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Abstract 
 
Despite the success of agriculture management practices in increasing the availability of food needed 
to meet the requirements of the expanding global population, there are increasing demands placed 
on the resources on which the sector depends. Opportunities for the development of agricultural 
systems are constrained by increasing competition, from other sectors, for shared resources. In 
tackling this constraint, agricultural management solutions are often narrowly focused on problems 
related to single resources. But this single focus may lead to unintended trade-offs. To make sound 
management decisions, there is a need to better understand trade-offs which may occur from resource 
use efficiency solutions implemented in the agricultural sector. With a particular focus on soil and 
water resources, the aim of this thesis was to investigate trade-offs that occur, when meeting demands 
placed on agriculture systems, if management solutions are narrowly focused. Broadly, we 
hypothesize that approaches to land management that take a more holistic view of agricultural 
systems being part of an ecosystem mosaic should be adopted to ensure sustainability. A global 
assessment of potential land requirements shows that national level production of sufficiently 
nutritious food may be constrained by land availability, such that allocation of land to nutritious crop 
production might come at the cost of lost land for other crops or uses. This constraint will be the 
most prevalent in African states. In further studies, we focused on the management of water 
resources, which are becoming particularly limiting for crops that have high water demands, such as 
rice. Through a meta-analysis of paired plot experiments, which assessed the effect of water saving 
irrigation in rice production, and soil sampling within An Giang, a major rice producing province of 
Vietnam, we examined the effect of water management practices on soil properties. The meta-
analysis finds that significant reductions in soil organic carbon, and potentially organic matter bound 
nutrients, have been observed when water efficient practices replace continual flood irrigation. This 
suggests that, although yield reductions may not be seen in the short term, water saving irrigation 
may, over time, lead to reductions in soil fertility and yields. Within An Giang province, there are 
concerns regarding the loss of flood-borne, nutrient rich, sediments in fields where the annual flood 
waters have been completely regulated. However, we find that this complete regulation does not 
result in reduced soil nutrient properties when compared to areas where floods are only partially 
regulated. The effect of different land management practices on soil properties were further explored 
within the Kilombero Valley, Tanzania. Comparing farming practices along a gradient of intensity, 
we found contrasting effects of irrigation and fertilization, with irrigation increasing soil organic 
carbon and fertilization reducing soil organic carbon. Overall, the results of this thesis highlight the 
importance of looking beyond meeting short term needs, which can have negative long term 
consequences. The success of land management practices implemented now do not, necessarily, 
equate to their continued success in the future. As demands placed on agriculture are going to 
increase, the long term trade-offs which may occur from present practices must be at the forefront of 
agricultural management. 

  



 
 

Sammanfattning 

Trots att jordbruket framgångsrikt har kunnat möta en ökad efterfrågan på mat från den växande 
globala befolkningen, har de resurser som jordbrukssektorn är beroende av kommit att exploateras i 
allt högre utsträckning. Jordbrukssystemens utveckling begränsas av en ökad konkurrens från andra 
sektorer om gemensamma resurser. För att adressera denna begränsning har jordbruket ofta fokuserat 
på att ta fram lösningar på avgränsade problem kopplade till enskilda resurser. Men detta fokus på 
avgränsade problem och enskilda resurser kan ge upphov till oavsiktliga målkonflikter. För att kunna 
fatta kloka beslut finns ett behov av att bättre förstå de målkonflikter som kan uppstå när lösningar 
för att nå en effektiv resursförbrukning implementeras i jordbrukssektorn. Syftet med denna 
avhandling var att undersöka de målkonflikter som kan uppstå när snävt avgränsade lösningar 
implementeras för att möta ökade krav på jordbruket. Avhandlingen fokuserar specifikt på mark- och 
vattenresurser. Den övergripande hypotesen är att mer holistiska tillvägagångssätt och metoder, där 
jordbrukssystemen ses som en del av en större ekosystemmosaik, bör användas för att nå hållbarhet 
inom jordbruket. En global utvärdering av den framtida efterfrågan på land visar att produktion av 
tillräckligt näringsrik mat på en nationell nivå kan komma att begränsas av tillgången på land. Att 
allokera land till produktion av näringsrika grödor kan komma att begränsa odlingen av andra grödor 
samt annan markanvändning. Otillräcklig tillgång på land kommer att vara särskilt förekommande i 
afrikanska stater. I efterföljande studier har vi fokuserat på användningen av vatten, vilken har 
kommit att bli begränsande för vattenkrävande grödor, så som ris. Genom en meta-analys av paired 
plot experiments, vilka utvärderade effekten av vattenbesparande metoder i odlingen av ris, och 
markprovtagning i An Giang, en provins med utbredd odling av ris i Vietnam, har vi undersökt 
effekten av vattenanvändning på jordbruksmarkens egenskaper. Meta-analysen visar att en 
signifikant minskning av organiskt kol i marken, samt potentiellt av näringsämnen bundna till jordens 
organiska material, har observerats när vattenbesparande metoder ersätter konstant 
översvämningsbevattning. Detta indikerar att vattenbesparande metoder på sikt kan komma att 
påverka jordens bördighet och skördar negativt, även om dessa effekter inte är synliga på kort sikt. I 
An Giang-provinsen finns en oro över förlusten av näringsrika sediment som förflyttas med 
översvämningar, speciellt i områden där årliga översvämningar har blivit fullständigt reglerade. Vi 
fann dock att fullständig reglering inte resulterar i en negativ påverkan på markens egenskaper, 
jämfört med områden där översvämningar bara är delvis reglerade. Effekten av olika 
jordbruksmetoder på markens egenskaper utforskades vidare i Kilombero-dalen i Tanzania. Genom 
att jämföra olika jordbruksmetoder, vilka skiljde sig åt i intensitet, fann vi motsatta effekter av 
bevattning och gödsling. Bevattning ökade det organiska kolet i marken och gödsling minskande det 
organiska kolet i marken. Resultaten presenterade i denna avhandling understryker vikten av att inte 
enbart fokusera på att möta kortsiktiga behov, då detta fokus kan ge upphov till negativa 
konsekvenser på lång sikt. Att jordbruksmetoder är framgångsrika idag betyder inte nödvändigtvis 
att de kommer försätta vara det i framtiden. Då kraven på jordbruket kommer att öka måste de 
målkonflikter som kan uppstå på sikt, till följd av dagens tillvägagångssätt och metoder, vara i fokus 
för hur jordbrukssystemen utformas.   
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1 Introduction 

1.1 History of agriculture 

Human development is intimately linked to agricultural systems. Whether the development of 
agriculture was a reluctant but necessary result of hunter gatherer populations expanding to the point 
of exhausting natural food sources, or that the development of agriculture drove increases in 
population is debated (Evans, 1998). Either way, society is now locked into agriculture systems as 
the principal means for the production of food. The drive to ensure that these systems provide 
sufficient food has resulted in agriculture being the largest use of land, utilizing approximately one 
third of the global land surface, excluding Greenland and Antarctica (Dudley and Alexander, 2017).  

The success of agriculture since its introduction has, in part, been responsible for growth in 
populations. Yet, this success has been a double-edged sword. As population has grown, so too have 
demands for food, creating needs to expand production areas and increase yields from cultivated 
land. This growth in demand has driven concerns that production may not keep up with population 
requirements.  

While not the first to consider the challenges of feeding populations, Thomas Malthus most famously 
highlighted the potential risk of population growth outstripping the capacity of food production 
systems to feed the global population. In the 18th century, he predicted that while population would 
grow exponentially, the production of food would grow arithmetically. He hypothesised that 
population growth would eventually out-pace production and, when it did, society would become 
trapped in cycles of starvation due to the limited availability of food (Malthus, 1798). 

Since the time of Malthus, mechanization of agriculture, the development of high yielding crop 
cultivars, and the production and use of chemical fertilizers and pesticides—the so-called ‘green 

revolution’—have driven large increases in yields and total agricultural production. Fertilisers have 
allowed not only improved yields, but also the ability to use inherently unfertile soils for agriculture 
(Welch and Graham, 1999). Irrigation systems have enabled farmers to grow crops with relative 
certainty that crops will survive despite uncertain precipitation, partially decoupling crop 
productivity from weather conditions (Zipper et al., 2016). Irrigation also helps mitigate heat stress 
through enhancing evaporative cooling (Luan et al., 2021). Further developments of flow regulation 
have driven increases in the number of crops that can be grown in a year.  

Since Malthus's prediction, the world's population has increased by approximately 7.2 billion, from 
800 million to nearing 8 billion. The world has experienced starvation events since Malthus made 
his predictions. The Irish Famine in the mid-19th century, the Great Chinese Famine in the mid-20th 
century, and the Ethiopian Famine of the 1980's were all disasters which resulted in a great loss of 
life and suffering. Yet, as tragic as these famines were, they were localised events. At the global 
scale, the availability of food, or at least calories, has grown at rates which met those of the expanding 
population. This has led to, rather than food shortages, increases in the global average food 
availability. Per capita energy availability has steadily increased between 1961 and 2018, from 2196 
to 2927 kcal capita-1 day-1 (FAO, 2019, 2014). 

Despite historical successes, ensuring sufficient food is produced for future populations remains a 
challenge. It is a challenge to which recent global health related projections have raised concerns. 
After years of decline, the percentage of undernourished people globally has begun to rise (FAO et 
al., 2020). This increase is likely linked to socio-economic factors as well as agricultural production 
practices, which have been focused on the production of calories, rather than other components of 
nutrition, such as protein, zinc, iron, calcium, vitamin A, vitamin C and other nutrients that are vital 
for human health. Regardless, crop production may need to double, from 2005 levels, by 2050 to 
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meet the needs of the expanding and wealthier global population (Tilman et al., 2011). Achievement 
of this doubling is far from certain, with global yield growth of key crops being well below rates 
required for its attainment (Ray et al., 2013).  Further, climate change will likely reduce yields of key 
crops, and cause greater year-to-year variability in yields (Waldhoff et al., 2020). 

The situation is much starker when considering that global population growth will not be 
homogeneous, and gains in production quantities may not be in areas where growth is the greatest. 
In areas such Sub-Saharan Africa, which will become the greatest contributor to population growth 
over coming decades (United Nations, 2019), yields of key crops are presently only around 40% of 
attainable yields (Iizumi et al., 2018). Without investment in irrigation infrastructure and improved 
farming practices, these areas will continue on a path of import dependency or require massive 
cropland expansion (van Ittersum et al., 2016). But while investments in irrigation infrastructure 
would increase access to water resources, it needs to be considered that demand on this resource, as 
well as others critical for agriculture, will come from all sectors (Vörösmarty et al., 2000). Further, 
the utilization of land for agriculture needs to be achieved in a way that does not limit the landscape's 
capacity to continue providing produce. While management interventions can improve the output of 
the agricultural system, ultimately the capability of the system to produce food falls on the capacity 
of soils to provide nutrients and water. Therefore, ensuring the maintenance of natural capital, 
through the sustainable use of soil and water, is central to future agricultural production.  

