers the most complete and easily
verifiable sugarcane records for the selected mill areas in the catchments. Model simulations
were verified against observed sugarcane yield data from the three South African mill areas and
the Ubombo mill area in eSwatini, and results from these exercises indicated that the model

was closely representing reported observed yields.

Mill areas in South Africa and in the Ubombo catchment were considered in the verification
exercise, as they have sufficiently long observed climate data and sugarcane yield records to
permit an appropriate verification study. The model was verified for rainfed and irrigated
conditions assuming 24-month growth cycles at the mill areas of concern. Results from those
exercises (Figure 4.5 and Figure 4.6), show that the model was able to consistently reproduce
sugarcane yields satisfactorily across the verification period. To account for the 24-month
growing cycle, observed (Ya), simulated (Yp) yields and total yield gaps (YGr) are as two-year
moving averages for the verification period. Comparisons between observed and simulated
sugarcane yields for the South African and Ubombo catchments respectively indicated strong
statistical correlations in terms of precision (RMSE), correlation coefficient (R?) and mean
absolute percentage error (MAPE). Based on simulation results, mill areas in South Africa
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collectively reported a RMSE of 0.88, a R? of 0.96 and a MAPE of 5.74. Mill areas in the
Ubombo catchment reported a RMSE 0f 0.98, a R? 0of 0.61 and a MAPE of 14.76. In this regard,
the AquaCrop model was adequate for simulating sugarcane yields in the remainder of selected

catchments.
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Figure 4.6  AquaCrop verification results based on average (i.e. combined) observed
(Ya) and simulated (Yp) sugarcane yield data for the mill areas in South

Africa.

Figure 4.7  AquaCrop verification results based on observed (Ya) and simulated (Yp)

sugarcane yield data for the Big Bend mill area in the Ubombo catchment.
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Results and Discussion

4.4.1 Sugarcane Yield Trends and Yield Gaps

The average Ya simulated by AquaCrop for mills in South Africa, the Ubombo Catchment,
the Shire Catchment and the Kilombero Catchment were, respectively, 71.95t/ha, 46.50t/ha,
71.48t/ha and 113.09t/ha over the study period. It is important to note that although the yields
presented are reported as annual yields, they are in fact, moving averages of growing cycle
yields. Therefore, regardless of whether mills adopted 12-month or 24-month growing
cycles, the yields reflect a two-year moving average to provide comparable annual yields. In
the irrigated Big Bend mill area in the Ubombo catchment, Ya consistently increased for the
period 1996-2004, remained almost constant for the period 2005-2015, and subsequently
increased in the post-drought 2016-2019 period. These trends can be attributed to the fact
that sugarcane is almost exclusively irrigated in this mill area which consequently buffers
and limits yield declines. The reported near-constant Ya trend during the 2005-2015 period
was considered to be cause for further investigation. Yields during this period changed by

less than 1% per annum, and this was considered to be unlikely.

This unlikely trend was attributed to either under-reporting of Ya by the mill or, potentially,
the diversion of harvested sugarcane to nearby mills for processing. In any case, Yp in this
mill area was consistently higher than Ya by at least 10% per annum. This was because no
limitations regarding crop growth parameters were invoked for this mill area in the
simulations, and it was noted that rainfall has been steadily increasing in this mill area for
the 1996-2019 period. However, despite the consistently higher Yp relative to Ya, Ubombo
had the lowest average Yp of all the mill areas in the study. This, again, was attributed to
widespread irrigation and the use of the drought-tolerant N41 and N26 varieties which, in
part, prevented yield declines and kept yields fairly constant (Illovo Sugar, 2018) (Figure
4.8a). The implication of the constant Yp implies that the maximum possible yields are
already being produced in this mill area and any crop management interventions are unlikely
to result in increased yields - unless there is a considerable increase in the area under
sugarcane or the adoption of an alternate high-yielding sugarcane variety. Consequently, the
average YGr for this mill area averaged 9.83t/ha and consistently increased for the period

under study. This suggests that without major agronomic management changes, yields will
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likely remain constant for the foreseeable future in this catchment which can potentially

enhance yield gaps.

The KSCL mill area had the highest average potential yield (Yp) of all the mill areas due to,
in part, the limitations that growers in this catchment face related to high cloud cover, short
sunshine duration and the high rainfall seasonality over the growing cycle (Figure 4.8b).
This suggests that, despite the reported increases in Ya, sugarcane growers in this mill area
can still benefit from investments such as drought-resistant sugarcane cultivars and
supplementary irrigation during the dry periods, which would significantly improve yields
and reduce water deficits. YGr in this mill was observed to be in decline, particularly in the
2009-2019 period as a result of (reportedly) increases in the area under sugarcane in this
catchment and increased contributions by outgrowers to the KSCL mill (Kilombero Sugar
Company, 2019). Outgrowers are defined here as small-scale sugarcane producers that
primarily grow sugarcane from smallholdings to supply larger commercial growers through
binding contractual agreements (Adams et al., 2019; Dal Belo Leite et al., 2020). Regardless
of the increases in contributions from outgrowers, commercial growers still constitute the
bulk of sugarcane yields in this mill area. It is clear that yields are, in fact, increasing for this

mill area despite the fact that the Yp remains high.

The three mill areas in South Africa consistently indicated declining yield trends for the
2002-2017 period, and a slight improvement for 2019 (Figure 4.9a). Ya and Yp for these
mill areas averaged 71.95t/ha and 80.34t/ha respectively for the period under study. The
relatively high average Yp in these mills is a result of declining yields resulting from climatic
variations (Singels et al, 2013), increased pest outbreaks (Naude, 2015), increased
competition for access to water resources and reductions in areas under sugarcane (Van den
Berg and Singels, 2013). Further, these high Yp estimates suggest that there remains a
requirement for improved agronomic performance by growers in these areas, despite having

access to advanced irrigation and in-field mechanisation technologies.

The Nchalo mill area indicated a slight increase in Ya for the 2000-2006 period and minor,
yet consistent Ya declines over the 2007-2019 period (Figure 4.9b). As minor as these yield
declines may be, they potentially represent a significant proportion of yield for outgrowers
in this mill area as they already produce proportionally smaller yields compared to the

commercial growers. Ya and Yp were estimated at 71.48t/ha and 82.53t/ha respectively. The
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(a)

(b)

implication is that growers in this catchment can benefit from enhanced irrigation and even
increases in area under sugarcane. However, sugarcane growers in this catchment face
intense competition from other commodity crops, particularly tea growers. YGt was
increasing for the 2001-2007 period but had since been steadily declining for the 2007-2019

period.

Figure 4.8  (a) Observed (Ya) and simulated (Yp) yield for the irrigated Big Bend mill
in the Ubombo catchment and (b) the KSCL mill area in the Kilombero
catchment. The total yield gaps (YGr) per year are reported here indicating,
on average, an increase in yield gaps over the 1996-2015 period and a

subsequent decrease in yield gaps from 2016-2019.
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(a)

(b)

Figure 4.9

Potential water-limited yield (Yw) for the (a) South African and (b) Nchalo
mill areas compared to observed (Ya) and potential (Yp) yields. Yw for these
mills area averaged 75.69t/ha over the course of the study as a result of lower

water deficits.
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The KSCL mill area had the highest average water-limited yield (Yw) of 123.3t/ha owing to
the high overall MAP and low water deficits during the wet seasons. This, however, masks
the significant impact of high rainfall seasonality and a lack of supplementary irrigation
during the dry months on overall yields in this catchment. Mill areas in South Africa and
Shire catchments presented high average Yw yields of 75.69t/ha and 73.00t/ha respectively
owing to lower water deficits as a result of limited irrigation, relatively high MAP and the
use of high-yielding sugarcane cultivars. The Big Bend mill had the lowest average Yw at
47.92t/ha due to higher water deficits caused by lower MAP and high temperatures. This

demonstrates the need for continuous irrigation for the growing regions in this catchment.

The overall average Ya as reported by the individual mills and various sources averaged
71.95t/ha for the South African mills, 46.50t/ha for the Big Bend mill, 71.48t/ha for the
Nchalo mill and 113.09t/ha for KSCL mill. On average, observed yields are declining for
mills in the Mngeni and Shire catchments and increasing for mills in the Ubombo and
Kilombero catchments, particularly after 2003 (Figure 4.10). These differences in Ya can
be attributed to, inter alia, recent variations in rainfall and temperature (Singels et al., 2005;
Jones et al., 2015c), access to supplementary irrigation (Morita, 2021), changes in areas
under sugarcane and changes in agronomic management (particularly the use of drought and
pest-resistant sugarcane cultivars) (Sexton et al., 2017; SASRI, 2018). It is important to note
that the yield trends and yield gap simulations did not consider improvements in production
technology, changes in sugarcane production policies and the development of improved
cultivars - simply because there are currently no options in the AquaCrop model to factor in
these possibilities. All these parameters and/or possibilities would have, potentially, resulted
in increased maximum potential yields (Yp) and reductions in YGt (van den Berg & Singels,

2013).
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Figure 4.10 Observed yield trends for all mill areas under study between 1994 and 2019.
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Drivers of Yield Gaps

Yield gaps are primarily driven by access to water resources (YGwp) and approaches to crop
management (YGcewm). For mill areas in the studied catchments, access to water resources
remains a significant challenge, as is growing sugarcane under optimum crop management
conditions. Unlike in countries such as Brazil or India, the hydroclimatic environment for
most of southern Africa does not necessarily support the industrial-scale production of
sugarcane (Dubb, 2015; Richardson, 2009). However, as a result of improvements in
agronomic management and the development of adaptive cultivars and improvements in the
sugarcane supply chain, the crop has seen significant success in the past 50 years. Results
from this study, however, suggest that a substantive change in both water resources
management and management approaches for both rainfed and irrigated mill areas has
occurred in the past 25 years. This is indicated by the significant changes in yields across all
mill areas. While it is tempting to suggest that climate change prompted these changes, and is
thus the main antagonist of Yp and YGr, it is important to remember that crop management

assumes an equally, if not more important, role in the production of sugarcane.

In the irrigated Big Bend mill, YGwnp (i.e. the difference between Yp and Yw) was increasing
at an average of 8.20t/ha/annum between 1996 and 2014, and declined to an average of
8.13t/ha/annum between 2015 and 2019. Although this does not represent a significant
decrease in YGwnp, it is potentially a result of improvements in water resources management
through increased irrigation and water conservation. Further, irrigation by commercial
growers supplying the Big Bend mill are considered to be using the maximum available water
resources in the Ubombo catchment (Knox et al., 2010b), which implies that there is limited
scope for improving YGwp. YGcewm (i.e. the difference between Yw and Ya) declined from an
average of 1.46t/ha/annum between 1994 and 2006 to 1.12t/ha/annum between 2007 and
2019. Decreases in both YGwp and Y Gew in this mill can be attributed to, among other factors,
increases in irrigation rates, the use of improved cultivars such as the N41 and N26 variants
(Illovo Sugar, 2008), and, in some cases, increases in areas under sugarcane (Mhlanga et al.,
2022). It is, therefore, apparent that access to water resources (i.e. YGwp) assumes a more
important role than YGcwm in the YGr for this mill area. Further, Ya and Yp increased between
2014 and 2019, which suggests some improvements in crop and water resource management

by growers supplying this mill leading to increased yields.
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The KSCL mill area witnessed increases in Ya and Yp for the verifiable 2004-2019 period as
a result of increased rainfall rates, which appears to have favoured increased sugarcane
productivity. A consistent decline in YGwp and YGcwm resulted in increased Yp. It should be
noted that the actual Ya for the period between 1994 and 2000 could not be independently
verified, therefore the yield trends reported for this specific period are all estimations.
Sugarcane production in the KSCL mill faces a range of challenges, including access to
irrigation, the physical geography of the Kilombero catchment which limits the area under
sugarcane and limited sunshine hours caused by high cloud cover, which contribute to a lower
sucrose content of sugarcane. Despite these limitations, YGwp and YGcwm and, therefore, YGt
have been consistently declining. This is possible due to two main reasons: i) the Kilombero
catchment has high rainfall seasonality (MAP averages 1200mm during the rainy seasons and
990mm during the dry seasons), and growers in this catchment have been investing in water
conservation structures such as small-scale dams to preserve water and create sustainable
water sources for irrigation; and ii) an increase in the number of small-scale growers
subsidised by the Tanzanian government and yield contributions from these growers would

result in an increase in reported Ya.

The three mill areas in South Africa have experienced consistent declines in yields over the
past 25 years. For these mills, Ya and Yp have been in decline since the early 2000s. However,
YGwp has been in decline since the 2001-2002 cycle, suggesting that water resources
management has been improving over the past 25 years in these mill areas, a fact that is at
odds with observed yield declines. This suggests that access to water resources is not, in fact,
a limiting factor to sugarcane production in these mill areas, and that yield declines are being
driven by a different set of factors. Considering the general increase in YGcwm over the 2001-
2019 period, it is evident that there is a facet of crop management that is the key driver of
yield declines in these mill areas. Since this study did not conduct a stakeholder survey, it
would be difficult to suggest the actual crop management related cause of these yield declines.
However, Jones and Singels (2015) conducted a similar survey for the South African sugar
industry, and the growers who participated suggested a number of crop management factors
which they perceived to be the key drivers of yield declines. These included, inter alia, soil
degradation, increased soil compaction as a result of high in-field traffic, increasing pest and
weed pressures, declining age at harvest and climate change (Jones and Singels, 2015). It is

clear, therefore, that if these trends are to be stopped, growers in these mill areas require novel

119



approaches and interventions to sugarcane production that can reduce soil degradation,

enhance water holding capacities and safeguard sugarcane from pest outbreaks.

