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Preface

For me, the route to publishing this book started after I had
delivered a conference for the Organisation for Economic
Co-operation and Development (OECD) Cooperative
Research Programme at Royal Holloway and Bedford
College at the University of London in September 2010. I
was in the middle of an exciting McMaster Fellowship for
the Commonwealth Scientific and Industrial Research
Organisation (CSIRO) in Australia and the proceedings of
the conference were published by the Association of
Applied Biologists in the United Kingdom. All this activity
led Andrew Harrison of Wiley to approach me to write a
book on food security; it also led to me thinking I was so
busy I would not go near such a project. After a few months
of thinking about this and looking at the contributors to
the proceedings of the London conference Mr. Harrison's
insight and tenacity has paid off in that I have written the
book in front of you.

The need for supply chain solutions to food security as
always struck me as an essential part of getting to a secure
and sustainable diet for 9 billion global citizens some 30
years into our future. Having worked in agriculture I was
often surprised at a lack of connectivity to the food indus-
try, and when I moved to work with the food industry I
was shocked at the level of connectivity to agriculture.
When the consumer is placed into this melting pot of con-
flicts there are naturally pressures and misunderstandings
concerned with the sustainability of foods. I believe the
food industry has responded to integrating supply chains;
there were always examples of these practices but they
have become common place even if they are often out of
sight from the consumer. This book has tackled the issue
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of food security pressures operating at global levels and
relates them to the operations of the food supply chain and
how we put meals together to eat. The subject matter is
wide-ranging and there is much I have left out of this book,
but I hope to have achieved a balance of informing those
who are interested, strengthening the understandings of
those in the food industry, and allowing the reader to focus
on sustainable solutions.

My book is aimed at those who have an understanding
of how the food supply chain behaves and who want to
know more. It will guide undergraduate students as well
as the informed reader and established expert of food sus-
tainability. I have strived to achieve a generalist approach
while not losing understanding that is developed by my
expert experience of teaching agriculture, sustainability,
and food manufacturing to a wide range of students.

I would like to thank the team at Wiley who have effi-
ciently guided the processing of my manuscript. I would
also like to thank the people who have supported me and
discussed several issues regarding the food security debate
with me, including Adam Bedford at the National Farmers
Union (NFU) in Brussels, Chandru Chandrasekhar of
Sustein Ltd, Alan Marson of New Food Innovation Ltd,
Professor Tim Benton at University of Leeds, Dr Murray
Clark of Sheffield Business School, and Dr Martin L Warnes
of Ipswich High School. This book is largely a product of
the friendship and comradeship I have experienced and
the sum of my curiosity that started growing up in Suffolk
roaming the Stour Valley around Great Cornard and
Sudbury. There are numerous key characters who helped
my route to authoring this book, too numerous to mention,
but Dr Ian Richards, who was Managing Director at Lev-
ington Agriculture Ltd; Professor Peter Lillford CBE, who
was a Chief Scientist at Unilever; and Jay Sellahewa, at
CSIRO, have had major parts to play in helping me to gain
the confidence to put forward ideas and applications in
this arena. Finally, a massive heartfelt thank goes to my



Preface XVii

wife, Deborah, and my children, Minnie, Tula, and Timéa
Alred-Martindale, and also to Lloyd and Rose Ashton,
who never stop inspiring me.

Dr Wayne Martindale
Barnsley, UK
September 2014






Introduction

A Reflection on Why We Should Care about
Food Security

I am sitting on Oxley Bank in the United Kingdom,
which is part of the Bretton Estate, which since 1977 has
been the Yorkshire Sculpture Park and a deer or hunting
park for a thousand years before that. It is a mid-August
morning looking west out over a working landscape of
West Yorkshire towards Huddersfield where, in the dis-
tance, the Emley Moor telecommunications mast, which
is over 300m in height, serves to mark where I am
heading. In the foreground landscape, there is a patch-
work of oilseed canola, forage maize, and pasture crops
in various stages of production. A small herd of 30 dairy
Holstein cows grazes one of the fields near me that is
just beginning to ‘burn-off’, that is, to dry out and turn
brown in the late summer sun. This landscape is an
idyllic view of the countryside in the United Kingdom;
there is relative quiet, even though the M1 motorway,
one of our main arterial routes through the country, is
3km behind me in a valley, with the Bretton Lake sur-
rounded by beech trees. The landscape is working with
dairying, tourism, intellectual wealth, arable farming,
forestry, and wind turbines, and a cluster of small busi-
ness workshops in the near distance provides a constant
purr of metalworking machinery. This is a productive-
landscape worked by agricultural activities that has
moved with the times in European terms.