1.2 Soils in agriculture 

The pedogenesis of soils is dependent on parent material, climate, biotic community, topography and 
time (Hillel, 2008). Through gradual, but continual, biotic and abiotic processes, soils develop over 
millennia. This development and interaction, between biotic and abiotic processes, has led to the 
capacity of soils to support the diverse spectrum of plants seen globally on soils which vary greatly 
in their physical and chemical properties. The development of ecosystems is, in part, a consequence 
of plant-soil interactions. Soils exert biological, chemical and physical effects on plants and, in 
reciprocation, plants effect the formation and structure of soils (Ehrenfeld, 2013). These ecosystems, 
apart from external inputs of energy, water, and carbon, are often relatively closed systems as long 
as they remain in a natural state.   

Plant growth is dependent on seventeen essential elements which are considered plant nutrients, 
fourteen of which are derived from soils (Barker and Pilbeam, 2007). In natural systems, these 
fourteen nutrients are naturally cycled between plants and soils. Agriculture is a disruption to the 
circular nature of ecosystems. The removal of seeds, fruits, and plant residues disrupt the cycling of 
nutrient flows, inhibiting their return to the soils from which they are obtained. With fertilization, 
these removed nutrients may be replaced. But anthropogenic removal and replacement of nutrients 
has changed their balance within soils (Bouwman et al., 2009; Vitousek et al., 1997). Further, while 
natural systems develop over millennia, agriculture represents an abrupt change to numerous 
processes. While the choice of crops is dependent on soil properties and climate, the development of 
agricultural systems has focussed on the management of soils to optimize them for crop growth 
(Kuzyakov and Zamanian, 2019). This has led to the continual reworking of soils to make them more 
suitable for crops.  

In many ways, the reworking of soils for crop growth has increased their fertility, allowing increases 
in crop yield. However, soil fertility is a slippery term to specifically define due differing 
requirements of plants. Broadly it can be defined as "[t]he capacity of soil to provide physical, 
chemical and biological requirements for growth of plants for productivity, reproduction and quality 
... relevant to plant type, soil type, land use and climatic conditions" (Abbott and Murphy, 2007). 
Using this definition there is a growing recognition that many modern agricultural practices may be 
detrimental to soil fertility, resulting in increasing requirements for external inputs to maintain yields. 
Further, as agriculture has opened the cycling of nutrients, it has also changed the cycling of carbon. 
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Some agricultural systems are net sinks for carbon, such as rice paddies (Liping and Erda, 2001). 
Despite such exceptions, agriculture is a net source of carbon, releasing approximately 0.13 Pg C y-1 

over the last century (Sanderman et al., 2017). This annual release is much smaller than carbon 
emissions from fossil fuels, which was 10 Pg in 2018 (Friedlingstein et al., 2019). While relatively 
small compared to fossil fuel emissions, it means there is reduction in soil carbon stocks, which may 
affect crop production. Changes in soil organic carbon (SOC) has been shown to effect crop yields. 
As concentrations of SOC increase, up to approximately 2% SOC, so do yields of maize and wheat 
(Oldfield et al., 2019). Therefore, a gradual decline in SOC could have potentially negative yield 
effects. The causes of these yield declines with declining SOC are likely more complex than being 
directly related to SOC, as the physical, chemical and biological markers of soil fertility are 
intimately connected. While carbon, as SOC, is a major component of soil organic matter (SOM), 
nitrogen (N), phosphorus (P) and sulphur (S) are also bound up in SOM (Baldock and Broos, 2012; 
Cleveland and Liptzin, 2007).  As SOC declines, the degradation of SOM will result in the 
mobilisation of N, P and S. If not taken up by plants, this may lead to a loss of these important 
nutrients from the soil. 

As well as being a source of plant nutrients, SOM also improves aggregate stability, reduces soil 
bulk density, enhances aeration, increases cation exchange capacity (CEC) and, in certain soils, 
improves water holding capacity (Cleveland and Liptzin, 2007; Obalum et al., 2017).  

1.3 Water in agriculture 

Water is essential for plants, acting as solvent for reactions, transporting nutrients, providing pressure 
for growth and as a coolant (Scharwies and Dinneny, 2019). The cooling effect is regulated by 
stomata, which transpire water as they take in CO2 for photosynthesis (Buckley, 2019). Water is, 
therefore, fundamental for agriculture, and its availability (both in space and time) and its quality are 
central to production. 

Managing water, principally moving systems away from a dependency on the timing and duration of 
rainfall, has been an important factor in agriculture for millennia. While modern water management 
systems can be complex, flow regulation, irrigation, and water storage (collectively water 
management) are not new technologies. The Persian water management system, the Qanat, was 
developed 2,500 years ago and is still in use today (Ahmadi et al., 2010). Nevertheless, water 
management is critical to modern food production. This criticality can be seen within the value of 
irrigation for current food production, where irrigated land represents only 20% of the global 
agricultural area but provides 40% of global agricultural production (Kadiresan and Khanal, 2018). 
Further, the role of irrigation for food production is almost certainly going to increase, particularly 
as a mitigation strategy to climate change (Trost et al., 2013). 

As well as ensuring sufficient water at times of demand for individual crops, water management has 
enabled the growing of multiple crops within a year. This has been both due to irrigation creating 
year-round access to water, but also through the regulation of seasonal floods. In the Vietnamese 
Mekong Delta (VMD), for example, the construction of dykes which hold back the annual flood 
waters has allowed the area to rapidly shift from the production of one rice crop per year to three 
crops since the 1980s (Figure 1). As well as helping improve national food security, the dyke system 
allowed Vietnam to rapidly shift from being an importer to major exporter of rice over a decade 
(Nielsen, 2003). 



 

4 
 

 

Figure 1. Shifting patterns of rice production within An Giang province, Vietnam, where: a, is the yield of each crop season; 
b, the production area; and c, the total quantity of rice produced. Different colours represent the four rice seasons present 
within the province. All data is sourced from An Giang Statistical Office year books (AGSO, 2016, 2011, 2006, 2001, 1996, 
1991, 1987). 

But the role of water use in agriculture goes beyond processes within plants. As well as being a factor 
which directly limits plant growth, water also has important effects on soil processes and nutrient 
transport. Along with temperature, it is a key regulator of soil respiration and nutrient mineralization 
(Moyano et al., 2013). Within agricultural settings, coupled with effects on plant growth, this 
regulation may have either positive or negative effects on soil organic carbon (SOC) concentrations 
and stocks. Irrigation may enable or increase the production of biomass and result in increased 
transport of carbon to soils as organic matter or root exudates. Conversely, water may also increase 
microbial respiration, leading to enhanced mineralisation of organic matter. The balance between 
these two processes controls changes in SOC, and with this the capacity to regulate crop yields. In 
non-flooded agricultural systems, where soil respiration is aerobic, changes in SOC stocks can be 
either positive or negative (Trost et al., 2013). In flooded systems where organic matter 
mineralisation is limited due to anaerobic respiration, changes in SOC are generally positive. 

The regulation of water has important consequences for the transport and deposition of sediments 
and nutrients that are vital for the productivity of ecosystems, including agro-ecosystems. The 
relatively high fertility of floodplains is due to the transport and accumulation of nutrient rich 
sediments through deposition by rivers and overland flooding (Tockner and Stanford, 2002). 
Through flow regulation this deposition is interrupted. In the case of upstream dams, the transport of 
nutrient rich sediments may be reduced due to sedimentation within dams. With extensive bunding 
of fields, such as is seen within the VMD, the inhibition of flood waters onto fields may result in 
sediments that would be deposited on fields being deposited elsewhere (Le et al., 2007). This flow 
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regulation allows for large increases in crop production, but it is likely at the expense of losing natural 
nutrient inputs (Chapman et al., 2016).  

1.4 Sustainable agriculture 

As demands on agriculture increase, so to do concerns over the sustainability of agricultural 
practices. These concerns relate to the capacity of systems to continue providing food, but also the 
role in which agriculture plays in terms of affecting ecosystems. Practices which have helped increase 
and maintain high yields have often had negative effects. The excessive use of fertilizers has led to 
increased nutrient leaching, particularly nitrate, from agricultural soils (Dinnes et al., 2002). As 
agriculture has intensified, this has allowed pests and disease to flourish (Leake, 2003). This has led 
to increased use of pesticides, herbicides and fungicides. It has also had negative effects on human 
health (Nicolopoulou-Stamati et al., 2016) and, through the non-specific nature of the chemicals 
used, reduced the capacity of natural predators of pests (Wilson and Tisdell, 2001). Further, intensive 
agriculture has diminished the capacity of soils to provide the numerous functions which agriculture 
relies upon. Failure to maintain functioning soils, which are partly the focus of this thesis, and 
recognise their finite nature will have serious consequences for humanity (Kopittke et al., 2019). 

Over recent years, sustainable intensification (SI), defined as "a process or system where agricultural 
yields are increased without adverse environmental impact and without conversion of additional 
non-agricultural land" (Pretty and Bharucha, 2014), has become a key area for research and 
implementation within the agricultural sciences. Through SI, the aim is to (among others) protect 
and improve natural capital and minimise the use of external inputs. This represent a shift from how 
sustainability in agriculture has been viewed through time. For example, in the 1970s the main 
objective of agricultural sustainability was to maintain yields. With regards to soil, assessments of 
soil quality were related to the suitability of soils for crop growth, whereas modern assessments 
consider the multi-functionality, ecosystem services, resistance and resilience of soils (Bünemann et 
al., 2018). The shift towards the consideration of agricultural systems as being multi-functional is 
certainly a beneficial change in thinking, but it presents challenges.  

However, these challenges may also be viewed as opportunities. Consider greenhouse gas (GHG) 
emissions. Agriculture, through emissions of carbon dioxide (CO2), methane (CH4), and nitrous 
oxide (N2O), is a significant contributor to global GHG emissions (Lynch et al., 2021). If land 
intensification and land clearing continue along current trajectories, CO2-C equivalent GHG 
emissions could be approximately 3 Pg y-1 by 2050 (Tilman et al., 2011), which is approximately 
one third of current fossil fuel emissions. This quantity of  emissions could be cut by two thirds via 
improved agricultural management using available technologies (Tilman et al., 2011). Achieving 
these reductions could be considered an optimistic goal for minimizing the impact of agriculture in 
relation to climate change. Yet, beyond reducing the effect of agriculture in contributing to climate 
change, recent initiatives also suggest that agriculture can play a mitigation role by acting as a natural 
carbon capture and storage system (Paustian et al., 2016). The '4 per mille Soils for Food Security 
and Climate' initiative aims at increasing soil carbon sequestration, with a target increase of 0.4% per 
year (CGIAR, 2018). While mitigating climate change, this initiative may also have positive effects 
on yields (Minasny et al., 2017).  