Yields in the Nchalo mill area have been in decline since 2006. YGwp was declining for the
2000-2003 and for the 2006-2012 periods due to rapid expansion in irrigation by large-scale
growers during the period. However, yields continued to decline since the 2006-2012 period.
YGwnp then rose sharply between the 2013-2016 period and again for the 2018-2019 period.
This suggests that sugarcane production in this mill area is under increased pressure to access
water resources, and this is increasingly suppressing yields. YGcwm indicated no consistency
during the study period. This was attributed to the fact that sugarcane production in this mill
area is more of an alternative than a primary agricultural activity (Adams et al., 2019), and
growers only actively engage in it if they have access to the requisite resources. This implies
that sugarcane yields are likely to keep declining as the pressures of climate change become

more apparent.

Recommendations to Reduce Yield Gaps

We suggest that yield gaps can either increase or decrease depending on the management and
hydroclimatic conditions unique to each mill area. In instances where yield gaps are currently,
or will be, driven by access to water resources, the continuous improvement of efficient
irrigation techniques in conjunction with the development and adoption of water-use efficient
high-yielding sugarcane varieties and improvements in in-field crop management is
imperative (Figure 4.11 and Figure 4.12). While it is noted that access to capital to invest in
irrigation systems, reservoirs and other water conservation technologies is often a challenge
in certain of the mill areas (e.g. the Nchalo mill area) (Styles et al., 2012) it is nonetheless
important that innovative solutions are developed to increase yields whilst not increasing
water use. Some low-cost approaches can include mulching and contouring which can
minimize surface runoff and improve infiltration and improve rooting depths (Inman-Bamber
et al., 2008). Mulching can assist in minimizing soil surface evaporation and overall decrease

total evaporation which will result in lower crop transpiration rates.
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Figure 4.11 Access to water resources and crop management as the main causes of sugarcane yield gaps across the study catchments.
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Figure 4.12 Yield gap analysis results for the mill areas under study based on the conceptual framework.
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The adoption of drought-resistant and high-yielding varieties that, while expensive to
develop in the short-term, will undoubtedly increase yields without the need of increasing
the area under sugarcane for the mill areas (Field et al., 2008). Finally, retaining post-harvest
crop residues can increase effective rainfall by increasing soil moisture through increased
infiltration (Valim et al., 2016). Minimizing in-field traffic, such as is being undertaken in
the Noodsberg and UCL mill areas of South Africa (SA Canegrowers Association, 2018),
can reduce soil compaction, thus improving infiltration rates and increasing soil organic
matter during the tilling and harvesting phases. This will enhance the soil nutrient status and
improve growth rates and the accumulation of biomass. Further, soil compaction can be
reduced by opting for hand-cutting sugarcane as opposed to machine harvesting. The
management of the soil physicochemical well-being is a consistent challenge, growers in the
study sites often grapple with (SASRI, 2018). There is a range of approaches to achieve and
maintain healthy soils which include (but are not limited to) crop cycling, using ameliorants
such as gypsum to reduce soil acidity, fallowing (although unpopular among growers for

economic reasons) and, where possible, minimizing tillage.

Frequently overlooked interventions include; increasing technology transfer and agronomic
management education to small-scale outgrowers who otherwise may not be privy to up-to-
date knowledge that can assist in improving yields. Small scale growers make-up a
significant proportion of sugarcane supply in mill areas such Eston, Nchalo and KSCL and
if yields are to be improved, these growers should be included in the research and
development processes, including feedback as to what types of information might be most

useful.

Conclusions

The AquaCrop model was used to perform a YG analysis based on observed climate and

sugarcane yield data for six mill areas located in four countries across southern Africa. The
difference between simulated yields and water limited yields result in YGwp, while the

difference between water limited yields and observed yields resulted in the YGcwm. The sum
of YGwp and YGcwm defined the total yield gap or YGrt for each mill area. A key aspect of
this methodology was the use of observed sugarcane yield data to simulate maximum

potential yield at mill area level. Results indicated that yields are declining for the mill areas
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in South Africa and Malawi, stagnant in eSwatini and increasing in Tanzania. These trends
were the results of the unique approaches and growing conditions that are adopted by both
large and small-scale growers in each mill area. In South Africa, for instance, yield declines
were not caused by access to water resources but, instead, by approaches to soil management
and by the pressures of pests and disease. Yield declines in the Nchalo mill area in Malawi
were the result of inadequate access to water resources and on the fact that sugarcane is not
cultivated as a priority crop in this mill area. The Big Bend mill has seen stagnation in yields
as a result of a lack of space to cultivate sugarcane. The KSCL mill area indicated increases
in yields over the past 15 years, a trend which was attributed to the increased investments in

irrigation and state-sponsored subsidies in the national sugarcane industry.

It should be noted that yield gaps remain a cause for concern in these mill areas, since they
appear to be increasing. Growers thus remain exposed to climatic extremes, and current
management approaches may not be adequate to manage or respond to these conditions.
Solutions to reduce yield gaps were recommended in this study and these were considered
be applicable to most, if not all, mill areas under study. Further, while sugarcane production
remains a viable enterprise in the region, it remains under significant pressure to minimize
resource use (land, water, and costs), while remaining internationally competitive. The
recommendations to address yield gaps suggested in this study can potentially increase

yields and reduce yield gaps while minimizing resource inputs.

A strength of this study was the development of a methodology which used both long-term
yield and observed climate data to simulate maximum potential yields by taking into
consideration limitations related to crop management and access to water resources. Granted,
observed records were not always comparable because in some instances (e.g. KSCL and
Nchalo observed yields for the 1994-2000 period) data was not available. The verification
of the AquaCrop for simulating sugarcane production was considered to be a unique and
useful exercise that demonstrated the adequacy of using a simple but robust model to
simulate sugarcane growth in southern Africa. The simulations in most cases compared

favourably to observed yields.

A limitation of this study was that a single model was used to simulate yields. The study

could have benefited from the use of ensemble models to simulate sugarcane growth. A
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further cause for concern was that a stakeholder survey into the actual drivers of sugarcane
yield declines could not be conducted. This would have assisted in understanding the
underlying dynamics which influence sugarcane production across the mill areas, and would
have provided useful insights into the most useful and relevant strategies to reduce yield

declines and reduce yield gaps.

Although sugarcane growers cannot directly address the impacts of climate change on yields
and yield gaps, they can create production systems that can be more resilient to extreme
events by adopting what is now so-called ‘climate-proofing’. One way of achieving this
would be to have a system that allows small and large-scale growers free access to easily
understandable and interpreted current climate forecasting data that extends at least 5-10
years into the future. This will, with additional interpretation and (essentially) appropriate
support, enable them to respond rapidly to any sudden climatic shocks such as floods,
droughts, heat waves and even shifting hydrological patterns. A grower who has access to
current knowledge regarding the impacts of climate change on sugarcane production would
be at an advantage and will be able to sufficiently prepare for the short and long terms effects

of extreme climatic conditions.
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Appendix 4A: Observed and Supplementary Input Data

Figure 4A.1 Example of a project data file (CLI) for the 1% season in the Eston Mill Area
in South Africa.

Figure 4A.2 Example of an AquaCrop build menu. This menu contains all the climate
parameter files that can only be edited within the model. This build menu

specifies the available files and their extensions and the model run times.
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Figure 4A.3 Example of a field management data file (MAN) Eston Mill Area in South
Africa

Figure 4A .4 Example of an irrigation input menu file (IRR) that can only be edited
within AquaCrop.
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Figure 4A.5 Example of a crop data file (CRO) for the 1 season in the Eston Mill Area
in South Africa.

140



Figure 4A.6 Example of an observed climate data file (CLI) for the Union Mill Area in
South Africa.
Figure 4A.713 Example of an observed climate data file (CLI) for the Eston Mill

Area in South Africa for the year 1985. This climate file spanned
1984-2019.
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Figure 4A.8 Example output data file (OUT) for the Eston Mill Area in South Africa for
the year 1996.
Table 4A.1  The full set of AquaCrop observed files used in this study have been made
available in the links indicated.
Mill Area File Type
Menu Climate Soil Crop gzl:agemen ¢ Irrigation
(PLU) (CLD) (SOL) (CRO) (MAN) (IRR)
Eston https://doi:10.5061/dryad.2547d7wz1
UCL https://datadryad.org/stash/share/SAc7269mjkZNv3OvnvqlV2bpNR VuoqOHycl
Isb4v8DI.
Noodsberg https://www.dropbox.com/home/AquaCrop%20Menu%20Inputs?di=left nav_br
owse
Ubombo
https://www.dropbox.com/home/AquaCrop%20Menu%20Inputs/AquaCrop%20
Nchalo Data%?20Files?di=left nav_browse
Kilombero https://www.dropbox.com/home/Reference%20Data?di=left nav_browse
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Abstract

The high spatial variability of rainfall in southern Africa presents significant challenges for
sugarcane production. An increase in the frequency of droughts has been observed in the
recent past and this has increased the risk of exposure to water stress for the sugarcane
production value chain. Regardless, the economic and social importance of this activity for
supporting livelihoods has seen the rapid expansion and intensification of this activity in the
past few decades. However, despite this, sugarcane yields have been consistently declining
as a result of challenges related to water resources management, climatic change and the
agronomic management of sugarcane. By amplifying precipitation variability, climate
change will increase the vulnerability of sugarcane to water stress and is likely to negatively
impact sugarcane yields. Using a combination of crop simulations and a relationship between
actual sugarcane water use and observed rainfall over 25 growing cycles, this study
introduces a crop productivity ratio (CPR) which seeks to assess sugarcane water stress for
six sugarcane mills located across four catchments in southern Africa. The combination of
the CPR and simulation results was used to assess the adaptation space or potential for
individual mill areas. Results showed that various mill areas have differing rates of exposure
to water stress and thus have different abilities to adapt and respond to the effects of water
stress. Simulation results combined with the CPR were used to determine the long-term
adaption potential of individual mill areas and the actual cause of yield declines. The safe
and unsafe adaptation spaces were directly correlated to the simulation results and the CPR.
By amplifying inter-annual precipitation variability, it is not unreasonable to estimate that
climate change will amplify water stress within the individual mill areas included in this
study. It was concluded that adapting to a changing climate is a multifaceted exercise that
requires a holistic approach that includes every aspect of sugarcane value chain. Improving
the understanding of the impacts of climatic extremes across the sugarcane value chain, i.e.
from planting to cultivation to processing, is crucial in reducing the vulnerability of

sugarcane to water stress.

Key words:  Crop Productivity Ratio, Adaptation Spaces, Water Stress, Vulnerability,

Sugarcane Production.
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5.1 Introduction

Sugarcane production from commercial and small-scale outgrowers is a crucial component
of economic and social wellbeing for a number of countries across southern Africa.
Outgrowers are defined in this study as small-scale sugarcane producers that primarily grow
sugarcane from smallholdings to supply larger commercial growers through binding long-
term contractual agreements (Wendimu et al., 2016; Sulle, 2017; von Maltitz et al., 2019).
The viability and sustainability of sugarcane production, however, is under threat due to the
increased frequency of extreme hydrological events that include prolonged droughts and
extreme floods (Hennessy et al., 2022). The SADC region produces approximately 58% of
total African sugar production, exporting over 1.2 million tonnes of refined sugar annually
and in the 2018/2019 growing cycle generated revenues in excess of $2.15 billion (SADC
Sugar Digest, 2019; South African Sugar Research Institute, 2019). Between 2015 and 2020
the number of outgrowers and commercial sugarcane producers has grown by nearly 7% in
southern Africa (Marais, 2022; Syngenta, 2022;) and this growth has created thousands of
indirect and direct employment opportunities in this job starved region (Dubb et al., 2017).
Over the same time period, regional sugar production accounted for approximately 11% of
total earnings from agricultural commodities (Dal Belo Leite et al., 2020). This is despite a
consistent decline in global sugar demand and the increased frequency of interruptions in the
sugarcane supply chain (Shavazipour et al., 2020). By building revenue into national
economies and contributing to the socio-economic development of local communities, it is
clear that sugarcane production is an important contributor to the wellbeing of numerous

countries across southern Africa.

Sugarcane is harvested in over 785 000Ha across southern Africa under complex
hydrological, agronomic and socio-economic conditions (Hess et al., 2016; Chinsinga,
2017). In catchments where sugarcane is grown, the crop can consume as much as 40% of
available water resources (Mekonnen & Hoekstra, 2010; Singels et al., 2021). The crop is
cultivated under a highly variable hydroclimatic environment, characterised by high
temperatures resulting in high evaporation rates and substantial water requirements
punctuated by low rainfall-to-runoff conversion ratios and high evaporation rates (Gleick,
2000; Schulze, 2000; Laing et al., 2011). Owing to these hydroclimatic dynamics, sugarcane
is often exposed to water stress and, out of necessity, is grown under a combination of

rainfed, supplementary and full irrigation regimes.
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Further, sugarcane, a complex hybrid of the Saccharum species, is a water use intensive
crop, with reported mean annual crop water use/actual evapotranspiration (ETc) rates
ranging between 1 100 and 1 800mm.annum™ for a full canopy crop (Carr & Knox, 2011)
and requires approximately 850mm of water per growing cycle for sustainable rainfed
production (Jones et al., 2015b). These water use estimates should be seen in the context of
potential evapotranspiration (ETo) rates ranging between 1610 and 2 800mm.annum!
across the region (Watson, 2011; FAO Aquastat, 2020). Considering the high sensitivity of
sugarcane yields to water stress (Bezuidenhout & Singels, 2007; Dunkelberg et al., 2014;
Olivier & Singels, 2015; Inman-Bamber et al., 2016), these estimates present important

implications for the sustainability of both the sugar industry and for the severely pressured

water resources across the region, particularly under a changing climate.

The current and projected changes to climatic patterns (IPCC, 2022) present unique
challenges for the southern African sugar industry. The variability of precipitation and
temperature is reported to be rapidly increasing owing to changing atmospheric patterns
influenced by a changing climate. Such climatic changes are likely to amplify both inter-
and intra-annual precipitation variability (IPCC, 2022), increase drought risks (Archer et al.,
2019), undermine water availability (Jones et al., 2015b) and increase the risks of diminished
sugarcane yields (Knox et al., 2010a). By increasing the variability of an already highly
variable hydroclimatic environment and ultimately impacting the seasonality and
availability of water resources, climate change could negatively impact the sugar industry.
Climate change is already affecting runoff generation (Roudier et al., 2014), total
evaporation rates (Trambauer et al., 2014), nutrient retention (Ofori et al., 2021), and is
expected to increase the exposure of sugarcane to water stress and directly impact sugarcane
yields (Knox et al., 2010a; Jones et al., 2015c¢). Since all mill areas in this study adopt
multiyear growing cycles spanning 18 to 24 months, the focus will be on inter-annual
precipitation variability as the fundamental determining factor in the exposure of sugarcane
to water stress and, ultimately, the viability and sustainability of rainfed and irrigated
sugarcane production. Inter-annual precipitation patterns directly influence the generation of
surface runoff, soil infiltration rates and consequently, the volume of plant available water
(PAW). The magnitude of PAW deficits determines the severity of exposure of crops to
water stress over a growing cycle. Similarly, inter-annual precipitation variability serves as
an important indicator of water stress by reflecting the relative severity and frequency of wet

and dry periods (or seasons) across a region.
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Therefore, despite the relatively successful cultivation of sugarcane in the region (van den
Berg & Singels, 2013) (Figure 5.1), as stated earlier, access to adequate amounts of water
at the correct intervals required remains a major challenge. Given the variable nature of
precipitation in southern Africa, regional sugarcane production is constantly exposed to
water stress, and this can ultimately result in reduced yields (Silva et al., 2017a) which can

affect the economic viability of cultivating the crop in the region.

Figure 5.1  Average sugarcane yields (x000t/annum) and mean annual precipitation
(MAP) for individual mill areas between 1994 and 2019 (Data Sources: FAO-
Aquastat, 2020; Illovo Sugar Africa, 2020; NASA POWER Project, 2021).

Water stress of irrigated and rain-fed sugarcane production systems is detrimental to above-
ground biomass accumulation and yields (Inman-Bamber et al., 2002; Olivier & Singels,
2015). In instances where sugarcane is subjected to water stress, crucial processes such as
the rate of photosynthesis, nutrient uptake and structural growth can be curtailed leading to
a decline in yield quantity (C. Bezuidenhout & Singels, 2007; Matsa & Muyemeki, 2010;
Dunkelberg et al., 2014; van Eekelen et al., 2015). Understanding the relationship between
actual and potential water stress and sugarcane yields is critical not only for improving water
use efficiency and increasing production (South African Sugarcane Research Institute,
2019), but for enhancing the adaptive capacity of outgrowers and commercial producers with

the aim of improving agronomic management and planning (Lumsden et al., 2000;
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Bezuidenhout & Singels, 2007; Suresh & Nagesh, 2015). As a consequence of their
limitations related to access to finances, current climate change data and information, crop
modelling and climate forecasting tools and current sugarcane varieties, outgrowers in the
region are historically more vulnerable to the impacts of climatic extremes compared to their
large-scale commercial counterparts (Baskin, 2022; Cairns et al., 2021; Fischer & Hajdu,
2015; B. Mhlanga et al., 2022). Although there are strong relationships between outgrowers
and commercial producers, particularly in eSwatini and Tanzania, outgrowers remain
vulnerable to any disturbances that may affect their sugarcane production value chain. For
instance, increased production costs during seasonal droughts can have a significantly
damaging effect on the ability of outgrowers to break-even and maintain a viable sugarcane

production enterprise.

Despite the recognition of the effects of water stress caused by seasonal droughts, field and
other agronomic management practices on important commodity crops such as maize
(Cairns et al., 2021), cassava (Kayiwa et al., 2021) and sweet potatoes (Laurie et al., 2015),
there is limited research that addresses the vulnerability and adaptation potential of
sugarcane to water stress in southern Africa. Although several studies (Knox et al., 2010a;
Srivastava & Rai, 2012; Singels et al., 2014; Adhikari et al., 2015; Linnenluecke et al., 2018)
have addressed the impacts of climate change on sugarcane production in the region, these
studies are often limited to well-resourced countries where the potential impacts of climate
change on agriculture are well-understood and are performed at small spatial and temporal
scales. There are currently few studies that have performed a regional assessment of the
vulnerability of sugarcane to inter-annual dry periods over sufficient temporal scales. This
1s an important research gap since such studies would provide important insights derived
from unique sugarcane production systems and from different perspectives that can address

the vulnerability and adaptation potential of sugarcane.

To address this research gap, the aims of this study were to assess the vulnerability and
adaptation potential of sugarcane production to climate and management-related water stress
in selected mill areas across southern Africa, and to recommend viable adaptation strategies
to ensure the sustainability of sugarcane production. These strategies would necessarily need
to be applicable across the majority of the southern African sugarcane production industry.

The objectives of this study were:
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e to assess the long-term observed sugarcane water use with the purpose of defining
the current and potential vulnerability of sugarcane production to water stress
resulting from extended dry conditions,

e to identify the hydrological parameters and agronomic management practices which
may influence the vulnerability of sugarcane production to water stress caused by
extended dry conditions, and finally,

e to define the adaptation potential or adaptation ‘space’ for outgrowers and
commercial sugarcane producers and make recommendations regarding adaptation

to climatic extremes in selected mill areas across southern Africa.

The results of this study are intended to inform approaches for mitigating the vulnerability
of sugarcane production systems to potential loss events such as seasonal droughts

associated with climate change.

5.2 Study Sites

The study was conducted at mill area level across six catchments located in four countries
using hydrological, climatic and sugarcane production data spanning 25 years (1994 - 2019).
These catchments were the uMvoti, uMlaas and uMngeni Catchments in South Africa, the
Ubombo Catchment in Swaziland, the Shire Catchment in Malawi and the Kilombero
Catchment in Tanzania. These catchments and their resident mill areas (Figure 5.2) were
selected specifically owing to their varied hydroclimatic conditions, relatively high
sugarcane production levels (Figure 5.1), distinctive management approaches, access to
long-term climate and production data (Table 5.1) and for their strategic economic
importance. Each mill area was represented by a set of observed climatic, hydrological and
production data that were used as input into a crop growth model to simulate maximum
potential sugarcane yields. The crop growth model, simulations, the determination of actual
sugarcane water use and the identification of adaptation spaces are described in the following
sections. The relationships between sugarcane water use and observed rainfall for each
growing cycle, observed yields, simulated maximum potential yields, and the potential
exposure to water stress, provide an indication of the vulnerability of sugarcane in each mill

area to climatic extremes such as seasonal droughts.
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Figure 5.2  Clockwise from top-left: a) the Ubombo Catchment in Swaziland, b) Spatial distribution of sugarcane production areas across
Southern African based on modelled data (Harvest-Choice, 2015), ¢) the Kilombero Catchment in Tanzania. d) the Shire Catchment
in Malawi and e) the Mvoti, Umlaas and Mngeni Catchments in South Africa. Mill locations within individual catchments and the

spatial extent of the area under sugarcane across the region are also reflected (Harvest-Choice, 2019).
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Table 5.1 Information on selected sugarcane mill areas and parent catchments for the 1994-

2019 period (Sources: SA Canegrowers Association, 2019; Harvest-Choice,
2019; Illovo Sugar Africa, 2020).

Approx.
PP Mean
MAE Area
MAP Water Annual
Mill Catchment Range Under
(mm/annum) Management Output
(mm/annum) Cane
(t/annum)
(ha)
Mngeni
Eston 833 15701 740 Rainfed 36 728 1 124 488
(SA)
Mngeni
Noodsberg 787 1570-1 740 Rainfed 29917 1326214
(SA)
Union
Cooperative Mngeni .
893 1570 -1 740 Rainfed 18 433 712 257
Limited (SA)
(UCL)
Ubombo
Big Bend 659 2000 -2 200 Irrigated 10 987 1303 750
(SWA)
Shire Irrigated and
Nchalo 814 1 500- 1 800 19 520 1 680 000
(MAL) Rainfed
Morogoro Irrigated and
Kilombero s 1223 1 600 — 1 800 s 21 800 1200
(TNZ) Rainfed 000

5.3 Methods

5.3.1 Introduction

The vulnerability of sugarcane to extended dry conditions, and thus water stress, can be

determined by correlating observed yield data with annual sugarcane water use. Sustained

reductions in plant-available water (PAW) resulting from low rainfall, high total evaporation

rates and poor irrigation management can potentially lead to reduced yields and enhance the

vulnerability of sugarcane to water stress resulting from dry conditions. Crop simulation

models such as the AquaCrop model (Steduto et al., 2009; Section 5.3.2) can be used to

simulate the variables required to determine the vulnerability of sugarcane to water stress

instigated by extreme climatic conditions.
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This study used a combination of the AquaCrop model and average observed sugarcane
yields reported by primary and secondary sources to determine maximum potential
sugarcane yields (Section 5.3.3). Both the observed and simulated maximum potential yields
were correlated to estimates of sugarcane water use over 19 to 25 growing cycles to
determine a ‘Crop Productivity Ratio’ (see Section 5.3.6) and, thus, define the vulnerability
of sugarcane to water stress, define adaptation spaces for the selected mill areas, and offer
mitigation strategies that could be applied to the southern African sugarcane production

industry.

The methodology adopted in this study may be summarised in the following narrative:

1) Use the AquaCrop model to simulate the maximum potential yields that would be
achieved under ideal agronomic growing conditions for each mill area, i.e. assuming
no climatic, crop, water or other field management related limitations,

2) Use observed sugarcane yields from the mill areas to determine the annualized actual
sugarcane water use following the Thompson (1976) and Bezuidenhout et al., (2006)
empirical water use equations for mill areas,

3) Derive an annualized ‘Crop Productivity Ratio’ (CPR) based on the relationship
between annualized sugarcane water use and observed rainfall to assess potential
water stress during individual growing cycles, and,

4) Perform a qualitative assessment that relates the proposed CPR with simulated and
observed yields to ascertain the positioning of each mill area within a particular

adaptation space.

The observed yield data reported for each mill area in any growing cycle represents a yield
deficit and does not reflect the maximum potential yield that can be achieved under ideal
agronomic growing conditions. Sugarcane yields have been steadily declining over the past
25 years across southern Africa (Figure 5.1) owing to a combination of factors which
include, but are not limited to, increased pest outbreaks, increased frequency of seasonal
droughts leading to increased competition for water resources and high operational costs
(Jones et al., 2015a; Pryor et al., 2017; Zulu et al., 2019; Meyer & Antwerpen, 2021). These
factors suggest that sugarcane production is becoming increasingly vulnerable to the adverse
hydroclimatic, socio-political and economic landscape in the southern African sugarcane

industry.
152



Further, the anticipated increases in inter-annual rainfall variability and the corresponding
changes to rainfall seasonality caused by the increased frequency of droughts will potentially
increase PAW deficits and enhance sugarcane vulnerability to water stress in the region

(Hennessy et al., 2022).

Sugarcane vulnerability to water stress can be linked to an increase in the variability of
specific hydrological parameters. For instance, if PAW deficits cause transpiration rates to
drop below the critical threshold of 6mm.day™! required for phenological development
(Eksteen et al., 2014), the stress this can induce can reduce above-ground biomass by up to
8% depending on the timing, severity and duration of water stress (Abayomi & Lawal, 1998)
thus necessitating increases in supplementary irrigation. Similarly, if rainfall or effective
irrigation over a growing cycle does not exceed the critical threshold required to prevent the
onset of water stress, total yields may be compromised which can further undermine the
viability of sugarcane production (Jangpromma et al., 2012). Furthermore, the outbreak of
pests as a consequence of high maximum temperatures, weather changes, loss of habitat and
the absence of pest control measures over a growing cycle can enhance vulnerability and
potentially suppress yields (Olivier & Singels, 2015). Overall, it is possible to compare the
inter-annual variability of hydrological parameters such as rainfall, potential evaporation
(ETo), and cumulative PAW to actual yield variability over a growing cycle and infer the
vulnerability of sugarcane to water stress stemming from extended dry conditions (Singels

et al., 2019; Adetoro et al., 2020; Singels et al., 2010) .

This study uses observed yields to determine actual sugarcane water use based on an
empirical relationship proposed by Thompson (1976) and Bezuidenhout ef al., (2006). The
relationships between observed and simulated yields and annual sugarcane water use define
the “space” for adaptation. In addition to these biophysical drivers, this space fluctuates as a
function of three factors: 1) the magnitude of inputs required to produce maximum yields, ii)
the incisiveness and flexibility of agronomic management and iii) the favourability of the
sugarcane production landscape with respect to legislation governing agricultural production
(e.g. tax breaks, access to global markets, incentives and subsidies). A sugarcane production
system that is able to produce maximum yields while using the least inputs, uses efficient
agronomic approaches and can access foreign markets with minimal interruptions would

have a lower need for adaptation.
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Conversely, there would be a greater requirement for adaptation in systems that expend more
resources such as water, land and finances, with no corresponding increases in yields.
Further, sugarcane production systems that are not effectively insulated from external shocks
such as extreme hydrological events and sudden exclusions from international markets due
to supply chain problems and the prioritization of commercial growers over outgrowers,

among others, would need greater adaptation interventions.