Potential gains in yields and reducing the climate impact of agriculture are worthwhile reasons for 
attempting to maximising the efficient use of land and water resources. Another necessary reason for 
doing so is that, coupled with increasing population pressures, there will be increasing demands 
placed on land and water from other sectors (FAO, 2013). The development of water saving irrigation 
(WSI) technologies in rice production systems can be seen as an example of a response to this 
necessity. Water scarcity is a growing concern in the Philippines, Bangladesh, China, India and 
Thailand (Lampayan et al., 2015), all of which are major rice producers. Therefore, WSI aims to 
reduce the demands placed on water resources, from rice production, while attempting to maintain 
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yields. Analysis of short term studies show that these technologies have potential to achieve these 
aims (Carrijo et al., 2017). But as water management also regulates emissions of GHGs, there is a 
need to fully quantify effects that may occur as a result of changes in these emissions and also, as a 
consequence of increased heterotrophic respiration, changes in SOC. To fully understand whether 
there is a net benefit of implementing this technology, all beneficial and detrimental trade-offs, both 
in the short and long term, must be quantified. 

The use of SI recognises the multi-functionality of agricultural systems, and how management 
practices can have secondary effects. By considering regulating and supporting ecosystem services, 
these secondary effects can be beneficial (Bommarco et al., 2013). But, importantly, SI has begun to 
recognise that trade-offs will be made with every management decision (Thomson et al., 2019). 
Accounting for these trade-offs is a necessity with the implementation of any practice within SI 
(Winowiecki et al., 2021). Without accounting, judgement cannot be made on whether these trade-
offs can be justified. This justification must consider immediate and future demands placed on 
agricultural production by consumers, but also implications for ecosystems and the services they 
provide, and also global consequences of trade-offs (Klapwijk et al., 2014). It is clear that challenges 
faced in sustaining agriculture and securing food production are not limited to siloed problems. 
Equally, the solutions to these challenges will equally not come from siloed thinking, therefore there 
is a need to critically assess trade-offs that are made in agricultural management, particularly when 
looking at the function of soils.      

1.5 Aims  

The overarching aim of this thesis is to investigate the trade-offs made, when meeting demands 
placed on agriculture systems, if solutions are narrowly focused on single problems. We hypothesize 
that approaches to land management that take a more holistic view of agricultural systems being part 
of an ecosystem mosaic should be adopted to ensure sustainability.  Specifically, the thesis focuses 
on the capacity of agricultural systems to meet the requirements placed on them when water and soil 
management options are implemented. Exploring the overarching aim, the thesis has several 
objectives: 

Objective 1. Determine the current and future supply and demand challenges faced within global 
food production considering the mismatch between calorie and nutrient provision (Paper I). 

Objective 2. Characterize changes in soil properties as a consequence of agricultural production 
practices along gradients of agriculture intensification (Papers II, III and IV) 

Objective 3. Improve the understanding, and develop awareness of, trade-offs that occur through 
decisions related to soil and water management, using rice production systems as case studies (Papers 
II and III)  
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2 Methods 

This thesis covers, and connects, sustainability challenges within agriculture geographically from 
global to local scales. To achieve the aims of the thesis, a spectrum of desk-based and field-based 
methods were used, which can be summarised as: global dataset analysis (Paper I); meta-analysis 
(Paper II); and soil sampling with mixed effect models (Papers III and IV). The locations of study 
sites are detailed in Figure 2. The methods section briefly highlights the context and question posed 
in each paper in section 2.1 before going on to detail the specific methods used.  

 

Figure 2. Locations of study sites used within this thesis. Points on maps for papers II-IV represent the data locations, 
which are detailed in the respective papers. 

2.1 Contextualisation of study areas 

2.1.1 Paper I 
Global population has increased from 3.1 billion in 1961 to 7.8 billion in 2020, and is projected to 
increase to 10.6 billion by 2075 (UN, 2019).  Coupled with this rise has been a transition from rural 
to urban habitation, which is anticipated to continue, and a change in dietary habits. The diversity of 
diets, which contributes to transitions in agricultural production, vary from being plant based (such 
as in Hindu communities of India) to heavily meat based (such as in Argentina). Diets are changing 
globally, both as a consequence of increased wealth (which is linked to increased meat consumption) 
and increased awareness of animal suffering and climate change (leading to decreased meat 
consumption). To help in meeting human demands for food, agricultural production has greatly 
increased. These increases have been principally focussed on food security ensuring the sufficient 
production of calories, potentially at the expense of the production of nutrients. However, the 
sufficient provision of nutrients is emerging as a concern for policy makers, both nationally and 
internationally. Therefore, it is important to understand the land use requirements needed for the 
production of both calories and nutrients. Paper I, focused at the global scale (Figure 2a), looks at 
changes in land use requirements for the adequate production of nutrients to meet human needs. 
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Exploring objective 1 it asks how have land requirements of meeting nutritional goals changed 
historically and, given current land use, how will land use requirements change given projected 
population growth?   

2.1.2 Paper II 
Rice is a key staple for many nations, it also has the greatest water requirements of the main global 
staples. While traditionally grown in flooded conditions, water saving irrigation (WSI) has been 
introduced as an option to reduce its water requirements. However, by shifting production from 
flooded conditions to being intermittently flooded and dried, there are likely effects on soil 
properties. These effects may cause changes in SOC, potentially changing rice yields. WSI may also 
change GHG emissions from rice growing soils. Therefore, these effects need to be considered when 
estimating the benefit of saving water relative to a goal of maintaining yields. Exploring objective 2, 
Paper II asks do alternate wetting and drying and mid-season drainage (two types of WSI) lead 
to reductions in SOC compared to continual flooded irrigation? Exploring objective 3, it then 
further asks are the climate warming benefits of CH4 reductions off-set by increased emissions 
of N2O and CO2? While the aim of this work was to look at changes in SOC and GHG emissions 
globally, available data at the time of analysis was only located within Asian countries, which became 
the geographical extent of the study (Figure 2b).  

2.1.3 Paper III 
Moving away from global and regional studies, paper III is focused on rice production within An 
Giang province, situated in the VMD (Figure 2c). The province represents an intensively developed 
production system (Figure 1), where high yields of major crops are produced thanks to the extensive 
use of fertilisers, water management, and high yielding crop varieties. The VMD is a key agricultural 
area of Vietnam, producing 57% of the country's total rice output in 2018 (GSOV, 2021). Rice 
production within the delta has benefitted from the predictability of the annual Mekong flood which 
has provided sufficient water for an annual rice crop, and also improved soils by depositing nutrient 
rich sediments and acting as an ameliorant to the build-up of plant detrimental chemicals, as well as 
being a natural pest management system (Berg et al., 2017; Chapman et al., 2016; Yuen et al., 2021). 
Since the 1980s, extensive flow regulation infrastructure, field bunding dykes, have been constructed 
within the delta. First, the construction of low dykes allowed the production of two rice crops per 
year, and this was followed by the construction of high dykes which allow for three crops per year. 
These dykes inhibit annual floodwaters from inundating fields. An Giang province, being located at 
the upper most part of the VMD, has particularly benefitted from the construction of dykes, 
increasing annual rice production from 0.7 to 3.9 million tonnes between 1980 and 2018 (AGSO, 
1987; GSOV, 2021). However, there is increasing awareness related to the sustainability of this 
intensive production system. The dyke system, while allowing farmers to grow multiple crops per 
year, has potentially removed the beneficial effects coming from the flood waters. As such, 
agriculture in An Giang presents a case where there are questions regarding how best to manage and 
maintain the highly productive system. Meeting objective 2, paper III asks, in general, what are the 
drivers of the spatial patterns in soil properties within An Giang? Further, meeting objective 2, 
it asks can differences in soil properties and nutrient content be seen between the two crop (low 
dyke) and three crop (high dyke) growing areas within An Giang?   

2.1.4 Paper IV 
Paper IV is centred on agricultural production within the Kilombero Valley, Tanzania (Figure 2d). 
Unlike the intensively developed production system of the VMD, agriculture in the Kilombero 
Valley is dominated by low intensity small-holder farming. This type of farming is typical of 
Tanzania as a whole. As the nation's population is expected to rapidly grow over coming decades, 
the government has sought to rapidly develop the agriculture sector. The aim is to both increase 
yields and expand the agricultural area with an emphasis on commercializing small-holder 
production. However, the government has invested in some large-scale commercial farms as well. 
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Mngeta Farm, within the Kilombero valley, is one such farm. Covering 5,800 ha and utilizing large 
pivot irrigation systems, heavy machinery, and fertilizers, the farm produced (it is now defunct) rice 
and maize. The farm sits in stark contrast to neighbouring small-holder farms, which are typically 
single land plots of around 1 ha. Differences in agricultural production practices, both on Mngeta 
farm and between the farm and surrounding small-holders represents a gradient of production 
intensity, and little is known regarding the effect of these production systems on soils within 
Kilombero. Therefore, addressing objectives 2 and 3, paper IV asks how does agricultural intensity 
affect concentrations and stocks of soil organic carbon, soil nitrogen and soil phosphorous? 
 
2.2 Global dataset analysis (Paper I) 

Paper I assesses trends in the production of calories, protein, zinc, iron, calcium, vitamin A, vitamin 
C, here termed components of nutrition (CN) in relation to land footprints, population requirements, 
and future nutritional needs. The methods for this work utilise publicly available databases related to 
food production, national guidelines of population nutritional requirements, historical and projected 
population data, and land sufficiency for agriculture (data sources for which are summarised in Table 
1).  

2.2.1 Calculating historical production and yields for components of nutrition 
Estimation of national CN production was conducted following the methods of Geyik et al., (2020), 
but only with consideration of land based production systems, for the years 1961 to 2018. These 
methods utilise reported production data for food products derived from the FAOSTAT database. 
This database reports the mass of production for each food item. The production data for each food 
item is then allocated a per unit mass value for each CN, using United States Department of 
Agriculture (USDA) nutrient content data for each food item, to calculate the quantity of CNs 
produced.  

Using the total quantified production of CNs, the average land-based system yield [tonnes of 
nutrient/ha/year] was then calculated by dividing the total production of CNs [tonnes of nutrient/year] 
by the FAOSTAT reported land area [ha/year] within the respective year. 

Table 1. Primary data sources for estimation of component of nutrition production, population requirements and land area 
available for agriculture 

Primary Data Component Reference  
FAO Food Balance Sheet FAO (2019, 2014) 

FAO Livestock Production FAO (2019) 
FAO Crop Production FAO (2019b) 

FAO Land Use Indicators FAO (2019c) 
USDA Food Composition Data (US Department of Agriculture, 2016) 

Dietary Reference Values for UK (Salmon, 1991) 
UN Population Division (UN, 2019) 

Agricultural Land Potential (Zabel et al., 2014) 
 

2.2.2 Calculating historical and future requirements of components of nutrition 
Population CN requirements for the period 1961 to 2018 were calculated using age and gender 
disaggregated population data provided by the UN Population Division, and UK estimated average 
requirements (EAR) for each country. EAR requirements differ within people based on age, gender 
and if women are pregnant or breastfeeding. Therefore, to calculate the number of women within a 
population who were breastfeeding, it was assumed that the number of women breastfeeding was 
equal to the number of children who were younger than one-year-old in a given year. The number of 
women who were pregnant was assumed to be equal to the number of children under one-year-old 
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in the following year. To complete this assumption and avoid double counting the nutrient 
requirements of children under one and women who are either pregnant or breastfeeding, all children 
under one year old were assumed to receive all their CN requirements from their mothers and the 
total number of pregnant and breastfeeding women was subtracted from the number of women of 
child rearing age (18-49 years old). To calculate CN requirements of future populations, the UN 
Population Division median projection age and gender disaggregated data was used, following the 
same methodology as above. 

2.2.3 Comparison of population requirements of CNs against total production  
Through calculation of CN yield in agricultural products and population requirements, the 
agricultural land area required to meet the needs of the population (expressed in hectares) were then 
calculated by dividing the total nutrient requirement (tonnes of nutrient) by the system yield (tonnes 
of nutrient/hectares) at a yearly time step. For future land requirements, as future production is 
unknown, the system yield was fixed as being equal to the mean system yield of the years 2014-
2018. While it is clear that the composition and yield of the agricultural system will change, this 
mean value allows for assessment of a baseline land requirement for future populations. 

2.2.4 National agricultural area sufficiency 
The potential for an agricultural system to provide sufficient food production for future populations 
is dependent on future food requirements and also the capability of national agricultural systems to 
either increase yields or expand the agricultural area. As the potential of countries to increase yields 
is dependent on many factors, and climate change may have both positive and negative effects on 
production, the capacity of countries to increase yields is highly uncertain. Therefore, for estimating 
future production sufficiency, we focused on the potential of agricultural systems to expand their 
production area. This was achieved through the estimation of the potential agricultural area of a 
country using assessments made by Zabel et al. (2014). Using their rasterised estimation of global 
land suitability for crop production, for the years 2011 to 2040, it was possible to estimate the land 
area of individual countries which will be suitable for the expansion of agricultural production. The 
area estimated as being suitable for crop production could then be compared to the previously 
estimated land area requirement to meet future population needs. 

2.3 Meta-analysis techniques (Paper II) 

For paper II, changes in concentrations of SOC, and emissions of CO2, CH4 and N2O, as a result of 
the implementation of WSI within rice production, as compared to continuous flood irrigation, were 
assessed using meta-analysis techniques.  

Split plot experiments are a common practice within agricultural sciences to test the effect of a 
treatment, such as irrigation or fertiliser addition, on soil properties or crop production. Here, we 
sought to collect all published research data, searchable within the Web of Science (WoS) archive, 
that measured changes in SOC or GHG emissions as a consequence of WSI implementation, when 
compared to continuous flood irrigation, within rice production in a split plot design. 

2.3.1 Data identification 
To collect all available data, a three-stage sifting process was conducted to find all relevant articles. 
First, two sets of Boolean search terms (one for changes in SOC concentrations and one for GHG 
emissions) were implemented within WoS. As a second stage, from the returned articles, a systematic 
title and abstract screening process was conducted. This screening excluded all articles that were not 
related to the two main types of WSI, alternate wetting and drying (AWD) and mid-season drainage 
(MSD). It also excluded all articles which were not related to field-based experiments. Finally, within 
the third stage, all remaining articles and their supplemental data were read, and were retained for 
analysis if they reported SOC concentrations or cumulative emissions of the three GHGs at the end 
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of at least one season for each treatment (WSI vs continuous flood irrigation). A summary of the 
search process can be seen in Figure 3. 

 

Figure 3. Overview of the search and sifting criteria for collection of data within the meta-analysis. 

2.3.2 Data collection 
With the relevant articles identified, data were then collected. For SOC, when studies ran over 
multiple seasons, SOC concentrations after the final harvest were recorded. Further, concentration 
(g SOC/g soil) data were taken only for the first 20 cm of soil or the deepest depth available within 
a study if sampling was not conducted down to 20 cm. For studies that reported GHG emissions, but 
were conducted over multiple seasons, the average gas flux of all seasons was taken to avoid 
overweighting these studies when compared to those that ran over a single season. 

As changes in SOC and GHG emissions are related to climate warming as well as potentially 
effecting soil fertility, we also looked at changes in CO2 equivalent emissions (CO2eq). These were 
calculated by multiplying the emissions of the three individual GHGs by their respective IPCC 100-
year emissions factors (Myhre et al., 2013): 

𝐶𝑂2𝑒𝑞 = 𝐶𝑂2  +   28 𝐶𝐻4 + 265 𝑁2𝑂   (1) 

While we obtained data on observed changes in SOC concentrations, it is also possible to understand 
potential changes based on fluxes of carbon. To estimate changes in the flux of carbon, we also 
calculated changes in carbon mass fluxes by considering the molar ratios of CO2 and CH4. 

2.3.3 Data analysis 
With data collected for each paired plot study, the response ratio of SOC concentrations, cumulative 
GHGs, CO2eq and carbon emissions were calculated, between the control (continual flood irrigation) 
and the treatment (WSI). The effect size of WSI irrigation is determined through the natural logarithm 
of the response ratio:  

ln 𝑅 = ln (
𝑥𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡

𝑥𝑐𝑜𝑛𝑡𝑟𝑜𝑙
)     (2) 
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where R is the response ration, and x the respective values in the treatment and control plots.  

The arithmetic mean and 95% confidence interval were then calculated, with the confidence interval 
being based on Student t-distribution due to the small sample size. Taking the exponent of the 
arithmetic mean and the confidence interval, the results were then back transformed to give the 
geometric mean and related confidence interval. 

2.4 Soil sampling and analysis (Papers III and IV) 

Within papers III and IV, through soil sampling, we looked at local management issues that may 
affect soil properties. In Vietnam, we assessed changes in soil nutrient status in relation to the 
construction of the dyke system. For Tanzania, we focused on the intensity of agricultural production 
in relation to soils. Both papers utilize a similar sampling and statistical analysis process, but with 
location specific sample designs. 

2.4.1 Soil sampling 
Soil sampling was conducted in agricultural fields identified as meeting the specific criteria of the 
study design. Within Vietnam (Paper III), sampling focused on locations where either two or three 
rice crops are grown annually (Table 2). For this study, twelve communes within An Giang Province, 
which were identified as having both two and three crop fields were selected. Within each of the 
twelve communes, transects of sampling points were made, with transects intended to run parallel to 
each other within the two and three crop fields.  

Table 2. Land management practices identified for sampling along a gradient of agricultural intensity within paper III. 

Land 
management 

practice 
Description 

Number 
of 

replicates 

Agricultural 
intensity 

Two-crop per 
year rice 

production 

Two rice crops per year are grown in areas bunded by a 
low dyke ring, which delays the inundation of fields by 
seasonal flood waters. 

30 Lower 
intensity 

 
 

Higher 
intensity 

Three-crop 
per year rice 
production 

Three rice crops per year are grown in areas bunded by a 
high dyke ring, which inhibits the inundation of fields by 
seasonal flood waters. 

29 

 

Within Tanzania (Paper IV), soil sampling was conducted on land within the large industrial farm at 
Mngeta, Kilombero, or on fields surrounding the farm which are owned and operated by small-
holders. For this sampling campaign, four types of land use, considered as being along a gradient of 
agricultural intensity, were selected. This gradient of intensity assumes that as more management 
practices are implemented on the field there is a greater intensity of production (Table 3). Within 
each of the identified land uses, sampling was conducted at five randomly preselected sites (for 
agricultural fields), or at sites chosen randomly within the uncultivated (forest) areas used as 
‘control’.  

Analysis of soil samples were conducted by university laboratories within the respective countries. 
Within Vietnam, analysis was carried out by the Advanced Laboratory, Department of Science, Can 
Tho University. In Tanzania, soil samples were processed by Department of Soil and Geological 
Science, Sokoine University of Agriculture. While the sample collection method for both papers III 
and IV were similar, the depth of the sampling and the soil properties differed. The sampling depths 
and properties analysed are summarized in Table 4.  
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Table 3. Land management practices identified for sampling along a gradient of agricultural intensity within paper IV. 

Land 
management 

practice 
Description 

Number 
of 

replicates 

Agricultural 
intensity 

On-farm 
irrigated 

Fields within the industrial farm on which irrigated and 
chemically fertilized rice is grown in the wet season. 
Irrigated maize is grown in the dry season. Fertilizer 
application is provided primarily via pivot irrigation 
systems 

5 
Higher intensity 

 
 
 
 
 
 
 
 
 
 
 
 

Lower intensity 

On-farm non 
irrigated 

Fields within the industrial farm on which rain-fed and 
chemically fertilized rice is grown in the wet season. 
Fields are not utilized in the dry season. 

5 

Off-farm non 
irrigated 

Smallholder fields outside, but located close to, the 
industrial farm. Fields are used for rice production, and 
are neither irrigated or fertilized. 

5 

Native Undisturbed forest and shrubland within the industrial 
farm which has been set aside as a green space 

5 

 

2.4.2 Water sampling (Paper III) 
As part of the sampling campaign, when it was possible to dig down to saturated soil, a water sample 
was taken at each sample site within An Gaing. The samples obtained, as with the soil samples, were 
analysed at the Advanced Laboratory, Department of Science, Can Tho University. Analysis of these 
water samples was for total nitrogen, total phosphorous, total arsenic and pH. 

Table 4. Summary description of sampling depths and soil properties analysed within Vietnam and Tanzania. Letters Y 
(yes) and N (no) signify whether the soil property was analysed. 