5.3.2 The AquaCrop Model

Developed by the United Nations Food and Agriculture Organization, AquaCrop is a water-
driven daily-time step model that simulates crop, soil, and atmospheric interactions under
rainfed, supplemental and full irrigation conditions and various field management practices
(Steduto et al., 2009; Tesfay et al., 2019; Vanuytrecht et al., 2014) (Figure 5.3). Based on
the main components of the soil-plant-atmosphere continuum, the model uses the
interactions between crop transpiration, soil evaporation and canopy growth to simulate

attainable above-ground biomass and harvestable yields.

AquaCrop simulates three major parameters which determine crop yields: total evaporation,
canopy growth and development and crop water productivity (Revathy & Balamurali, 2022).
In this study, the product of above-ground biomass and the harvest index (HI) (Vanuytrecht
et al., 2014) was used to simulate maximum potential yields for sugarcane provided the crop
experiences minimal climatic, agronomic, and water-related limitations over 19 to 25
growing cycles for each mill area (Table 5.3). The model was run in calendar days spanning
the lengths of growing cycles for individual mill areas. The model uses climate data to
simulate daily crop growth and development based on four factors that determine crop
responses to water stress. These factors viz., canopy expansion, stomatal control, canopy
senescence and HI ultimately determine the amount of water transpired by the crop and thus

the amount of above-ground biomass produced.

AquaCrop uses a water stress coefficient to simulate the degree, duration and timing of water
stress. This coefficient reflects the rate of water depletion in the root zone and, by extension,
is indicative of PAW and soil water depletion. The volume of soil water content determines
PAW deficits, which, as mentioned before, determines the exposure of the crop to water

stress and has a significant impact on yields.
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Table 5.2 Data sources for rainfall, temperature and total evaporation used to simulate maximum potential sugarcane yields (Sources: SASRI

WeatherWeb; NASA POWER Project; World Bank Climate Change Knowledge Portal; University of Cape Town Climate System Analysis

Group; Texas A&M University International Laboratory for High-Resolution Earth System Prediction).

Number
Mill Catchment Period Data Sources
Of Growing Cycles

Umlaas https://sasri.sasa.org.za/weatherweb_legacy/, Accessed: August 2019
Eston 1994-2019 25

(RSA)

https://sasri.sasa.org.za/rtwd/458/index.html, Accessed: August 2019

Mngeni
Noodsberg 1994-2019 25 .

(RSA) https://power.larc.nasa.gov/data-access-viewer/, Accessed: October 2021
Union

Mvoti
Cooperative (RSA) 1994-2019 25 https://climateknowledgeportal.worldbank.org/download-data, Accessed: November 2020
Limited (UCL)

Ubombo https://www.csag.uct.ac.za/climate-services/cip/, Accessed: October 2021
Big Bend 1996-2019 23

(SwZ)
Nchalo Shire (MAL) 2000-2019 19 https://cip.csag.uct.ac.za/webclient2/app/, Accessed: October 2021

https://texasclimate.tamu.edu/research/data/index.html, Accessed: June 2022

Kilombero Sugar

Kilombero https://ihesp.github.io/archive/products/ds_archive/Datasets.html#regional-datasets,
Company 2000-2019 19

(TZA) Accessed: June 2022
(KSCL)

https://gpm.nasa.gov/data, Accessed: June 2022
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Due to its relatively low input data requirements, the AquaCrop model has been used
extensively by agronomists and hydrologists for a range of applications including irrigation
planning, climate change studies, crop yield projections, yield gap analyses and water use
efficiency assessments (Figure 5.3). The model has been calibrated and verified in a number
of studies conducted in Brazil (Silva et al., 2017b; Rosa et al., 2019), southern China (Igbal
et al., 2014; Zu et al., 2018) , India (Sandhu et al., 2015; Babel et al., 2019) and in South
Africa (Mabhaudhi et al., 2014; Hadebe et al., 2020; Mubvuma et al., 2021).

In these geographically diverse studies, the model provided a sufficient level of precision to
allow confidence in its use in predicting sugarcane yields under varied climatic conditions
and agronomic management regimes. Crucially, the model is able to simulate the effects of
irrigation on crop growth using its net irrigation, irrigation scheduling and deficit irrigation
modules. This ensures that a clear distinction can be made between yields obtained from
rainfed mills, irrigated mills and mills which use a combination of both approaches (see

Table 5.1).

INPUT__— = —, OUTPUT
/AN biomass and crop yield
environmental s for given environmental
conditions conditions
- . historical or future \\
. \\"Qﬂth.l‘*l-mr conditions S erataid
IH'I‘II date = 2 - u rstan
. * crop “Euﬂ?ﬁ?i’mm effect of climate c?!a Nge  crop responses
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Figure 5.3 Examples of practical AquaCrop applications (Vanuytrecht et al., 2014).

4.7.1 Data Sources and Availability

Observed average seasonal yield data were obtained from FAO-Aquastat (2020), the South
African Canegrowers Association (SACGA) yearbooks, the South African Sugarcane
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Research Institute (SASRI), the UCL Company, the Swaziland Sugar Association,
Kasinthula Canegrowers Association, Illovo Sugar Africa, Illovo Malawi, the University of
KwaZulu-Natal, Harvest-Choice and the Kilombero Sugar Company (KSCL) (Table 5.3).
South Africa (1994-2019) and eSwatini (1996-2019) had the longest observed yield data.
The majority of observed sugarcane yield data from Malawi and Tanzania had to be
estimated from the total output per growing cycle and area under sugarcane as reported by
the mills as there were either no known or reliable records prior to the year 2000. The main
limitation with observed datasets from Malawi and Tanzania was the lack of independent
verification; therefore, it was necessary to determine observed yields from available area and

mill crush/production data to create a yield record from secondary sources.

Where necessary, the records from these sources were checked for errors using data
profiling, identifying outliers, double-mass plots and third party tools such as the ACRU
Time Series Analysis software to find and correct anomalous records (Smithers et al., 2018).
Following these exercises, the datasets were considered to be a true reflection of observed
records that could be used in the modelling exercise. Missing daily climate data had to be
infilled using data from weather stations closest to the mills. Some missing data values that
could not be infilled, quality controlled or sourced from veritable sources were defaulted to
standard values as per the AquaCrop model guidelines. This default value can be changed in

the model as and when data becomes available.

The AquaCrop model was used to generate ETo data from observed temperature records
using the built-in approximation procedures embedded within the model. ETo was calculated
within the model based on the FAO Penman-Monteith equation (Allen et al., 2006). The
primary limitation of this approach was related to scale. Climate data from mills are only
representative of the mills themselves, and not the entire mill area. Therefore, an assumption
was made that climate data from mill areas are representative of so-called ‘homogeneous
climate zones’ that span the entire mill area (Bezuidenhout & Singels, 2007). The datasets
generated were a continuous set of daily and monthly climate records ranging from 1994 to
2019 for each mill area. The remaining datasets, including soils and management data, were
based on Best Management Practices for sugarcane production as suggested by various
researchers (Rice et al., 2002; Singels, Smit, et al., 2005; Daroub et al., 2011) and the USDA,
Harvest-Choice and the FAO-AGRIS databases.
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5.3.3 Simulation Procedures

The AquaCrop model requires daily observed rainfall, minimum and maximum temperature,
ETo and atmospheric CO» concentration as input. The acquisition and processing of climate
data is described in Section 5.3.3. The climate module was set up for individual mill areas
with the exception of the Noodsberg and UCL mills which were combined as a single mill
as they regularly operate as one mill. Once the climate data were correctly formatted, quality
controlled and reliable records of sufficient length were established for each mill area, the

records were used as input into the model.

The model was run with the assumption that the full set of crop development and production
parameters was available. Some of these parameters had to be estimated from observed
records as obtained from agronomy and annual reports published annually by individual
mills. The model was run in calendar days spanning the length of growing cycles unique to
each mill area (e.g. 24 months in South African mill areas vs. 18 months in Tanzanian mill
areas). The sowing dates were based on actual dates as reported by individual mills assuming
direct sowing as the preferred planting method. Since this was the planting method selected,
canopy cover was assumed to be initially small and progressively growing until maximum

canopy cover was reached over the growing cycle.

Plant densities varied between mill areas with each mill area averaging between 350 000 and
475 000 plants per hectare based on interrow spacings of Im and plant spacings of 0.05m
(HarvestChoice, 2020; SASRI, 2018; SASRI, 2019; SA Canegrowers Association, 2019).
Plant density estimates are a crucial component that directly influence overall above-ground
biomass and harvestable yields, and these estimates were based on planting and seeding
densities as reported by the mill areas and as recommended by SASRI (2019), the UN-FAO
(2018) and Singels et al., (2005). In some instances, plant densities had to be adjusted
according to the prevailing seasonal conditions. For instance, during seasonal droughts, the
number of plants per hectare was reduced to offset the effects of water stress on overall
yields. Days to reach emergence, maximum canopy cover, senescence and maturity were
determined based on calendar days and seasonal growing length for each mill area. For
instance, the Ubombo mill area adopts an 18-month growing cycle with days to senescence

and maturity of 105 and 127 days, respectively.
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The South African mill areas follow a 24-month growing cycle with days to senescence and
maturity of 582 and 604 days, respectively. The days to senescence, maturity and harvest are
important as they, together with plant densities, directly influence the harvest index and
overall harvestable yields generated by the AquaCrop model. Accepting that sugarcane is
sensitive to water stress, it was specified in the model that the crop is sensitive to any degree
of soil water stress, total evaporation stress, and fertility stress, although the latter was not
invoked. Non-conservative coefficients related to ETo, crop water productivity and harvest

index were kept constant.

Field management parameters were adjusted according to the soil surface and water
management approaches adopted at each mill area. For instance, the Eston mill area adopts
a hybrid of irrigation and rainfed regimes. In this instance, the net irrigation requirement
option was invoked in AquaCrop. This option ensures that at no point does the crop
experience water stress as the allowable root zone depletion is set at a maximum of 50% of
PAW. It was assumed that once PAW reached or dropped below 50%, irrigation would be
activated to return the soil profile to field capacity. The irrigation option was not invoked for
mill areas that are exclusively rainfed such as the Noodsberg and UCL mill areas. The
Ubombo mill area is exclusively irrigated and the irrigation option was invoked assuming
surface irrigation with an allowable PAW depletion of 10% required to return the soil profile

to field capacity. No soil restrictions were specified with regard to root deepening.

Field management parameters including soil fertility, mulching, runoff reduction practices
and weed management were assumed to be non-limiting such that the sugarcane in each mill
area was produced under the best possible management practices. Once all the modules were
compiled, the model was run for individual growing cycles all 6 mill areas spanning the

length of the available data records (i.e. for 19 to 25 growing cycles) (Figure 5.4).
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A summary of the modelling procedures in the AquaCrop model adopted in this study to simulate maximum potential sugarcane yields.




5.3.4 Seasonal Sugarcane Water Use

Total evaporation (ETc in mm.day) reflects daily sugarcane water use. The parameter is
limited by various factors which include, but are not limited to, crop height, leaf expansion
rates, canopy and ground cover, plant available water (PAW), canopy temperature, and
agronomic management. In the AquaCrop model, ETc is obtained by relating the crop
coefficient (Kc) with the reference evapotranspiration (ETo) under suitable conditions i.e.,

without limitations related to water, soil, and field management thus:

ETc = Kcx ETo (5.1)

In the AquaCrop model, the crop coefficient (Kc) for a full canopy crop was set to the
standard 1.25 for sugarcane, and ETo was derived from observed temperature records and
estimated using the Penman-Monteith ETo calculator embedded within the model (N. G.
Inman-Bamber, 2004; N. G. Inman-Bamber & Smith, 2005) (Equation 5.2):

900
T2+273

U A+ y (140.34) (5.2)

0.408A (R, —G)+y

uD

Where Rn represents the net radiation (W. m™), y is the psychrometric constant (kPa. °C1),
A is the slope of the saturation vapour pressure curve (kPa. °C!), T is the maximum air
temperature (°C), u is the wind speed (m.s™'), G is soil heat storage (MJ.m.day!) and D is
the saturation vapor pressure deficit (kPa). Thompson (1976), Bakker (2012) and
Bezuidenhout et al., (2006) developed an empirical relationship which correlated sugarcane
yields and ETc based on extensive field-based studies conducted for southern African
growing conditions. These studies yielded the approximation indicated in Equation 5.3,

thus:

Y ETc
100

Yield = 9.53

— 2.36 (5.3)

Where Yield is the annualized observed sugarcane yield (t. ha'!. annum™) and ETc is the
actual total evaporation (mm.day™!). The derivations from studies conducted by Thompson

(1976) and (Bakker, 2012), Bezuidenhout et al., (2006) were also able to derive a
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relationship between annualized actual sugarcane water use, wu (mm. annum™') and observed
sugarcane yields.

While it is acknowledged that both outgrowers and commercial farmers often grow
sugarcane for longer than 12 months, mill areas report observed yields as 2-year moving
averages that reflect the complete growing cycles. In other words, while yields are reported
on an annual basis by the mills, these actually reflect the preceding 18-24 month growing
cycles for each mill area. The wu estimates are, therefore, a reflection of these 2-year moving
averages presented as annualized estimates. The relationship between wu and Yield is

presented in Equation 5.4:

100 (Yield+2.36)
wu = 9.53 (5.4)

It is important to note that wu and thus Yield as reflected in Eq. 5.4 includes contributions
from irrigation (Bezuidenhout et al., 2006) since most, if not all, mill areas engage in some
form of supplementary irrigation over the course of the growing cycle. Since one the
objectives of this study is defining the vulnerability of sugarcane to water stress,
understanding the relationship between observed yields, actual sugarcane water use and
observed rainfall is vital. This relationship is expressed as the Crop Productivity Ratio and
reflects the efficiency of water use in growing sugarcane over a growing cycle. The concept

of the Crop Productivity Ratio is expanded on in the following section.