Soil property Vietnam 
(paper III) 

Tanzania 
(paper IV) 

Depth classes 
(cm below surface) 0-20, 20-40, 40-60 

0-20, 20-30, 30-
40, 40-50, 50-

60, 60-80 
Bulk Density Y Y 
Soil Texture Y Y 

pH Y Y 
Soil Organic Carbon Y Y 

Total Nitrogen Y Y 
Total Phosphorous Y Y 

Total Potassium Y (only at 0-20 cm) N 
Total Arsenic Y (only at 0-20 cm) N 

Available Phosphorous Y (only at 0-20 cm) N 
Available Potassium  Y (only at 0-20 cm) N 

Available Zinc Y (only at 0-20 cm) N 
Cation Exchange 

Capacity Y (only at 0-20 cm) N 

 



 

14 
 

2.4.3 Statistical analysis of water and soil samples (Papers III and IV) 
The effect of land management practices on the obtained soil properties, as well as their stocks and 
ratios was achieved through the use of linear mixed effect models (Davison, 2003), which have a 
standard form: 

𝑦 =  𝑋𝛽 + 𝑍𝑏 +  𝜀     (3) 

where y is the response vector, β and b are respectively the fixed and random effects vector, ε the 
observation vector, and X and Z are the fixed effect and random effect design matrices. The model 
allows for statistical assessment of the fix effects, i.e. the number of crops produced in An Giang or 
the land management practices implemented in Kilombero, with consideration of unknown random 
effects that occur through sampling within different locations. In Tanzania, the model also includes 
random effect terms which represent the land-management specific intercept and the regression 
coefficient associated to depth. In Vietnam, the model is further extended to include a random effect 
terms for the grouping variable commune.  

2.5 Survey collection (Paper III) 

To complement the field campaign within An Giang, farmers and communal officers working with 
agriculture were surveyed to collect information on the agricultural histories of the sampling 
locations. The survey was composed of questions related specifically to the history of the site, such 
as the length of time under current production practices, yields of harvests, and the use of chemical 
and organic amendments on fields. It also contained open-ended questions on perceived trends and 
opinions related to the construction of the dyke system around fields.  
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3 Results and Discussion 

The challenges facing the agricultural sector cut across scales, from global to local, and this 
progression across scales is also followed in the presentation of the results. Drawing on the work 
conducted in papers I-IV, this section first reviews the global challenges (paper I) for meeting the 
nutritional requirements of populations. Using the case studies of specific management solutions, i.e. 
the use of WSI in rice production (paper II), flood regulation in Vietnam (paper III) and industrial 
farming in Tanzania (paper IV), the section then looks at the consequences of management solutions 
and the trade-offs that can occur. Specifically, there is a focus on trade-offs made between 
management solutions, and the time-scales needed for assessing these trade-offs and monitoring their 
consequences.  

3.1 Global challenges 

The production of sufficient food to meet the needs of populations has long been a concern for nations 
and the international community. From a historical perspective, this concern has been largely focused 
on, and measured by, the production of calories as the metric of food sufficiency (IBRD and WB, 
2014). At the global level, despite population growing by 147% between 1961 and 2018 (reaching 
7.63 billon by 2018), increases in food production have met the needs according to this metric. Since 
the 1960s, increases in total production of calories has closely followed trends in population growth 
(Figure 4a). This increase has been achieved despite relatively small changes in the global 
agricultural area (Figure 4b). Large increases in yields of calorie dense foods, such as cereals, have 
been a principal driver of production increase (Ramankutty et al., 2018). 

In recent years, there has been a growing recognition to move beyond the provision of calories to 
meet the needs of populations. This move has developed into addressing the nutrient composition of 
diets (Finaret and Masters, 2019). The global food system fails to meet nutritional needs, with the 
focus on calories leading to both over and under-consumption of food, but also extensive prevalence 
of micronutrient deficiencies (Ritchie et al., 2018). While increases in the production of carbohydrate 
dense cereals, principally wheat, corn and maize, have been central to increasing global calorie 
production, these key cereals are relatively nutrient poor (Ricachenevsky et al., 2019). There is, 
therefore, a risk that this focus on calorie production has been detrimental to ensuring the provision 
of other nutrients.  

Due to increases in yields of key crops, the agricultural area needed to produce sufficient quantities 
of calories has reduced (Figure 4b). At the same time, land requirements for protein, calcium, iron 
zinc and vitamin C have also reduced (Figure 4b). While relatively nutrient poor, the large increase 
in the production of cereals, along with the production of livestock, has been a dominant reason for 
production increases in some of these nutrients (Geyik et al., 2020). As 38% of cereals are used as 
animal feed (Erb et al., 2012), crops also play a role in increasing the availability of nutrients 
produced by livestock.  



 

16 
 

 

Figure 4. Changes in (a) global calorie production and population, and (b) total agricultural area, and land area 
requirements between 1961 and 2018, at the global scale, to fulfil requirements of the global population for: calories, 
protein, calcium, iron, vitamin A, and vitamin C. 

Of the assessed nutrients, only land area requirements for the production of vitamin A have increased 
between 1961 and 2018 (Figure 4b), indicating that vitamin A is increasingly ‘diluted’ in nutrient 

poor food, requiring an increase in land area to compensate for this dilution effect. However, there 
has been a decrease in land requirements from their peak in the mid-1980s. The increase in land area 
requirements for vitamin A production was driven by a decline in the production of sweet potatoes, 
with reductions in China dominating this decline (Geyik et al., 2020). This tuber was responsible for 
79% of plant-based vitamin A production in 1961, when the crop's harvest area was 13.4 million ha. 
Since then, the harvest area of the crop has continually reduced, and was 5.6 million ha in 2018. 
Also, while average yields did increase until the late 1990's, they have declined since then. By 2018, 
sweet potatoes represented only 32% of total crop-based vitamin A production. This demonstrates 
how crop choice, when not focused on optimizing production systems to meet all nutritional needs, 
can have detrimental effects on the production of individual nutrients. 

Global land area requirements for the production of several components of nutrition have reduced, 
but this is not always representative of trends at the local level. Many countries have become 
dependent on trade to meet the nutritional needs of their populations (Porkka et al., 2013). For 
example, the United Kingdom relies on food imports to meet energy, fibre, iron, zinc and vitamin A 
requirements (Macdiarmid et al., 2018). However, this trade reliance has predominantly benefited 
upper-middle and high income countries, which import nutrient rich products (Geyik et al., 2021). 
Low income countries also import products, but these imports are typical of nutrient poor cereals 
(Geyik et al., 2021). Therefore, it is not just total global production that is important when considering 
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the adequacy of production systems to meet the nutritional needs of populations. Particularly when 
considering the dynamics of population change, trends at the national level are important. 

The capacity of a country to internally meet the needs of its population is dependent on the 
availability of land for production, the capacity to effectively utilize this land, the size of its 
population, and the direction and rate of change in the size of its population. While international trade 
is important for food provision (Geyik et al., 2021; Porkka et al., 2013), internally functioning 
systems are critical for food security. Figure 5 (and Figure 3 in Paper I) focuses on four countries 
and for each presents land area suitability for agriculture, historical trends in the production of 
components of nutrition, and population driven land requirements for future production of 
components of nutrition. The countries shown in figure 4 are presented as being approximately 
representative nations that either have well developed agricultural systems with declining population 
requirements (Italy; Figure 5a) or increasing demands (Australia; Figure 5d), less developed systems 
where future demands will rapidly increase (Tanzania; Figure 5b), or systems that have driven down 
land area requirements despite rapid population growth (Vietnam; Figure 5c). The production of 
countries like Italy (Figure 5a) and Australia (Figure 5d), which are representative of well-developed 
and managed agricultural systems, have been able to produce sufficient quantities of all components 
of nutrition, where the land area requirements for each component is assumed adequate when it is 
smaller than the national agricultural area. Whereas, in Tanzania (Figure 5b) and Vietnam (Figure 
5c), the production of calcium and vitamin A were not adequate for at least part of the 1961-2018 
period. Tanzania managed to reach levels of adequate production of all components of nutrition by 
2018. Vietnam achieved adequacy of calcium production, but changes in crops grown, specifically a 
reduction in the production of sweet potatoes, resulted in land area requirements for the production 
of vitamin A increasing beyond the country's agricultural area (Figure 5c). 

Despite Tanzania achieving adequacy for production of all components of nutrition, and Vietnam 
not achieving adequacy of vitamin A production, it is Tanzania that faces the greatest future 
production challenges. Increases in the Vietnamese population are projected to be relatively minor 
over the coming decades, and will likely begin to decrease by the mid-2050s. As such, addressing 
the inadequacy of vitamin A production could be achieved through minor changes to the agricultural 
system such as through the reallocation of land currently used for cereal production being shifted to 
vitamin A rich products or an expansion of the agricultural land area to grow those crops, or 
increasing the crop frequency as is seen in An Giang province (Paper III). As with many countries, 
reducing the consumption and production of animal products could also play a large role, depending 
on the crops they are replaced with (Jobbágy and Sala, 2014). Vietnam currently has approximately 
12 million ha of its land under cultivation, but has a total land area of 25 million ha that is classified 
as being either moderately or highly suitable for agriculture (Figure 5c). However, in Tanzania, if 
the composition of crop production and yields remain the same as they presently are, the rapid 
expansion of its population would push all the required areas for production of all studied 
components of nutrition, excluding vitamin C, beyond the size of the current agricultural area (Figure 
5d). Of the studied components of nutrition, inadequacy of calorie would be first to occur. This 
presents risks to the production of other components of nutrition because, when calorie production 
becomes critical, policy focus has been placed on calorie production (Fanzo, 2015). In Tanzania, this 
will likely be at the expense of the production of other components of nutrition as land is used for 
calorie high, but nutrient poor, cereals.  

Despite the challenge that Tanzania faces, it does have significant land resources which could be 
used for agriculture, with only half of its 80 million ha of land classed as moderately or highly 
suitable for agriculture being currently utilized. Expansion into available land has meant that 
agriculture is the main driver of deforestation within Tanzania (Curtis et al., 2018; Doggart et al., 
2020). As such, cropland expansion, rather than productivity growth, has been the driver of 
increasing agricultural production within the country (Wineman et al., 2020). Yet, utilization of this 
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land has significant consequences to ecosystems, and will likely result in losses of SOC (paper IV), 
and possibly SON, from soils when forests are converted to cropland (Murty et al., 2002). Addressing 
Tanzania's poor yields in a nutrient sensitive way could, at least in part, reduce the need for further 
land expansion.  

While Tanzania represents a case study, it is emblematic of many countries in Sub-Saharan Africa. 
Sub-Saharan Africa is anticipated to be the greatest contributor to population growth over coming 
decades (United Nations, 2019). For the majority of the components of nutrition studied, population 
growth within the region's countries will push production requirements beyond the capacity of the 
current agricultural system by 2075 (x axis of Figure 4 in Paper I). Further, without changes in yields 
or the composition of the production system, achieving adequacy of the production system would 
require a land area greater than the total land area of the many countries that is classified as either 
moderately or highly suitable for agriculture (y axis of Figure 4 in Paper I). In this region, neither 
expansion of the agricultural area or increasing yields would, alone, be sufficient for achieving the 
necessary gains in production (van Ittersum et al., 2016). 

Like Tanzania, Vietnam is representative of countries within Southern and South-Eastern Asia. 
Within these countries, the current agricultural production system can supply the studied components 
of nutrition at adequate rates, with the exception being vitamin A (x axis of Figure 4 in Paper I). 
Changes in population size within these countries will, generally, increase or decrease moderately, 
meaning that any change in production to meet the nutritional needs of the population will also be 
moderate and possible within the current agricultural area (x axis of Figure 4 in Paper I). This is not 
to suggest that agriculture within Asia does not face any challenges, but that these challenges are 
distinctly different from those of Sub-Saharan Africa.  

Asian countries such as Vietnam, where agricultural production is high, need to address issues related 
to the sustainability of this high productivity (Liu et al., 2020; Sun et al., 2020). Whereas in Sub-
Saharan African countries, such as Tanzania, the issues relate to pathways to rapidly increasing 
productivity, and then maintaining it, to meet present and future demands. Sub-Saharan Africa faces 
similar agricultural problems to those face by Asian countries in the 1960's, challenges that the latter 
region solved through the green revolution (Wiggins, 2014). Therefore, it is important to draw upon 
the lessons from Asian countries in solving the challenges in Sub-Saharan Africa. In doing so, 
countries of the region should also focus on ensuring that land is allocated to the production of more 
nutritious foods, beyond cereals, but with consideration of potentially high input requirements if this 
is not done on optimal land. Further, production is only one side of the nutrition challenge, where 
changes in consumption patterns and equity in food distribution are also needed to improve health 
and well-being of society (Willett et al., 2019). 
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Figure 5. Land area sufficiency trends during the historical period (HP, solid lines), 1961-2018, for production of 
components of nutrition at the national scale, and future land requirements for the projected future period (FP, dashed 
lines), given current production yields in: a, Italy; b, Tanzania; c, Vietnam; d, Australia. For components of nutrition, solid 
lines represent recorded values during the HP, and dashed lines the land area requirements resulting from projected 
population change in the FP if production composition and yields remained as present. Agricultural area for the HP (solid 
black line) is the reported agricultural area, and is fixed at the 2018 area (dashed black line) for the FP. Greyed 
background areas refer to land area suitability for agriculture as defined by Zabel et al. (2014). Note difference in y-axis 
scales between sub-figures.  

3.2 The importance of time when quantifying trade-offs 

Rice is a staple for half of the world's population, with 90% of the commodity being grown in Asia 
(Bandumula, 2018). The rapid transformation of Asia's agricultural sector, which included large 
increases in rice production, has been both a cause and effect of regional economic growth (Timmer, 
2010). But the sustainability of Asian rice production is in doubt, due to (among others) growing 
water scarcity (Tuong et al., 2005), and risks related to the production of multiple crops per year 
(Tilman et al., 2002).  

In attempting to solve some of the issues related to water scarcity, WSI practices have begun to be 
introduced which reduce the water requirements of rice production by eliminating the need for 
continuous flooding irrigation, the most common practice for rice production. In high yielding rice 
production areas, this may provide a solution that reduces water use, but this reduction in water use 
must not be at the expense of yields. Research has shown that water use in rice production can be 
reduced by up to 70% while also maintaining yields with the implementation of WSI (Ishfaq et al., 
2020). A meta-analysis by Carrijo et al., (2017), which used data from 56 papers, also confirmed 



 

20 
 

similar results, but found that the effect of WSI on yields was related to concentrations of SOC, 
where the impact of WSI on yield was lower when SOC concentrations were above 1%. 

However, the average length of the 56 studies used in that analysis was between one and two years. 
This presents a caveat by which the results must be contextualised. The properties of soils can change 
slowly, and are often observable over decades rather than years (Richter et al., 2007). When this slow 
pace is not considered, the resulting lack of long term data on changes in soil properties can have 
negative consequences (Magnuson, 1990). Changes in SOC are not an exception to this, and being a 
general marker of soil fertility, they should not be disregarded.  

When investigating changes in SOC as a consequence of WSI, there was a negative effect on SOC 
as a consequence of WSI management practice (Paper II). SOC was found to be reduced significantly 
as a consequence of WSI, with a mean reduction of 5.2% (Figure 6, and Figure 3 in Paper II). In the 
short term and depending on the initial concentration of SOC, this may not have an effect on yields. 
However, with the continual use of WSI, this negative trend may begin to have detrimental 
consequences in the long term as the loss of SOM degrades the soil structure and results in a loss of 
SOM bound nutrients.  

When estimating changes in soil organic nitrogen (SON), there was a negative, but not statistically 
significant, change of 138 kg ha-1 y-1 (Paper II). The enhanced mineralization of SOM can thus at 
least temporarily increase the availability of nitrogen to plants (Jarvis et al., 2007). This increased 
availability may be beneficial to plants, but if nitrogen is not taken up, it could also be lost from the 
system. Leaching losses present both a potential negative effect for fertility, but also risk increasing 
loads to downstream waterbodies. While the estimated loss of nitrogen was not significant, strongly 
increased leaching has been seen elsewhere in drying and rewetting experiments (Gordon et al., 
2008).  

 

Figure 6. Mean change in effect size of methane (CH4), carbon dioxide (CO2), nitrous oxide (N2O), soil organic carbon 
(SOC), 100 year CO2 equivalent emissions (CO2-eq), and carbon emissions (Cemit) within water saving irrigation as 
compared to continuous flood irrigation. The * notation denotes changes that were significant at the 5% level (see detailed 
statistical analyses in Paper II). 
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Within the meta-analysis study (Paper II), only seven papers were found which investigated changes 
in SOC concentrations as a result of WSI, all of which were conducted in Asian countries. This 
presents a limitation to the results of the paper, both in terms of the number of studies found and their 
geographic extent but it also highlights how changes in soil properties are often disregarded when 
looking at the effect of water management solutions. Since the publication of Paper II, there has been 
additional research on the use of WSI, and the scope of this research has expanded to the European 
continent. Work in Italy found that WSI had no effect on SOC concentrations (Oliver et al., 2019). 
Further research in China showed statistically significant decreases in SOC in at least two of the three 
soils depths studied when comparing WSI against flood irrigation with biochar additions (Yang et 
al., 2019). These contrasting results highlight why further work is needed to fully quantify the effect 
of WSI on soil properties, especially across regions with contrasting soil conditions, agricultural 
practices, and climates. Also, as studies since the completion of Paper I have still focused on single 
year effects, there is a clear need for long term studies. 

The results of Paper III demonstrate why single year studies are often not sufficient for the assessment 
of the effect of water management practices. An Giang province presents an example of where, if 
short term assessment of the effect of water management on yields was made at the initiation of the 
management practice, the results would appear positive. In the interviews that were conducted to 
complement soil sampling, within each commune where sampling was conducted, respondents 
suggested that after the construction of the high dyke, which allowed farmers to grow three rice crops 
per year, yields of individual seasons within the three crop area were comparable to those within the 
two crop areas over the first one to three years (Paper III). However, they also noted that, over time, 
fertilizer use increased in the three crop area and, in some instances, yields reduced (Figure 7). Yield 
declines have also been observed in a long-term continuous rice cultivation experiment at the 
International Rice Research Institute (IRRI) in the Philippines. These declines were identified as 
being nutrient related and thus corrected (Dobermann et al., 2000). In the case of the experiment at 
IRRI, investigating and rectifying these yield declines was an opportunity for interesting research. 
But real-world situations outside of research stations, as in An Giang province, dealing with yield 
declines are far more consequential, likely affecting the economy and livelihood of farms. Further, 
assessment of the underlying causes is harder to achieve outside of the research setting. Yield 
reductions at the IRRI site could be rectified with changes in fertilisation rates and timing. In An 
Giang, even if the hypothesised reduction of flood sediment related nutrients is the cause of yield 
decline, responses to the loss of sediments may be different between locations within the province. 
Sediment deposition declines with increasing distance from the main river network (Hung et al., 
2014), and soil properties vary greatly throughout the province. Management responses would need 
to account for these differences. 
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Figure 7. Trends reported during our interview in three-crop areas when compared to two-crop areas for: a. fertilizer 
application; b, rice yield; and c, yield to fertilizer ratios in the twelve sampled communes. Values indicate the number of 
responses in each category, at the commune level (i.e., each response represents the consensus among individual 
participants in each commune). From figure 3 in paper III. 

3.3 Balancing trade-offs between management practices 

3.3.1 Water saving irrigation and its effect on greenhouse gas emissions 
The effect of most concern within any land management practice in agriculture is local, generally 
being related to yields. This is not to say that effects on yields are not of concern beyond the point of 
production, as changes to local production can have national or international consequences. But, as 
awareness of the role of agriculture with regard to climate change increases, there is increasing 
concern related to the global impact of GHG emissions, as local gas emissions contribute to global 
warming. 

Agriculture is the source of approximately 10-12% of global anthropogenic GHG emissions, and the 
main emitter of CH4 and N2O, at 50% and 85% respectively (Smith et al., 2007). Within the 
agricultural sector, rice is a principal source of CO2-equivalent emissions, with the total CO2-

equivalent emissions of CH4 and N2O from rice being 2.7 times greater than those of wheat, the next 
highest emitter (Linquist et al., 2012). This high level of contribution to GHG emissions is due to 
anaerobic conditions leading to large emissions of CH4, which has a 100-year warming effect that is 
28 times greater than CO2. Therefore, it is important to quantify the effect of any management effect 
on GHG emissions.  

The change in SOC concentrations seen within Paper II raises concerns due to the fate of the released 
carbon, and the form in which it is released. In WSI, due to the drying and reflooding of soils, there 
is a repeated switching between anaerobic and aerobic respiration, with varying quantities of CH4 
and CO2 being emitted. In the cycling from dry to wet, there may also be rapid initial emissions of 
CO2 as soils are rewetted, i.e. the Birch effect (Birch, 1958). Further, these fluctuations of soil 
moisture affect N2O emissions, which are greatest when the water filled pore space is around 60%, 
and is negligible above 90% or below 30% (Davidson et al., 2000). Therefore, depending on the level 
of soil drying, its rate of drying and the number of drying and rewetting cycles, in connection with 
other soil properties, different quantities of CO2, CH4 and N2O will be emitted. 