5.3.5 Crop Productivity Ratio

The Crop Productivity Ratio (hereafter the CPR) proposed in this study can assist in
identifying mill areas which have the greatest need or ‘space’ for adaptation and thus in need
of intervention to limit yield declines. The CPR relates actual sugarcane water use with
observed rainfall and serves as an indicator of the volume of water that would be required to

produce sugarcane over a single growing cycle and can be represented by Equation 5.5 thus:

Actual Water Use (wu)
Annualised Observed Rainfall (P)

Crop Productivity Ratio = (5.5)

In instances where actual sugarcane water use (wu in mm. annum'') consistently exceeds

observed rainfall (P in mm. annum™), it may be concluded that sugarcane is using the
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maximum available water from both rainfall and supplementary irrigation and therefore the
potential for water stress is diminished. This would be reflected by a CPR > 1. Conversely,
sugarcane water use that is consistently below observed rainfall throughout a growing cycle
would imply inefficient water use from irrigation and/or a relatively dry growing cycle which

would increase the likelihood of water stress and would be reflected by a CPR < 1.

The adaptation space can be determined based on the long-term yield performance of a mill
area in relation to the CPR. While the CPR is not a direct estimation of water stress, it reflects
the actual annualized water use relative to observed rainfall over a growing cycle and can be
indicative of the dependence of each mill area to irrigation. As mentioned before, a CPR >
1 implies high actual sugarcane water use relative to observed rainfall which implies the
intervention of irrigation for that growing cycle to prevent water stress and thus maintain,
increase or prevent a decline in yields. In that sense, a CPR > 1 implies relatively low rainfall
that is insufficient to sustain rainfed sugarcane production and thus implies that sugarcane
was potentially exposed to water stress, thus the requirement for irrigation. A CPR <1 would
result in reduced yields which would be the consequence of water stress or, potentially, poor
agronomic management. Further, a CPR < 1 may reflect a growing cycle with below average
rainfall that would further expose sugarcane to water stress and require increased irrigation
to prevent yield losses. Regardless of whether the CPR is above or below 1, there is scope
for improving efficiencies, reducing exposure to water stress and increasing the adaptation

potential for each mill area.

54 Adaptation Spaces

Adaptation may be defined as the process of adjustment to actual or expected climatic stimuli
and their effects in order to alleviate adverse impacts of change or take advantage of new
opportunities (IPCC, 2001; Adger et al., 2009; Robinson, 2020). For a system to adapt, it
has to build adaptive capacity and transform that capacity into action. Further, a system has
to anticipate and attempt to minimize its exposure to expected disturbances such as extended
dry periods caused by climatic extremes in the case of sugarcane production. For purposes
of this study, the adaptation ‘space’ for sugarcane production may be defined as the ability
of a mill area to anticipate disturbances and accumulate the necessary adaptive capacity that
will allow it to respond to adverse conditions to minimize impacts to the value chain. Each

mill area can occupy a particular adaptation space depending on its ability to respond to
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external disturbances. This space can either be an unsafe or ‘high-risk’ adaptation space or
a safe or ‘low-risk’ adaptation space (Figure 5.5). A mill area would occupy an unsafe
adaptation space in instances where the requisite adaptive capacity such as access to
irrigation or advanced in-field mechanization is limited or nonexistent. In this study, a mill
area would exist in the unsafe or high-risk adaptation space if it consistently experiences a
CPR lower than 1 and relatively low yields and in the safe adaptation space if it experiences
a CPR above 1 and high yields. It is acknowledged that the positioning of a mill area in this
adaptation space can change between growing cycles depending on the interventions applied
as and when conditions become unfavourable. The purpose of this study was not to
determine the positioning of a mill area in this space for individual growing cycles, but to
assess the average long-term exposure to water stress based on the CPR and make

conclusions regarding the vulnerability and adaptation potential of each mill area.

To ascertain the positioning of each mill area in the adaptation space, it was necessary to
relate both observed and simulated yields with annualized sugarcane water use for all
growing cycles. The adaptation space is determined by the relationships between water use
over an annualized growing cycle with observed and simulated yields (Figure 5.5). To
minimize vulnerability and maximize adaptability, each mill area should ideally remain in
the safe or low-risk adaptation space. While remaining in the safe adaptation space for
extended periods is not always possible, particularly during prolonged dry conditions, mill
areas can transition to the safe adaptation space provided they consider sugarcane production

policies, potential climatic changes, and advances in production technologies.

A critical aspect related to adaptation spaces are the barriers to adaptation that may be
encountered when a mill area is attempting to transition from an unsafe to a safe position.
Reducing water stress would require access to irrigation and above average rainfall to sustain
break-even yields and retain a CPR close to or above 1. Growers, particularly small-scale
outgrowers, may be unable to adapt rapidly enough to water stress and may remain in the
unsafe space. It should be noted that if a mill area remains consistently in the unsafe or ‘high-
risk’ adaptation space, it does not necessarily reflect poor agronomic management. It could,
however, suggest that the mill area can make improvements that can significantly bolster its
adaptation and reduce its vulnerability to climatic extremes and water stress. A historically
well-performing mill area can fall in the unsafe adaptation space due to inflexible

management practices and increases in the frequency of extreme climatic events, while a
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poorly performing mill area can have strong adaptation potential owing to a positive
production environment reinforced by supportive policies necessitated by unfavorable

climatic changes.

Figure 5.5  Defining safe and unsafe adaptation spaces based on the CPR concept and

observed and simulated yields.

While this study focuses exclusively on sugarcane water use as a key determinant of
adaptation potential, there are a multitude of factors across the sugarcane production value
chain that can affect the adaptation status of a mill area. Sugarcane is a water-use intensive
crop, therefore, any discussions regarding adaptation have to consider those management
strategies that are currently being employed within each mill area that seek to maximize
water use efficiency and reduce unnecessary losses. Defining the safe adaptation operating
space for sugarcane can be complex owing to the diverse water resources management
dynamics across the mill areas. In that regard, all mill areas were compared to one another
to ascertain the best possible position that each mill area can be in to reduce vulnerability to
water stress and increase adaptation potential. Lessons drawn from individual mill areas
were used to develop the best possible adaptation strategies can suit the specific mill areas

while also providing useful insights for the sugar industry across southern Africa.
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5.5 Results and Discussion

5.5.1 Long Term Sugarcane Water Use

The estimated long-term mean (i.e. LTM) sugarcane water use for each mill area in relation
to mean annual precipitation (MAP) is shown in Figure 5.6. The South African mill areas,
Eston, Noodsberg and UCL have the advantage of being in catchments that experience
relatively high MAP averaging 838mm/annum and can supplement their water supply with
extensive irrigation schemes. However, it should be noted that sugarcane production in
South Africa is a regulated activity that is considered a potential ‘Streamflow Reduction
Activity’ or SFRA, grown predominantly in catchments prone to poor rainfall to runoff
conversion ratios and high competition for limited water resources. A SFRA is defined in
Section 36 of the South African National Water Act as “any activity, including the
cultivation of any particular crop or vegetation which, in relation to a particular area, has a
significant impact on water availability to other users, including the Reserve” (South African
National Water Act, 1998). Further, sugarcane water use in the South African catchments
averages 730mm/growing cycle and long-term water use by sugarcane remains
disproportionately high compared to other comparative crops. Therefore, despite being one
of the most well-managed and successfully cultivated crops in South Africa, this high water
use means sugarcane is vulnerable to the impacts of climatic extremes. As a consequence of
the anticipated increases in rainfall variability and competition for water resources, it is clear

that sugarcane will remain vulnerable to water stress in these mill areas.

Owing to the inherently high sugarcane water use relative to MAP, the Big Bend and Nchalo
mill areas require sustained irrigation to achieve viable yields. The Ubombo catchment, in
which the Big Bend mill area is situated, receives a relatively low MAP of approximately
659mm/annum. However, with an LTM water use approximating 1270mm/growing cycle,
irrigation is imperative for the successful cultivation of sugarcane in this mill area (Figure
5.6). Irrigation systems will necessarily have to maintain pace with the rapid hydrological
changes that will be engendered by climate change to avert exposure of sugarcane to water
stress. Further, growers supplying the Big Bend mill are considered to be using the maximum
available water resources in the Ubombo catchment (Knox et al., 2010a) suggesting high
potential exposure to water stress and a strong need for adaptation to climatic extremes in

this mill area.
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Despite a LTM water use averaging 780mm per growing cycle against an MAP of 814mm,
the Nchalo mill area requires irrigation owing to the high rainfall seasonality in the Shire
catchment. This catchment is characterised by a hot wet season, which lasts from early
November to late May and a cool dry season which lasts from late May to early October.
This high seasonality or ‘two-season’ rainfall distribution cycle means sugarcane cannot be
cultivated successfully without irrigation during the lengthy dry season. Intuitively, it may
be suggested that both Nchalo and Big Bend mill areas are vulnerable to climatic extremes
and water stress as a consequence of their hydroclimatology. This conclusion is supported
by the reduced yields resulting from reduced MAP during the dry seasons as discussed in

Section 5.5.2.

Similar to the Nchalo mill area, the Kilombero (KSCL) mill area experiences high rainfall
seasonality with high MAP estimates averaging 1200mm during the rainy seasons and
990mm during the dry seasons (Néschen et al., 2018) (Figure 5.6). Sugarcane water use
averages 602mm/growing cycle in this mill area. Despite the relatively high MAP estimates
and relatively low water use by sugarcane, however, yields in this mill areas remain below
their potential. This is due to the limitations that sugarcane production faces which include
access to irrigation during the dry seasons, and the geography of the Kilombero catchment
which limits the area under sugarcane. While sugarcane is not necessarily vulnerable to
water stress, such limitations can potentially increase the vulnerability of sugarcane
particularly during the lengthy dry seasons. It is possible that the main limiting factor in this
mill area is the high rainfall seasonality suggesting that sugarcane will remain exposed to

the effects of climatic extremes.
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Figure 5.6  Long-term mean (LTM) sugarcane water use (wu) in relation to mean annual precipitation (MAP) for individual mill areas.
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5.5.2 Sugarcane Yield and Water Use Relationships

Results for the LTM observed and simulated yields and water use estimates for the study
period 1994-2019 are presented in this section. It should be noted that contributions by
outgrowers were included in this exercise. Although there are no known yield records for
outgrowers across the study sites, the assumption that the yields reported by mills include
contributions from outgrowers was reasonable since they are contractually obligated to

supply mills with sugarcane for every growing cycle.

The observed LTM yields as reported by the individual mills averaged 71.95t/ha/growing
cycle for the South African mill areas combined (Figure 5.7), 46.50t/ha/growing cycle
for the Big Bend mill area (Figure 5.8), 71.48t/ha/growing cycle for the Nchalo mill area
(Figure 5.9) and 113.09t/ha/growing cycle for Kilombero mill area (Figure 5.10). On
average, observed yields are declining for mills in the South African and Nchalo mill
areas, and increasing in the Big Bend and Kilombero mill areas. The simulated LTM
yields indicated a declining trend consistent with observed yield trends in the South
African mill areas. These declines in yields were evident despite specifying no limitations
to crop growth parameters in the AquaCrop model. Such a finding confirms that the
reported decline in observed yields is factual and is directly linked to agronomic and water
resources management. The AquaCrop model relies primarily on climate, crop and field
management inputs and this implies that yield declines can only be caused by reductions
in available water resources, both from rainfall and irrigation. Simulated yields, since they
were under no restrictions, are reflecting the prevailing water resource access and
management conditions in the mill areas. While other factors (e.g. soil degradation,
increased soil compaction from high in-field traffic, increasing pest and weed pressures
and declining sugarcane age at harvest) may contribute to these yield declines, access to

water resources by sugarcane is the primary cause of these declines.

Average water use per growing cycle in all mill areas calculated based on Equation 5.4,
was consistently below observed rainfall for the duration of the study period (Figure 5.7).
The exception to this was during the 2014-2016 period when most South African
catchments were experiencing a 1 in 50-year drought (Abbas et al., 2019). Despite being
located in catchments that have some of South Africa’s highest MAP, sugarcane water
use from rainfall and irrigation remains consistently high for sugarcane. Further, while
the designation of sugarcane as a ‘Streamflow Reduction Activity’ remains open to

interpretation, the fact remains that the South African mill areas are vulnerable to water
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stress as they are already using the majority of the proportion of water allocated to
sugarcane production. Although the vulnerability of these mill areas is lower than the
other mill areas in this study, they are still operating under a challenging water resources
management environment and therefore, adaptation to climatic extremes will remain

important in these mill areas.

Figure 5.7  LTM observed and simulated yields for the South African mill areas and

annualized water use per growing cycle.

In the irrigated Big Bend mill area, LTM observed yields consistently increased for the
period 1996-2004, remained nearly constant for the period 2005-2015, and subsequently
increased in the post-drought 2016-2019 period (Figure 5.8). This can be attributed to
sugarcane being almost exclusively irrigated in this mill area which consequently buffers
and limits yield declines. The reported near-constant yield trends over the 2006-2016
period was considered to be cause for further investigation. Yields during this period
changed by less than 1% per growing cycle, and this was considered to be an unlikely
trend. This was attributed to either under-reporting of observed by the mill or, potentially,
the diversion of harvested sugarcane to alternative mills (e.g. Simunye mill) for
processing. The LTM simulated yields were consistently higher than observed yields.
This was a direct result of the invocation of the net irrigation requirement option in

AquaCrop, which assumes that irrigation is initiated once the soil plant available water
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(PAW) drops below 50%. Owing to this invocation, the LTM simulated yields were

consistently higher than the observed yields because water was not a limiting factor.