The change in the emission of GHGs, and the possible negative effect on CO2-equivalent emissions, 
has been a concern related to the value of WSI implementation. However, most studies looking at 
gas emissions have focused on the change on CH4 and N2O. Just considering these two gases, CO2-
equivalent emissions have been estimated to reduce by 44% in WSI when compared to continuous 



 

23 
 

flood irrigation of rice. However, it is also important to consider the fate of carbon lost as SOC 
concentrations decline. Paper II found that there is an increase in CO2 emissions (Figure 6). This 
increase may negate the benefits of reducing CH4 emissions. However, while both CO2 and N2O 
emissions increased by 44.8% and 37.0% respectively, the 52.3% reduction in CH4 emissions 
lowered CO2 equivalent emissions by 18.6% (Figure 6 and Figure 3 in Paper II). Therefore, WSI 
irrigation likely has the additional benefit of reducing the greenhouse warming potential of rice 
production. Yet, again, these changes must be considered in relation to the timescale of the studies 
used in paper II, the methodology for WSI implementation, and also the interaction between water 
management and other practices implemented in the field. 

The emission of gases can be strongly affected by the timing of drying events. For example, when 
soils are allowed to dry early in the rice growing season, CH4 emissions are smaller than when drying 
is initiated later in the season (Islam et al., 2018). With regard to N2O emissions, the 37% increase 
seen within paper II (Figure 6, and Figure 3 in Paper II) is smaller than seen in the meta-analysis of 
Jiang et al., (2019), who found that they increase by 105% and far smaller than in individual studies 
such as Lagomarsino et al., (2016) who found a 307% increase in one growing season. The relatively 
small increase in N2O emissions seen in paper II may be an artefact of the sampling designs used in 
the included studies, that did not capture the flashy nature of N2O emissions. Only two studies within 
the sample set of paper II, which reported GHG emissions, collected gas measurements on a daily 
basis, with the five others sampling between twice a week and up to every ten days. Such coarse 
sampling can lead to significantly over or under estimated N2O fluxes (Barton et al., 2015). The low 
levels of N2O emissions seen in paper II may also be due to fertilisation practices implemented in the 
designs, as the timing of drying events and fertilisation have a significant effect on N2O emissions. 

3.3.2 Trade-offs when increasing rice production in An Giang province, Vietnam 
The potentially effect of WSI on GHG emissions represents a secondary beneficial effect of the 
management practice. However, not all secondary effects are beneficial. Within An Giang province, 
the construction of low dykes which allowed for the production of two rice crops, and then the 
construction of high dykes which allowed the production of three crops, has massively increased the 
province's rice production (Figure 1). But, as mentioned in section 3.2, interview respondents 
suggested that fertilizer use had increased and yields had reduced within areas producing three crop 
per year. Respondents were not convinced of a single specific reason why yields had declined, 
although four broad themes occurred within the discussion of open-ended questions on possible 
reasons (Paper III). Six respondents suggested that crop pests and diseases were more prevalent 
within three crop areas. In three communes it was suggested that flood dynamics had changed, with 
water levels rising faster and falling earlier. In four communes, interviewees were concerned of a 
general lack of time for soils to ‘rest’ in the three crop area. Finally, five respondents thought that 
the construction of the high dyke system, which allows the production of three crops through the 
inhibition of floodwaters inundating fields, has led to a reduction in flood-borne sediments being 
deposited on fields.  

The loss of flood sediments, and their related nutrients, has been hypothesized to cause yield declines 
in three crop areas (see Chapman et al., 2016; Hoa et al., 2006; Tong, 2017). But without 
quantification of changes in soil nutrients, there is uncertainty as to whether this is the case. In Paper 
III, it was found that despite concerns for the loss of nutrients, there was no reduction of the analysed 
nutrients in three crop areas as compared to two crop areas with current fertilization practices. In 
fact, concentrations of total nitrogen, available phosphorous, and both total and available potassium 
were higher in soils of three crop areas (Table 5, and Table 1 in Paper III). 
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Table 5. Estimated parameters of the linear mixed effect models (LME) for soil organic carbon (SOC), total nitrogen (TN), 
total phosphorous (TP), total arsenic (TAs), organic carbon to nitrogen ratio (C:N), organic carbon to phosphorous ratio 
(C:P) and stocks of SOC, TN and TP, available phosphorous (aP), total potassium (TK), available K (aK), available zinc 
(aZn), total potassium stock, and cation exchange capacity (CEC). LME are fitted for each soil element at each sampling 
depth; the coefficient for ‘2-crop/3-crop’ is positive when the soil property in the 3-crop system has higher value than in 
the 2-crop system. Astrix show the significance level at: *, p 0.05; and ** 0.01** levels. Adapted from table 1 in paper III.  

 0 - 20 cm 20 - 40 cm 40 - 60 cm 

Intercept 2-crop/ 
3-crop 

Intercept 2-crop/ 
3-crop 

Intercept 2-crop/ 
3-crop 

 Est Est Est Est Est Est 
SOC 1.038** 0.150 0.495* -0.027 0.141 -0.167 
TN -1.381** 0.135* -1.746** -0.005 -2.056** -0.125 
TP -1.600** -0.005 -1.892** 0.058 -2.068** -0.113 
TAS 13.04** 1.904 13.657** 1.266 13.191** 1.087 
C:N 2.420** 0.014 2.268** -0.035 2.203** -0.047 
C:P 2.651** 0.150 2.401** -0.097 2.213** -0.058 
SOC stock 4.128** 0.077 3.629** 0.059 3.303** -0.158 
TN stock 1.710** 0.061 1.374** 0.086 1.102** -0.113 
TP stock 1.493** -0.084 1.233** 0.149 1.093** -0.104 
pH 4.080** 0.153* 4.882 0.134 4.801 0.118 
TK 0.345** 0.109** Not measured 
aK 54.21** 13.95** Not measured 
aZn 2.027** -0.036 Not measured 
TK stock 34.214** -0.633 Not measured 
CEC 14.193** 0.315 Not measured 
aP 4.082** 0.398** Not measured 

 

The higher rates of some nutrients within the three crop areas does not completely answer the 
question as to whether loss of flood-borne sediments has resulted in a loss of nutrients in three crop 
fields. It shows that, under current fertilization practices, the nutrient status of the soils may, at least, 
be maintained. Further, nutrient levels may change considerably throughout the year, and this change 
is not evident when sampling is conducted at only one point in time. However, it suggests that if 
yield declines are still being observed, that the reduction in yields may not be nutrient related. Or, in 
fact, that increases in fertilization within three crop fields may be detrimental to yields. What is clear 
however, is that considering yield declines as potentially being due to a single effect of a management 
action, i.e. the construction of the high dykes reducing nutrient concentrations in soils, is a simplistic 
view to which a compensatory response may have a negative effect.   

With the focus on the loss of flood-borne sediments, Chapman et al., (2016) suggested that the use 
of fertiliser subsidies may be a necessary response to assist farmers in responding to the loss of freely 
provided nutrients. But this may lead to an over-fertilization, which weakens the capacity of plants 
to protect themselves against pests and diseases. For example, excessive use of nitrogen can dilute 
leaf silicon concentrations, making plants more palatable to herbivores (Rashid et al., 2017). Further, 
focusing solely on nutrients may disregard other potential causes of yield decline. The success of the 
dyke system in allowing year-round rice production is likely a benefit to crop pests, who now also 
have a year round supply of food and sheltering sites. The continual asynchronous production of rice 
can increase incidence of plant diseases (Cabunagan et al., 2001), and limit natural pest management 
provided by floods (Brown and My Phung, 2010). Therefore, focusing on one single aspect or benefit 
of a production system, fertilization, may ultimately have negative consequences. Increased 
incidence of pests, as a result of high fertilisation levels, can outweigh any positive effect that this 
fertilisation may have on crop production (Matson, 1997). 
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In the VMD, within which An Giang province is located, there is an emerging awareness of 
sustainability risks related to the intensive three crop production system. Recent government plans 
for the delta focus on agricultural sustainability as central to the sector's long term viability (Tran et 
al., 2019). While there is uncertainty of the causes of yield declines, these declines are only one part 
of concerns for livelihoods and agricultural production within the delta. The historical commitment 
to the construction of dykes, and increasing rice yields has had negative effects on wild food 
collection (Nguyen et al., 2018). Further, there is increasing awareness of the human health effects 
that occur from the application of chemical fertilizers and pesticides (Berg and Tam, 2012). Yet, 
tackling all these sustainability challenges is difficult for individual farmers. While they may 
independently recognise these challenges and potential responses to them, the nature of the dyke 
system reduces the potential for individual actions. The implementation of the dyke system makes it 
difficult for farmers to independently adapt farming practices, but at the same time forces them to 
adapt to the construction and the challenges that this construction creates (Tran, 2019).  

3.3.3 Trade-offs in Tanzania's emerging agricultural system 
Tanzania is presently a food secure country (Haug and Hella, 2013), with national agricultural 
production providing adequate quantities of calories, protein, calcium, iron, zinc, vitamin C and 
vitamin A within its current agricultural area (Figure 5). This national level of adequacy does not 
translate to adequacy of consumption by the nation's population. Despite a decrease in the nation's 
prevalence of under nutrition (PUN) over recent years, which is in line with the improved adequacy 
of food production seen within Figure 5, PUN stood at 30.7% between 2016-2018 (FAO et al., 2019). 
While the country is currently struggling with ensuring that food is available to all groups in society, 
it also has a rapidly growing population. This growing population will place great demands on the 
nation's agricultural system over coming decades. Without major changes to its production system, 
the adequacy of its food supply will rapidly deteriorate (Figure 5). This challenge is further 
exacerbated by climate change, which will likely have negative effects on yields of maize (Luhunga, 
2017; Rowhani et al., 2011) and rice (Rowhani et al., 2011), as well as other crops. Therefore, the 
country needs to increase its food production whilst coping with the effects of climate change. 

As meeting the food needs of the country will require both increases in yields and also expansion of 
the agricultural area, this increase in the land area will likely result in increased emissions of GHGs 
from the converted land. The extent of this increase will depend on the management practices 
implemented within its agricultural system, and the composition of the production system. The 
country needs to ensure it can provide sufficient and nutritious food, achieving this within the 
constraints of the system and its resources, and also with consideration of the effect and impact of 
climate change on agriculture. As such, the country is at a crossroads in terms of what its future 
agricultural system will look like and how it will manage the trade-offs that it will face when 
choosing its path towards food security. Understanding these potential trade-offs is therefore critical 
for the process of decision making. But there is little understanding of the effect of different types of 
agricultural practices on the country's soils. As the country's agricultural system is dominated by 
smallholder production, the understanding of the effect of the county's large scale industrial farming 
is particularly missing. Paper IV partially addressed this knowledge gap. 