Rainfall for the Big Bend mill area is not sufficient to meet the requirements of
commercial or small-scale sugarcane production, hence the need for irrigation. Further,
rainfall in the Ubombo catchment averages approximately 659mm/annum, and the
catchment is prone to intense, short-term droughts. Irrigation is therefore an essential
requirement for sugarcane production in this catchment and it makes a significant
difference in averting the effects of water stress and maintaining yields. However, despite
the efficient irrigation systems in the mill area, the exclusive reliance on irrigation makes
it clear that sugarcane production is extremely vulnerable to climatic extremes in this mill

arca.

Figure 5.8 LTM observed and simulated yields for the Big Bend mill area and

annualized water use per growing cycle.

The Nchalo mill area witnessed an increase in observed LTM observed yields for the
2000-2006 period, and consistent yield declines over the 2007-2019 period (Figure 5.9).
It is important to note that sugarcane production often assumes a lower priority compared
to other bulk commodity crops such as tea, tobacco and maize in this mill area. The yield
declines may thus not necessarily reflect poor agronomic or water resources management

but rather constantly shifting economic priorities. Regardless, sugarcane production is
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under increased pressure to access water resources, and this is suppressing yields. The
decision to grow sugarcane appears to be contingent on the availability of resources such
as water and labour, and on the prevailing sugarcane selling price for every growing cycle.
As the pressures of climate change become more apparent and sugarcane production
becomes more resource-intensive and less economically viable, the continued decline in
sugarcane yields can be expected. As recently as May 2022, sugarcane production across
Malawi has been critically low, which led the Malawian government temporarily banning
the export of sugar until production was restored and local sugar demands met (Nzangaya,
2022). This was a result of extreme events such as Cyclone Ana (International Federation
of the Red Cross, 2022) that disrupted the sugarcane value chain, particularly in the

Nchalo mill area.

Figure5.9 LTM observed and simulated yields for the Nchalo mill area and

annualized water use per growing cycle.

LTM water use averaged 780mm/growing cycle and simulated yields were fairly constant
for the Nchalo mill area, particularly after the 2011 growing cycle. The relatively high
water use coupled with low rates of irrigation imply that this mill area is vulnerable to
water stress and will increasingly rely on supplementary irrigation. The high seasonality
of rainfall also serves to emphasize the importance of irrigation and the high exposure of
sugarcane to water stress in this mill area. The LTM observed yields for the Kilombero
mill area were 113.09t/ha/growing cycle over the study period as a result of increase
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rainfall rates, which appear to have favoured increased sugarcane productivity (Figure
5.10). It should be noted that the actual observed yields for the period between 1994 and
2000 could not be independently verified, therefore the yield trends reported in Figure
5.10 for this specific period are estimations based on yields reported by secondary sources
(Table 5.1). Sugarcane production in the KSCL mill faces a multitude of problems
including access to irrigation, high rainfall seasonality the physical geography of the
Kilombero catchment which limits the area under cane and limited sunshine hours caused
by high cloud cover, which contribute to a lower sucrose content of sugarcane. Despite
these limitations, average yields have been steadily increasing as a result of an increase

in the number of outgrowers subsidised by the Tanzanian government.

Figure 5.10 LTM observed and simulated yields for the Kilombero mill area and

annualized water use per growing cycle.

Sugarcane water use is relatively high in the Kilombero mill area - averaging
1206mm/annum, against an MAP of 1220mm/annum. Despite the high MAP, the water
deficit ratio was high, averaging 0.94 over the study period, which can be explained by
the high seasonality which necessitates high rates of irrigation during the dry seasons.
Regardless, the Kilombero mill area is successful at producing sugarcane. However,
owing to the high rainfall seasonality and the strong dependence on irrigation, the

Kilombero mill area is vulnerable to effects of water stress and climatic extremes.
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5.5.3 Sugarcane Crop Productivity Ratio

This study sought to quantify the vulnerability of sugarcane to the impacts of increased
climate variability and water stress. The sugarcane Crop Productivity Ratio (CPR, cf.
Section 5.3.6), which aims to relate actual sugarcane water use with observed rainfall and
thus quantify the potential vulnerability of sugarcane to water stress, was calculated for a
25-year period from 1994 to 2019. The CPR was calculated for each mill area and for
each growing cycle using Equation 5.5. The CPR, in conjunction with the relationships
between observed and simulated yields and water use per growing cycle were used to
define the adaptation potential or ‘space’ for individual mill areas. The results of this
assessment are intended to mitigate the vulnerability of sugarcane production systems to
current and future ‘loss events’ associated with water stress resulting from extreme events
and are presented in Figure 5.11. As mentioned before, a CPR above 1 denotes that the
maximum amount of water available to the crop was utilised and, conversely, a CPR
below 1 implies that there are inefficiencies in supplying the crop with enough water to

prevent water stress.

It was accepted that regardless of the location of a mill area, sugarcane water use
consistently exceeded observed rainfall for the majority of the study period. For instance,
the CPR for the South African mill areas (Figure 5.11a) averaged 0.97 based on observed
yields indicating that sugarcane water use consistently exceeded rainfall and thus
supplementary irrigation was necessary to limit water stress and safeguard yields for the
majority of growing cycles. While irrigation systems are highly efficient in these mill
areas, they still have to contend with the reality of below average rainfall that would
otherwise not permit or sustain rainfed sugarcane production. In relatively dry growing
cycles such as in 2014, 2015 and 2016, the CPR exceeded 1 which indicates that all the
available water from rainfall and irrigation was used and this was necessary, once more,
to prevent water stress. The observation that the CPR for South African mill areas is
consistently below 1 suggests that droughts can place the sugarcane crop at risk of water
stress. However, while it is true that the frequency of droughts is increasing in South
Africa (Change, 2012; Mason et al., 1999; Mirza, 2003; Thornton et al., 2014) and LTM
yields are steadily declining, the advanced irrigation schemes coupled with large
investments into research to create drought-tolerant varieties will further serve to reduce

the vulnerability of sugarcane to water stress.
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Figure 5.11 Long Term Mean (LTM) Crop Productivity Ratios (CPR) for a) South African, b) Big Bend, c¢) Nchalo and d) Kilombero mill areas

relative to observed and simulated yields.
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Therefore, despite the LTM CPR of 0.97, the relatively high observed and simulated yields
suggest that the South African mill areas are still in the safe adaptation space, however some
risks remain. It should be reiterated that the irrigation option was invoked in AquaCrop and
this had the effect of increasing the CPR to an average of 1.07 which suggests that despite
being in the safe adaptation space, some improvements can still be made in these mill areas
to limit yield declines. This CPR from simulated yields suggests that yield declines are not
only caused by water stress but that other factors, such as pest outbreaks and increasing
production costs, are potentially assuming an important role in the reported yield declines in

these mill areas.

Sugarcane production would not be possible in the Big Bend mill area without irrigation.
This was evidenced by the LTM CPR which averaged 0.80 indicating that the below average
rainfall is consistently exposing sugarcane to water stress and that irrigation is imperative to
counter the risk of exposure to water stress (Figure 5.11b). The CPR for this mill area was
significantly below 1 for nearly all the growing cycles except for 2002 and 2005. This was
a further indication that water stress poses a serious risk to sugarcane in this mill areas and
is only countered by the high irrigation rates. The CPR highlights the central role that
irrigation plays in this mill area. The LTM CPR suggests that this mill area is in the unsafe
adaptation space as a result of the over-reliance on irrigation. Any interruption to this system
would potentially be catastrophic for sugarcane production. There was a significant gap
between observed and simulated yields due to the invocation of the irrigation option in
AquaCrop. This highlighted the significant role that irrigation assumes and underscored the

high vulnerability to water stress that sugarcane is subjected to.

Like the South African mill areas, the Nchalo mill area exhibited a CPR of 0.97 over the
study period (Figure 5.11¢). This was attributed to the high rainfall seasonality in the Shire
catchment which, over the dry seasons, results in prolonged dry spells that can induce water
stress, thus necessitating irrigation. Although irrigation is not entirely necessary during the
wet seasons, the risk posed to sugarcane production during the dry season is substantial. The
CPR increased to be above 1 during the relatively dry growing cycles and correspondingly
yields declined during abnormally long dry seasons. Despite not being a high-priority crop
in the Shire catchment, sugarcane is highly vulnerable to climatic extremes. In fact, it may

be argued that because it is not a priority, the vulnerability of the sugarcane crop can be
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amplified because during extreme events, water and other resources may be diverted to more
economically important crops. This is evidenced by the low yields that have been
experienced in this mill area since 2007. In that regard, the Nchalo mill area was operating

in the high-risk and unsafe adaptation space despite the LTM CPR of 0.97.

The LTM CPR estimates for the Kilombero mill area were considered anomalous owing to
poor and unverifiable data records between 1994 to 2006 which resulted in the use of
secondary estimates that lacked reliability. Regardless, the records from 2007 to 2019
provided an adequate indication of the sugarcane water use and rainfall dynamics in the mill
area. The Kilombero mill area averaged LTM CPR of 1.13 between 2007 and 2019
suggesting that all the available water is being used in this mill area and that irrigation,
similar to all the other mill areas, is an important facet of sugarcane production in this mill
area (Figure 5.11d). Sugarcane water use is higher than observed rainfall and this helps
reduce water stress and sustain high yields. However, there is a risk that the high seasonality
in this catchment can induce water stress and undermine yields. Despite this, the Kilombero
mill area has a substantial irrigation network and relatively high rainfall rates that, despite
the equally high seasonality, serve to support and sustain high yields. This implies that the
mill area is in the safe adaptation space. While sugarcane water use is high, it is
supplemented with irrigation and is grown in a mill area with high rainfall rates hence the
LTM CPR that consistently exceeds 1 for the 2007-2019 growing cycles. Kilombero will
require increased investments in irrigation to maintain high yields. The LTM CPR of 1.13 is
indicative of the importance of irrigation in this mill area. While rainfall is high, sugarcane
production is a risky venture owing to the high rainfall seasonality and this implies that the
safe adaptation space can rapidly change should any disruptions be experienced in the

sugarcane value chain.
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5.6 Adaptation Spaces for Sugarcane Production

The potential for adaptation is limited by the degree to which a system is vulnerable to
external disturbances (Adger et al., 2009). This potential for adaptation or ‘adaptive
capacity’ is, in turn, defined by the magnitude of resources a system has access to and thus,
on how well insulated a system is to unexpected disturbances. In the case of sugarcane
production, the vulnerability of a mill area to water stress engendered by climatic extremes
was determined based on the scale and extent of resources that the individual mill area can
access. The discussion concerning the adaptation potential will be based on the concept of
adaptation spaces (Section 5.4, Figure 5.5). To prevent speculation regarding the
vulnerability of sugarcane production in mill areas, this study based its conclusions on the
actual sugarcane water use and observed and simulated yields (Figure 5.11) and on the
actual interventions that are currently being employed by individual mill areas to safeguard

the sugarcane production enterprise.

According to the IPCC (2022), the regional variability of precipitation and temperature
across southern Africa is rapidly increasing owing to changing atmospheric patterns
influenced by a changing climate. This implies that, despite the range of interventions to
limit yield losses, the sugarcane production industry will remain vulnerable to water stress
and climatic extremes, albeit to varying degrees. The South African mill areas are the most
technologically advanced and are supported by a robust research and development
environment; factors which place these mill areas in the safe adaptation space (Figure
5.11a). The long-term relationships between observed and simulated yields indicate that
these mill areas are operating optimally, and their observed yield closely resemble their
potential maximum yields. While improvements can be made in increasing yields or at least
reducing losses, these mill areas are well insulated against water stress and thus have high
adaptive capacity. It can therefore, be concluded that the South African mill areas are in the

safe adaptation space despite the reported yield declines.

This is not to suggest that these mill areas are immune to water stress, rather that they are
operating with a strong focus on interventions that will limit the vulnerability of sugarcane

to future extreme events. Water use in these mill areas remains high as indicated by the LTM

179



CPR 0f 0.97, despite sugarcane production being a closely regulated activity, these mill areas

regularly produce proportionally high yields which suggests a more optimal operating space.

Contrary to the South African mill areas, the Big Bend mill area was considered to be
operating in the unsafe adaptation space as evidenced by the LTM CPR of 0.80 and the
relationships between observed and simulated yields (Figure 5.11b). There were
consistently large differences between observed and simulated yields suggesting that
improvements need to be made to ensure that this mill area can produce maximum yields
and thus transition into the safe adaptation space. Further, the over-reliance on irrigation
places this mill area in the unsafe adaptation space. The fact that sugarcane is irrigated
implies high vulnerability to water stress; however, that can only be minimised by extensive
research into drought resistant sugarcane varieties and highly efficient irrigation systems.
The financial resources to achieve this would be substantial and can potentially affect the
long-term sustainability of sugarcane production. With increases in the frequency of
extremes, a proportionally large increase in resources would be required to achieve
economically viable breakeven yields. While the Big Bend mill area is heavily subsidised
by the eSwatini government and has substantial support from commercial growers, it

remains in the unsafe adaptation, at least for the short to medium term.

High rainfall seasonality and heavy reliance on irrigation are major risk factors in the Nchalo
and Kilombero mill areas. Both these mill areas follow a hybrid of rainfed and irrigation
approaches. Sugarcane production is relatively successful in both mill areas despite the
challenging hydroclimatic conditions, and the limited input related to research and
development. In the Nchalo mill area, for instance, sugarcane is produced as a secondary
crop and therefore, limited attention is paid to this crop during dry spells. Despite the LTM
CPR 0f 0.97, the differences between observed and simulated yields were significant enough
to suggest that improvements can be made to improve yields (Figure 5.11¢). The risk-to-
reward proportionality remains too high in this mill area due to high rainfall seasonality and
irrigation limitations. In fact, during dry spells, outgrowers and commercial producers often
switch to less water resource intensive and more financially rewarding crops. By way of an
example, during the drought of 2014 and 2016, most growers ceased sugarcane production

due to the inability to access irrigation.
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The Nchalo mill area is thus considered to be highly vulnerable and operating in the unsafe
adaptation space (Figure 5.11¢). If sugarcane production is to remain viable, significant
resources must be allocated to the sugarcane industry and considering the current sugarcane

production environment specifically in the Shire catchment, this is unlikely to materialize.

Despite the challenging hydrological and geographic environment, sugarcane production in
the Kilombero mill area has seen an upsurge and has enjoyed significant increases yields in
the past few growing cycles (Figure 5.11d). This is a direct result of the prioritization of
sugarcane production by the Tanzanian government and policies which support exports of
high-quality processed sugar. Significant financial incentives and access to current research
have been made available to both outgrowers and commercial growers. There exist strong
(and legally binding) relationships between commercial growers, outgrowers and the
agricultural ministry in Tanzania, the purpose of which is to safeguard and ensure the
continuity of the highly vulnerable sugarcane industry. Although in its infancy, these
relationships have yielded positive results particularly after the 2011 growing cycle. This is
evidenced by increasing yields under a highly seasonal hydroclimate, and an increase in the
area under sugarcane across the Kilombero catchment (Figure 5.11d). While there are
significant differences between observed and simulated yields suggesting that the mill area
1s operating below its actual potential, there is still a significant increase in observed yields.
Therefore, based on the LTM CPR of 1.13 and continuously high observed yields, it may be
concluded that the mill area is operating within a safe adaptation space. This is despite the
disproportionally high reliance on irrigation and high rates of illegal imports of sugar into
Tanzania. Coupled with high seasonality, which is likely to be enhanced in the future,
sugarcane production will be under increased pressure and will most likely shift into the
unsafe adaptation space if no agronomic and water resources management interventions are

implemented.

It is clear that despite the current relatively successful cultivation of sugarcane production in
all the mill areas under study, they are all still vulnerable to water stress and there is
significant scope for adaptation. This is particularly true under the projected climatic changes
(IPCC, 2022) which will undoubtedly increase the exposure and vulnerability of sugarcane
production to water stress. Mill areas such as Big Bend and Nchalo are under perpetual threat

of collapse due to their over-reliance on irrigation. The projected climatic changes present
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unique challenges to sugarcane production in this region and if the enterprise is to survive,
adaptation strategies will require more consideration than is currently the case. The need for
adaptation will not be diminished across southern African mill areas regardless of the
differences in the urgency with which adaptation interventions will be required. As has been
shown in this study, adaptation is a highly complex process that requires changes at every

level in the sugarcane production value chain and not just in water resources management.

5.7 Adaptation Recommendations

The results from this study have yielded key lessons that were transferrable not only for the
mill areas under study but for other mill areas in the region. These lessons are intended to
offer recommendations that can potentially reduce vulnerability and enhance adaptation to

water stress and they include:

1. Improving the understanding of the impacts of climatic extremes across the
sugarcane value chain, i.e. from planting to cultivation to processing and retail.

2. Sharing research outputs regarding drought and pest-resistant sugarcane varieties
particularly with outgrowers.

3. Growing multiple sugarcane varieties within a single mill area to create a ‘yield
buffer’ to negate the effects of water stress during prolonged dry periods.

4. Exploring the use of biotechnology (i.e. genetically modified hybrid sugarcane
varieties) to limit the exposure of sugarcane to biotic and abiotic stresses.

5. Increasing investments in efficient irrigation technologies that use limited volumes
of existing water resources to increase yields.

6. Engaging in multi-cropping to increase soil organic matter which can potentially
increase the water holding capacity of soil thus enhancing plant available water for
every season.

7. Reversing stigmatizing policies that relegate sugarcane production to a secondary
crop or a crop that threatens national water resources (e.g. the SFRA law in South
Africa). While this position may have been true once, significant progress has been
made in improving water use efficiency in the industry. These policies need to be

revised to reflect the current status of sugarcane production.
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8. Considering changes to cropping dates to limit the impact of increasing rainfall
seasonality particularly in the Nchalo and Kilombero mill areas.

9. Improving in-field technologies that reduce soil degradation and enhance water
holding capacities.

10. Reducing practices such as burning prior to harvesting and burning sugarcane trash
which increase the emission of greenhouse which ultimately exacerbate climate
change. While burning enables hand-cutting which creates seasonal employment,
self-trashing varieties can limit the need for burning while not compromising

livelihoods.

5.8 Conclusions

This study proposed a crop productivity ratio based on actual sugarcane water use in relation
to actual observed rainfall over a growing cycle. Findings show that despite the inherent
vulnerabilities to water stress there remains scope for adaptation for all the mill areas. The
ability of each mill area to adapt varies according to the extent of resources dedicated to limit
the exposure of sugarcane to the effects of water stress. Critical factors such as
supplementary irrigation and research and development that encompasses the entire
sugarcane production value chain, are invaluable in reducing the present and future
vulnerability of sugarcane to water stress. While the CPR excluded a few factors that affect
the exposure of sugarcane to water stress, it still provided useful insights into the current
vulnerability of sugarcane. It was observed that the adaptation space of individual mill areas
is a function of current agronomic practices and of the present and projected changes to
regional climatic extremes. While it is true that nearly all mill areas rely on direct rainfall,
the requirement for irrigation will become increasingly important in the near future. Further,
it is becoming an inescapable reality that the use of drought-resistant varieties is central in

the sustainable cultivation of sugarcane in the region.

Except for Kilombero, the mill areas selected in this study are subject to declining yields,
despite several interventions to limit these trends. Growers, both outgrowers and
commercial, remain exposed to climatic extremes, and current management approaches may
not be adequate to manage or respond to conditions. The adaptation options recommended

in this study were considered applicable to most, if not all, mill areas under study.
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While sugarcane production remains a viable enterprise in southern Africa, it remains under
significant pressure to minimize resource use (land, water, and labor costs to name a few)
while remaining internationally competitive. The adaptation options suggested in this study
can potentially minimize current and future vulnerabilities, increase yields while minimizing

resource inputs.

Adapting to a changing climate is a multifaceted exercise, requiring a holistic approach that
includes every aspect of the sugarcane value chain. Studies such as this provide an initial
view into the vulnerability of individual mill areas. Further studies are required that will
include the entire complement of the sugarcane production value chain for individual mill
areas. For instance, the distance to ports can be a crucial aspect that limits the sustainability
of sugarcane production, as the transportation costs can increase proportionally to the
distance from the mill area. Increasing production costs can increase vulnerability by forcing
growers to forgo purchasing newly developed varieties to afford exporting their product.
There are numerous other factors that affect the vulnerability of sugarcane to climatic
extremes. By addressing water stress, this study highlighted the importance of understanding
the exposure of sugarcane to climatic extremes and the need of developing more inclusive

adaptation strategies.
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CHAPTER SIX
SYNTHESIS
The importance of sugarcane production in southern Africa cannot be overstated. This crop
has been demonstrated to be a vital high-value commodity crop that supports millions of
livelihoods and has the immense potential of lifting millions more out of crippling poverty
and unemployed across the region (Deressa et al., 2005; Hess et al., 2016; German et al.,
2020). While the environmental impact footprint of sugarcane production surpasses that of
other staple crops such as maize, sorghum, cassava, and sweet potatoes (Laurie et al., 2015;
Cairns et al., 2021; Kayiwa et al., 2021), it remains inextricably tied to the socio-economic
development trajectories on numerous countries in southern Africa. The works of numerous
scholars (e.g., Knox et al., 2010a; Singels et al., 2014; Jones and Singels, 2018; Hess et al.,
2016) have provided clear evidence of the economic and social value of sugarcane
production, but also of the significant challenges that cultivating sugarcane faces particularly
with regard to the regional hydroclimatic environment, the magnitude of resources required
to produce adequate yields and the favourability of the sugarcane production landscape with
respect to policies governing the production of the crop (Dubb, 2015; Dias & Sentelhas,
2018b; Jones et al., 2015a; van den Berg & Singels, 2013; Zu et al., 2018). The findings of
this study corroborated the findings of current research which analyses the factors
undermining the sustainability of sugarcane production in southern Africa. This was
demonstrated on multiple occasions throughout this study wherein factors such as land
degradation (Chapter Two), competition for limited resources including water and land
(Chapter Three), climate variability (Chapter 4), labour and adaptation policy (Chapter

5) were shown to be the primary determinants of the successful cultivation of sugarcane.

The study established the basis for various aspects of global change which influence the
regional dynamics of, among others, land use change (Chapter Two). While this discussion
did not explicitly address sugarcane production per se, it outlined the causes that lead to the
extensive alteration of land to cultivate high-value agricultural commodity crops such as
sugarcane. This assessment used the Environmental Kuznets Curve Theory (Rockstrom et.
al., 2009) to outline the drivers and impacts of land use change and the realistic responses
that can be adopted to simultaneously secure the sustainability of resource-based socio-
economic growth and safeguard the long-term integrity of natural resources. This theory
suggests that extensive environmental degradation and pollution are often a ubiquitous

hallmark for developing nations and one which only potentially reverses once high per capita
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income and high human development indices are achieved. This remains true in southern
Africa considering the fact that this is one of the most rapidly developing regions in the
world (Dubb, 2015; World Bank, 2019). The catchments of focus in this study, i.e., Mngeni
and uMlaas (both in South Africa), Big Bend (eSwatini), Nchalo (Malawi) and Kilombero
(Tanzania), share a similar narrative when the factors driving land use change, particularly
in support of the expansion and intensification of sugarcane production, are considered.
However, the distribution of studies that assess the impacts of sugarcane production on land
degradation and water resources is vastly uneven, with the majority of these studies mainly
originating from South Africa and eSwatini where growers have the support of well-
resourced governments and private research institutions. Per the Environmental Kuznets
Curve Theory, this raises some risks for the chronically under-resourced commercial and
outgrowers in Malawi and Tanzania by enhancing the exposure and vulnerability of their
sugarcane production schemes to external shocks such as increased climate variability and
climate change. Current studies (e.g., Jones et al., 2019; Sulle & Dancer, 2020; Hiloidhari et
al., 2021; Mudombi et al., 2021; Dias & Sentelhas, 2021; Carrer et al., 2022) support this
narrative by pointing out that securing successful sugarcane cultivation requires increased
research efforts and investments in agronomic monitoring systems at different spatial and
temporal scales. This is to ensure that a healthy and low-risk rate of sugarcane production
expansion is achieved without undermining the sustainability of resources. Further,
increasing knowledge transfer between commercial and outgrowers in all the countries
considered in this study, was shown to be a key turning point that can ensure that the regional

sugarcane production landscape is equitable and insulated from external disturbances.

To take advantage of the opportunities for an improved sugarcane production value chain,
this study highlighted the importance of a multifaceted and detailed analysis of the proximate
and ultimate drivers of sugarcane production, and the potential impacts of climatic extremes
on this important commodity crop (Chapter 3). Whilst there is clear evidence of the
opportunities for improving the philosophies of sugarcane production in the region (Olivier
& Singels, 2015; Adetoro et al., 2020; Dlamini, 2021), the issue of scale remains a critical
and inescapable challenge that requires continuous attention. Conducting this study at a
regional scale in six different mill areas located in six catchments across four countries
generated useful lessons but also unearthed significant challenges that were deeply

acknowledged and recognised. In particular, the issue of acquiring observed hydrological
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and agronomic data at appropriate scales for use in the modelling exercises was a significant

challenge that required extensive effort to overcome.

It has been recognised by various authors (e.g., Ndschen et. al., 2018; Harvest-Choice, 2019;
Jones et. al., 2019; Yang et. al., 2022) that accessing reliable data that can be independently
verified is a significant challenge in southern Africa. Despite this, however, this study
managed to generate long-term records that could be reliably used as input through a series
of exercises which included data infilling, creating synthetic records and using default
parameters based on verified and published records (Chapter 3, Section 3.5.1 and Chapter
4, Section 4.3.7) Despite the challenge of obtaining high quality observed data, this study
managed to generate useful and hitherto little-known lessons regarding the proximate and
ultimate drivers of sugarcane production unique to southern Africa across different spatial
scales (Chapter Two, Fig. 2.1). While ultimate drivers, owing to their intrinsic human
dimension, assume a far greater role in influencing the expansion and intensification of
sugarcane production in the region, proximate drivers such as land use change, which are
often closely related to ultimate drivers, are more relevant with regard to impacts to land and
water resources. This is because proximate drivers involve the direct alteration of the
landscape which, by extension, changes hydrological processes and fluxes thus changing
water resource responses. At mill area levels, or local catchment scales, these proximate
drivers, despite not being the most dominant, are the ones that reflect the cost of expansion

of sugarcane production, particularly on water resources.

While contemporary sugarcane production research remains largely concentrated in
catchments from South Africa and eSwatini, it is extremely important that both proximate
and ultimate drivers are assessed at larger scales. This is particularly crucial since sugarcane
production is demonstrably expanding and intensifying but the empirical evidence into its
impacts remains relative unknown especially in the catchments from Malawi and Tanzania.
This study effectively showed that technological advancements and the definitive economic
benefits of sugarcane production are the key drivers of sugarcane expansion across all mill
areas and, indeed, across all countries under study. The consequential influx of investments
in sugarcane production have seen a steady increase in research concerned with impacts on
water resources (Ngcobo and Jewitt, 2017; Singels et al., 2021), land (German et. al., 2020)
and even societies (Dubb, 2015; Dubb et al., 2017).
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This study confirmed the prognosis that sugarcane production will expand and intensify in
the mill areas considered because of the substantial socio-economic benefits of cultivating
this crop. It was further demonstrated that agronomic management, and not necessarily
climate variability, assumes a far greater role as the key determinant of the viability and
sustainability of sugarcane production. These findings were considered valuable in
dispelling misconceptions regarding the drivers and impacts of sugarcane production in
southern Africa and the impacts of climate variability and change. The commonly held
assumption that climate change is the overriding ‘stressor’ that has been suppressing yields
in the region was proven to be misleading if not entirely incorrect. While climate change still
exerts an important influence on hydroclimatic variability, it is not at present the most
dominant factor affecting sugarcane yields in the mill areas studied. Instead, day-to-day
water resources management in conjunction with agronomic management are the most
critical factors that exert the most important influence over the success of sugarcane

production.