In paper IV, it was found that there were effects on soil properties that were possibly caused by the 
intensity of the production system. Irrigation within the industrial farm at Mngeta, Kilombero, had a 
significant positive effect (p<0.05) on concentrations of SOC (Table 6, and Table 2 in Paper IV), but 
fertilization within the industrial farm had a negative effect. Concentrations of TN and TP were not 
found to differ between agricultural practices, or when compared to native vegetation (Table 2 in 
Paper IV).  
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Table 6. Estimates and regression using the mixed effect model for soil organic carbon (SOC), total nitrogen (TN) and 
total phosphorous (TP). Astrix show the significance level at: *, p 0.05; and ** 0.01** levels. Adapted from table 2 in 
Paper IV. 

Parameter 
SOC TN TP 

Estimate Estimate Estimate 

α(Intercept) 1.1633** -1.6329** -2.1360** 

β1(Irrigated) 0.5752* -0.0283 0.1270 

β2(Fertilized) -0.4949 0.0151 0.3724 

β3(Non-natural) -0.2807 0.1006 0.0529 

θ1(Percent Silt) 0.0279* 0.0128* -0.0003 

θ2(Depth) -0.0217** -0.0147** -0.0086** 

 

The results of paper IV provide a partial snapshot of farming practices within the Kilombero Valley. 
The positive effect of irrigation on SOC concentrations within the industrial farm is consistent with 
results looking at irrigation within small-holder farms elsewhere in the valley (Alavaisha et al., 2019). 
However, the irrigation techniques differ between these two studies. In paper IV, irrigation was via 
pivot sprinklers and in the paper by Alavaisha et al., (2019), fields were flooded. The mechanisms 
by which irrigation benefits SOC concentrations are likely different. In the anaerobic conditions 
which prevail in flood irrigation, the rate of SOC mineralisation is much slower than in aerobic 
conditions due to incomplete decomposition of SOM and the lower energy yield of fermentation 
(Liping and Erda, 2001). This leads to an accumulation of SOC. In non-flooded systems, such as 
through sprinkler systems used at Mngeta farm, irrigation can increase production of above and 
below biomass, with associated inputs of plant residues and root exudates to the soil. If the rate of 
decomposition of this additional carbon sources is less than the input rate, it can lead to an 
accumulation of SOC (Trost et al., 2013).  

Looking at the total stock of SOC, TN, and TP, differences were found in stocks of SOC but only 
deeper than 30 cm below the soil surface. At this depth, SOC stocks were significantly lower (p < 
0.05) in the most intense production area of the industrial farm (where both irrigation and fertiliser 
were used) when compared to native vegetation (Figure 3 in Paper IV). A reduction in SOC stocks 
in soils has been seen elsewhere within the East Africa region as a result of forest conversion to 
agriculture. In Ethiopia SOC stocks in cropland were lower between 0 - 60 cm, but not between 60 - 
80 cm (Kassa et al., 2017), and there is an overall trend in declining sub-soil SOC stocks as a result 
of forest conversion to cropland in tropical regions (Don et al., 2011). Loss in this subsoil layer may 
be due to the removal of deep-rooted tree species. There, replacement with irrigated crops may limit 
root penetration, thus leading to limited replacement of SOC in deep soils.  

SOC stocks in subsoils have a tendency to be overlooked in soil sampling campaigns (James et al., 
2014). In campaigns related to changes in soil fertility this is understandable. Nutrients strongly 
cycled by plants are concentrated in topsoil where interactions with aboveground litter are most 
intense and most of the roots are located (Jobbágy and Jackson, 2001). The increasing time and cost 
of sampling subsoils may not be worth the information gained as changes in subsoils will have less 
of an effect on crop growth than within topsoil. However, both in relation to soils as a contributor to 
GHG emissions and also as a mitigation solution to it, it is no longer suitable to disregard the effect 
of land-use change and management practices on subsoils. Fresh organic matter inputs, such as root 
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exudates, leachates, and labile litter, can prime microbial decomposers (Dignac et al., 2017). 
Deforestation has been seen to decrease SOC stocks when land is converted to agriculture (Osinaga 
et al., 2018). Further, the limited number of studies on the effect of a single agricultural practice, 
tillage, show that SOC as a result of no-till practices was higher in surface soils but lower in deeper 
soils when compared to tilled fields (Baker et al., 2007). Therefore, there is a need to quantify and 
assess the effect of agriculture on deep carbon stocks for full accounting of trade-offs that may occur, 
but presently the mechanisms for change in deep soils are poorly understood (Rumpel and Kögel-
Knabner, 2011). For Tanzania, while meeting the nation's food requirements is a critical issue for the 
country (Paper I), and soil fertility is critical to this, it is also vital that this does not further increase 
the agricultural sector's contribution to climate change. As with papers II and III, having a narrow 
lens with regards to what the positive or negative trade-off to a management solution are, may lead 
to potentially negative consequences within Tanzania. 
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4 Conclusions 

Conclusions below are summarized in relation to the thesis objectives: 

Objective 1. Determine the current and future supply and demand challenges faced within 
global food production considering the mismatch between calorie and nutrient provision 
(Paper I). 

 Global food production has increased at rates that have allowed for adequate production of 
all the components of nutrition studied (Paper I). 

 While there is adequacy in the global production of components of nutrition, this adequacy 
is not representative of what is seen at the national level. In particular, the production of 
vitamin A at the national level is insufficient in many countries, and this insufficiency is 
driven by reductions in the production of specific crops (Paper I). 

 Future population growth, without changes in the composition of the agricultural system or 
yields, will push land area requirements to meet future needs beyond the capacity of the 
current agricultural area within many, primarily African states. Further, it will push land 
requirements beyond the potential agricultural area of these countries (Paper I). 

Objective 2. Characterize changes in soil properties as a consequence of agricultural 
production practices along gradients of agriculture intensification (Papers II, III and IV). 

 The use of WSI has changed SOC concentrations within soils supporting the production of 
rice. While this may not have yet affected yields, there is limited long term data on the extent 
of these changes. Therefore, there is a critical need to focus on long term changes in soil 
properties to effectively assess the consequence of these changes (Paper II). 

 In our case study in Vietnam, despite the reduction of flood-borne sediments, and their 
associated nutrients, entering rice fields protected from flooding, there has been no reduction 
in nutrient stocks and concentrations in fields producing three rice crops per year, when 
compared to two crops per year, under current fertilization practices. Further, concentrations 
of some nutrients within fields growing three crops per year are greater than those growing 
two crops (Paper III). 

 In our case study in Tanzania, practices related to the intensification of agricultural 
production show different trends in relation to some soil properties. Irrigation had a positive 
effect on SOC concentrations and stocks, while fertilization had a negative effect. Rain-fed 
non-fertilized production, on smallholder farms, had no effect on soil properties when 
compared to native vegetation (Paper IV). 

Objective 3. Improve the understanding, and develop awareness of, trade-offs that occur 
through decisions related to soil and water management, using rice production systems as a 
case study (Papers II and III). 

 Within the meta-analysis, while there has been a decrease in SOC concentrations as a result 
of WSI, and increases in carbon emissions from soils, there is also a net beneficial effect on 
the emission of GHGs. CO2 equivalent emissions in WSI fields are lower than in fields 
practicing traditional irrigation (Paper II). 

 In An Giang, changes in nutrient concentrations were contrary to the hypothesis that 
reductions would be seen in areas growing three rice crops per year when compared to two 
crops per year. Therefore, it is likely that yield declines in areas growing three crops per year 
are caused by other factors related to the highly intensive production practices. Treating these 
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problems as nutrient related, with increased fertilization, may cause further reductions in 
yields (Paper III).  
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5 Future Perspective 

The challenges agriculture has faced in the past are different from those that will be faced in the 
future due to increasing awareness of agricultural systems as being multi-functional. Production 
systems will need to provide nutritious food in quantities well beyond what has previously been 
required and do so in a way that is not detrimental to the soil resources on which the system relies, 
while either limiting or mitigating the effects of climate change. How production systems should 
develop will depend on how assessments are made in relation to trade-offs that occur between 
different management options. Where countries are at cross-roads, either needing to increase 
production or shift to more sustainable practices, selecting the best course of action may be 
contentious, but understanding the long term effects of any choice is important to reduce the 
contention and avoid poor decisions. Magnuson (1990) highlighted that without consideration of the 
slow pace at which soil properties develop, there are potential risks to the ability of soils to function 
in the long term. Despite this being highlighted 30 years ago, it appears little has changed. There is 
now, as much as ever, a need for sound scientific understanding of trade-offs related to the long term 
function of soils (Richter et al., 2007). Understanding how long term effects can be considered while 
choices need to be made now is a key area that needs to be explored in future research. Exploring 
this challenge, and with sufficient time and funding I would seek to: 

 Conduct an appraisal of previously conducted research site based studies, where 
implementation of the studied practices has continued. This work would aim to assess if 
positive results seen within relatively short studies continue beyond the time bounds of the 
research.  

 Establish research sites which are implemented in parallel with real world working 
agricultural fields, to assess the effectiveness of research based agricultural management 
practices in a practical setting. Specifically, this work would seek to ask - do research site 
results carry over into real world settings? 

The research within this thesis has focused on only a few elements of sustainability within the 
agricultural sector, and trade-offs within the sector. But agriculture is not detached from society, 
which drives many of the choices we make in how we manage land. Further, as decision making 
processes become more inclusive, how we select suitable management choices is not just an issue 
for those within the agricultural sector. However, while there are increasing connections made 
between society and the sector, they are still largely disconnected. While agriculture is fundamental 
to the health and wellbeing of people, the communication between the health and agricultural workers 
is poor. This is particularly the case at a very local level. Agricultural extension workers and health 
professionals work with local communities in their respective roles, but with little interaction 
between one another. Health workers in developing countries, with low access to sanitation facilities, 
teach communities about the risks related to faecal waste through activities such as Community Led 
Total Sanitation (CLTS) but, at the same time, there is growing interest the use of faecal sludge 
management for the creation of fertiliser products. There is a disconnect in education and messaging, 
in relation to resources that could contribute the sustainability of agriculture, which specifically 
relates to the health of soils and nutrients. Therefore, a critical next step in improving the 
sustainability of agriculture is to ask: how can the sector work with society at large to make more 
informed management decisions, and how can decision making structures and policy enable this? To 
achieve this, I would like to: 

 Conduct stakeholder dialogues between stakeholders from different sectors of society to 
identify common targets between agriculture and other sectors related to health goals. 

 Develop agricultural research projects which are based on the outcome of the above 
dialogues.  
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