The panarchy or ‘kite’ concept describing rapid and small changes at local scales cascading
to large and slow changes at larger scales, showed that while sugarcane production is largely
local (i.e., mill area) in scale, its impacts can accumulate and cascade upwards and have
significant impacts on water resources at larger (i.e., national and regional) scales. This is
because the southern African sugarcane production value chain is tightly connected and, in
many instances, shares multiple common threads related to agronomic management
paradigms. The importance of this connectivity is reflected in the fact that novel approaches
related to water resources management and other research-based innovations are often
shared among the sugar producing community and, by inference, play a significant role in
the expansion and success of sugar production in the region. While the more technologically
advanced mill areas in South Africa and eSwatini tend to adopt new innovations at a much
faster rate compared to their counterparts in Malawi and Tanzania, sugar production in the
latter two nations tends to be strongly supported and heavily subsidised by their governments
and this can affect the macro-economics of sugar production particularly sugar prices and
import-export dynamics in the entire region. That is to say, the decisions made by growers
in one country can affect the competitiveness of growers in another country and can exert
pressure on natural resources when growers are attempting to maintain pace with respect to
yields and production costs. In keeping with the ‘kite’ concept, initiatives such as the SADC

Regional Infrastructure Development Master Plan, conceived at regional scales can have real
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impacts for local growers by potentially changing their fundamental approaches to

cultivating sugarcane if they wish to maintain profitability.

The projected expansion of sugarcane production will evidently result in, or at the very least,
necessitate increases in water use (Chapter Three, Figure 3.8b, ¢). Despite this observation,
there is no guarantee that sugarcane yields will correspondingly increase (Chapter Four,
Figure 4.12). Modelling results showed that this is because yields are declining for the mill
areas in South Africa, Malawi and Tanzania, resulting in increased yield gaps, and that yields
are stagnant in eSwatini, resulting in relatively fixed yield gaps. Yield gaps remained high
across all mill areas consequent to reductions in water resources due to increased climatic
variability and competition, and approaches to crop management over the past 25 years.
Further, since the hydroclimatic environment for most of southern Africa does not
necessarily support the industrial-scale production of sugarcane, and climate change is
anticipated to increase hydroclimatic variability, improving yields will become increasingly
challenging (Chapter Four). The observation that sugarcane water use will increase is not
surprising; however, this research showed that the agronomic approaches that will need to
be adopted under a changing climate will have to be novel, incisive, and forward-thinking
and there cannot be ‘one-size fits-all’ solutions (Chapter Five) for all mill areas regardless

of the connectivity of the regional sugarcane production value chain.

Recent studies (e.g., Hennessy et al., 2022) have shown that climate variability will increase
across southern Africa and will be characterised by increases in the frequency of floods and
droughts (Kalantari et al., 2018; Smithers et al., 2018). This means that, similar to every
other anthropogenic activity, sugarcane production will be vulnerable to a certain degree to
the effects of increased climate variability. This is well-recognised by both commercial and
outgrowers. Depending on the prevailing hydroclimatic and economic conditions, growers
from individual mill areas can be expected to adopt a range of adaptation strategies to reduce
their vulnerability to climate change. While this research offered informed suggestions for
adaptation strategies (Chapter Five, Section 5.7), these were in no means considered to be
generic for all mill areas. They were, however, tailored to the southern African sugar industry
and particularly to the mill areas under study. The conditions of sugarcane production are
constantly changing and the selection of a particular set of adaptation strategies must be
informed by these prevailing conditions. For instance, growers in relatively technologically

advanced countries such as South Africa and eSwatini may consider adopting strategies such
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as improving in-field technologies and developing drought-resistant high-yielding sugarcane
varieties, while those in Malawi and Tanzania mill areas may consider growing multiple
sugarcane varieties within a single mill area to negate the effects of water stress during
droughts. The key messages related to adaptation include the recognition that climate change
is already increasing the frequency of extreme events, that the sugar industry will inevitably
have to adapt, and that agronomic management will continue to play a critical role in the

sustainability of sugarcane production.

The mill areas in this research were deliberately selected owing to both their similarities and
differences. Mill areas in South Africa, Malawi and Tanzania follow a combination of
rainfed and irrigation growing regimes, while the mill area in eSwatini is exclusively
irrigated. Other factors considered included differences in the length of growing cycles (18-
months vs 24-months), rainfall seasonality, and sugarcane production policies at each mill
area. While this approach yielded useful lessons, it also presented some challenges, and these

are described in the following section.

6.1 Research Challenges

One of the most profound challenges in this study was related to accessing high-quality
datasets that are crucial in crop modelling. The AquaCrop model, being the main model
employed in this study, was beneficial in simulating sugarcane crop yields and in performing
yield gap analyses particularly in data scarce areas. As is often the case in southern Africa,
observed long term records are difficult to obtain as these are either missing, poorly curated
or proprietary and thus challenging to access. It was fortunate that mill areas such as Eston,
UCL and Noodsberg in South Africa and, to an extent, Ubombo in eSwatini had reliable and
long-term observed climate, historical yield data and agronomic datasets which were critical
inputs in the AquaCrop model. The same, however, could not be said for the Nchalo and
Kilombero mill areas. It was necessary and unavoidable to access climate records from
online sources and estimate yields from the total annual output and area under sugarcane as
there were either no known or reliable records prior to the year 2000 for these two mill areas.
A limitation with datasets from Nchalo and Kilombero was the lack of independent
verification, and this necessitated the back-calculation of observed yields from available area
and mill crush/production data to create synthetic yield records from secondary sources.

Despite this challenge, the simulations for these two mill areas were considered to be a close
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reflection of the actual dynamics of sugarcane production. As such, the conclusions drawn

from the results were appropriate.

As noted in Chapter Four, the AquaCrop model was run with the assumption that a full set
of crop development and production parameters was available. Certain of these parameters
had to be estimated from observed records as obtained from agronomy annual reports
published annually by individual mills, and from previously published records. This was
because the model was run at mill area level and not at individual estate level. It would have
been impractical and beyond the scope of this research to try and estimate crop parameters
for each sugar estate for six mill areas over 25 years. To ensure the verisimilitude of model
results, the model was validated and verified over a 15-year period ranging from 2004 to
2019 against observed sugarcane yield data for the three South African mill areas and the

Ubombo mill area.

Another challenge identified was the scale at which the crop productivity ratio (CPR) was
calculated. The CPR was calculated at mill area level, and while the CPR offered a useful
indicator of mill areas that are vulnerable to water stress, this scale may be too coarse to
allow for a detailed description of the vulnerability of individual growers to water stress. To
account for important determinants of water stress such as irrigation and sugarcane
agronomic management, it would be useful to calculate the CPR at the scale of sugar
producing estates. Lastly, the inclusion of additional sugar producing countries in southern

Africa would have provided more insights and added further value to this research.

6.2 The Way Forward

Similar to any other agricultural activity that involves land use change, the drivers of
sugarcane production in southern Africa are continuously evolving. Further, the impacts of
climate change are going to become increasingly important as sugarcane production
continues to expand. Therefore, the approaches adopted in the pursuit of understanding the
relationship between climate change and sugarcane production must evolve. The drivers of
sugarcane production (Chapters Two and Three) are complex and unique to each country
and mill area and with how climate change is expected to increase rainfall variability, these

would need to be updated. While this research presented a detailed assessment of these
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drivers, it would be useful to conduct surveys with growers to understand some of the more

obscure factors that influence the expansion of sugarcane production.

This research used a single model to assess the impacts of climate extremes on sugarcane
yields, and to assess yield gaps at mill area level. The use of an ensemble of crop models at
finer scales would be useful in providing a clearer picture of yield trends in the region. While
access to data at small scales remains a significant challenge, it is still important to explore
the use of different models and include more mill areas in understanding current and,

potentially, future yield trends.

Finally exploring the impacts of climate change on the entire sugarcane production value
chain is critical in obtaining a more complete understanding of the vulnerability of sugarcane

production and developing more robust and holistic adaptation strategies.

6.3 Contributions of Research to New Knowledge

The main contributions of this research to new knowledge may be summarised as follows:

e Enhancement of the understanding of the drivers of global change which include
climate change, land-use change, and economic development which are coupled and
interrelated anthropic-forms of change and the recognition that they need to be
treated as such. The study made clear that the management of the impacts of global
and local change requires a holistic approach which recognizes the interrelationships
and adopts an integrated and adaptive management framework.

e Effectively demonstrating that the interactions between the various drivers of
sugarcane production display different strengths of causal relationships at local and
regional scales. That is, as spatial scales change, the degree to which various drivers
interact changes. This is a consequence of the evolution of connectivity patterns and
cross-scale interactions which further demonstrates the importance of ‘ultimate’
drivers in determining the dynamics of sugarcane production in the region.

e Confirmation of decreasing yield trends and increasing yield gaps across most mill
areas. This research confirmed that yield gaps are increasing and this remains a cause
for concern. Growers remain exposed to climatic extremes, and current management

approaches may not be adequate to manage or respond to these conditions. Solutions
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to reduce yield gaps were recommended in this research and these were considered
be applicable to most, if not all, mill areas under study. Further, while sugarcane
production remains a viable enterprise in the region, it remains under significant
pressure to minimize resource use (land, water, and costs), while remaining
internationally competitive. The recommendations to address yield gaps suggested
in this research can potentially increase yields and reduce yield gaps while
minimizing resource inputs.

e Confirmation that despite the current successful cultivation of sugarcane production
in the selected mill areas, they are all still vulnerable to water stress as demonstrated
by the CPR calculations. Certain mill areas such as the Big Bend and Nchalo are
under perpetual threat of collapse due to their over-reliance on irrigation and
consequently, have a strong need for adaptation.

e Contribution to and enhancement of the understanding of the vulnerability of
sugarcane to water stress and recommending viable adaptation strategies.

e [llustration that the ability of each mill area to adapt varies according to the extent of
resources dedicated to limit the exposure of sugarcane to the effects of water stress.
Critical factors such as supplementary irrigation and research and development that
encompasses the entire sugarcane production value chain were shown to be
invaluable in reducing the present and future vulnerability of sugarcane to water
stress.

e Analysis of crop productivity ratios was a unique study in this region, and it provided
useful insights into the current and, potentially, future vulnerability of sugarcane to
water stress. It was observed that the adaptation potential of individual mill areas is
a function of current agronomic practices and of the present and projected changes
to regional climatic extremes.

e Contribution to the understanding of the importance of irrigation as a buffer for water
deficits. While it is true that nearly all mill areas rely on direct rainfall, the
requirement for irrigation will become increasingly important in the near future.
Further, it is becoming an inescapable reality that the use of drought and pest resistant

varieties will be central in the sustainable cultivation of sugarcane in the region.

This research has highlighted the importance of understanding the drivers of sugarcane
expansion and intensification particularly under a changing climate. Further, this study
showed the importance of understanding the evolution of proximate and ultimate drivers of
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sugarcane production and the impacts of both climate change and agronomic management
on this important commodity crop, particularly in a rapidly developing region such as
southern Africa. It is important to continuously develop forward-thinking and innovative
adaptation strategies and policies that will not only safeguard the already-pressured water
resources but also secure the viability and sustainability of sugarcane production as an

important economic enterprise in the region.
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CHAPTER SEVEN
CONCLUSIONS

The southern African sugarcane production industry is a highly complex and tightly coupled
system involving multiple actors and hydroclimatic components that interact at various
spatial and temporal scales. This study demonstrated that the current increases in climate
variability and, consequently, change will enhance the complexity of this system and will
potentially undermine the successful cultivation of this crop for both commercial and
outgrowers at different spatiotemporal scales. Developing a clear and comprehensive
understanding of the drivers of sugarcane production and the impacts of this vital agricultural
activity on land and water resources requires continuous study and understanding in order to
secure its progress without jeopardizing the sustainability of finite natural resources. These
resources, which include land, water, and people, have to be managed judiciously such that
their exposure and vulnerability to climate variability and change is minimized. While it is
understood that the ultimate aim is to maximize yields, reduce production costs and operate
within established legal frameworks, the sugarcane production industry has to adapt to the
reality of an increasingly difficult agricultural production environment that includes

increases in extreme climatic events and competition from other land uses.

The hydroclimatic and production diversity of the mill areas in the study provided useful
outlooks and lessons that illustrated the importance of understanding every aspect of the
sugarcane value chain to limit the exposure and vulnerability of sugarcane production to
external stressors. While this study was primarily concerned with sugarcane yields, yield
gaps, water use and the drivers and impacts of sugarcane production, it did not address other
important aspect such as in-field technological advancements and biotechnical
advancements, both of which can improve the resilience of sugarcane to climatic variability.
Therefore, further studies are required that will include the entire complement of the
sugarcane production value chain for individual mill areas in order to dispel misconceptions
about the actual factors (i.e., agronomic management vs. climate change) that affect the
sustainability of sugarcane production. In conclusion, understanding the potential impacts of
climate variability and change on the entire sugarcane production value chain is critical in
obtaining a more complete understanding of the vulnerability of sugarcane production and
developing more robust, holistic, and realistic adaptation strategies, particularly in a rapidly

developing region such as southern Africa.
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