My thoughts are of being pleased to be here and this
turns my attention to the food security debate because for
one I have to return home and write this book, but also I

Xix



XX

Introduction

have constantly questioned how real can the food security
threat be since 1975, when I first saw an essay by Indira
Gandhi, which I will refer to in this book.! From my
vantage point here looking out of what is clearly a well-
regulated and managed landscape that provides most of
my needs for an acceptable quality of life, it seems an
abstract issue. Here I sit on a rural earth bank in West
Yorkshire topped by a wire frame sculpture that people
climb through and think playful or intellectual thoughts
in a landscape that provides work, food, and social capital,
but the global food system is on a precipice of shortage
and limitation. I am told this, and it is my job to make
sense of data and statistics that can evidence stresses and
strains in a world food system. What I have come to
understand is that food is a very specialized consumer
good in that it provides health and pleasure and its time
as a food product is extremely transient. Relating this
transience to high-level issues of land production, resource
limitation, and global shortage of food is extremely dif-
ficult because ultimately we have to consider constraint
in terms of reducing volumes consumed or reduction in
access. This has been achieved in recent years by increases
in food prices, which have focused discussions on food
security in Europe as never before. The 1970s and 1980s
hunger and security issues were driven by individuals
such as Indira Gandhi, Willy Brandt, and Gro Harlem
Brundtland, and evidence provided by commentators
took a Malthus-like view of world situation. In Europe we
now experience potential food insecurity directly through
pricing and access to high quality food and diets.””

The productivity of the landscape in Northwestern
Europe is one of the key reasons it is so difficult to convey
the need for food awareness and security to family,
friends, and colleagues. I have grown up in these land-
scapes that have had agricultural production supported
and guided by government support and industrial
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investment. The situation is similar to the landscapes of
Australia and the United States I have visited, where the
support provided for a farming industry may be different
but it still exists in some form. I know that this view may
not be in line with everyone’s thinking on the matter,
particularly the issue of direct government support for
farming. In the European Union (EU), the Common Agri-
cultural Policy (CAP) is an important part of the Euro-
pean Commission (EC) spending, as is the Farm Bill in
the United States.*”

The Impact of Changing Worldviews

The idea of a working landscape that provides many
functions beyond agricultural production has not always
been a typical one. An incredibly influential piece of work
for my students and myself of the time when Europe was
considering the value of the whole food supply chain
was written by Professor Jules Pretty in the late 1990s,
titled The Living Land, which provided a view of changing
agriculture in Europe.® These ideas were effectively pack-
aged in the United Kingdom by the government’s report
‘Reconnecting the Food Chain’ chaired by Lord Donald
Curry of Kirkharle and known as ‘The Curry Report’.
This time of change was one where we began to look at
the whole food supply chain rather than thinking only of
agricultural production or food manufacturing in isola-
tion. In this environment of change, Jules Pretty’s analy-
sis developed the directions of many farmers I taught
and convinced them to follow what became active and
world-changing roles in world agriculture. The transition
in agriculture at that time was one of coming from pro-
duction-focused agriculture to one that included social
and environmental value on equal footing with profitable
agriculture.
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Decoupling Production and Profit

The landscapes across Europe and the world have under-
gone a revolution in many ways during this period because
of the need to consider the food supply chain beyond agri-
cultural functions. This has important implications for the
global food system that started with the first programmes
aimed at curtailing agricultural overproduction in Europe
appeared in the late 1980s. These were the so-called set-
aside schemes, whereby farmers would place fields into a
resting period or fallow voluntarily and receive a payment
for doing so.® The focus of this set-aside scheme was to
reduce agricultural production but it soon emerged that
there were conservation and leisure benefits to set aside
and they evolved into environmental stewardship
schemes.”'® The schemes themselves became associated
with different forms of integrated agriculture because it
has been shown that enhancing biodiversity on farms is
associated with pest management strategies, and main-
taining soil fertility was associated with improved plant
nutrition and water management. In short, a range of ben-
efits became apparent, and this approach not only changed
farming practice in a time when agricultural produce prices
and farm input prices for fertiliser and feed were depressed
but also changed how farmers and producers thought
about their businesses. There was a transition from a pri-
marily food production mindset or rather one of produc-
ing food ingredients to one of being part of a rural
landscape. This meant integrating social awareness in
terms of fairness, ethical production, tourism, and leisure
within farming and food businesses.

Food is made more affordable with a productive agri-
cultural system. The agricultural framework for this does
not develop by increasing yield and quality attributes
alone. The Living Land laid the ground for this, and in
many ways, Professor Pretty’s vision for 1990s agriculture
in the United Kingdom was proven correct.
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Wider Changes in the Food System

Individuals have had incredible impact in bringing the
principles of general sustainability to policy development.
An example is John Elkington, who has transformed how
large organizations think about sustainability through the
triple bottom line approach described in his book, Canni-
bals with Forks, which I first read in 1999." The triple bottom
line approach put forward by Elkington has transformed
how senior officers of companies view future business
with regard to value and values across the social agenda."
This is becoming evident with a 2010 Accenture survey of
766 chief executives worldwide: 93% see sustainability as
important for the future of their businesses; 88% accept
that they must drive new requirements through their
supply chains; and 81% say they have already integrated
sustainability into their businesses.”” These surveys are
now commonplace, and people like Elkington have helped
the global arena define the sustainability problems facing
them and what they need to do about them. It is not sur-
prising that people like Elkington, who came from an
activist background in environmentalism, are now asking
for accelerated change.

Activists do not like to wait or see ineffective actions that
achieve very little; they are disruptive. This is a major criti-
cism that is currently facing international organizations
that have developed major events, such as the Rio Confer-
ences, and international protocols that are not without suc-
cesses. These include the Montreal Protocol to reduce
halogenated refrigerants, identified as the root cause of the
growing ozone hole observed at the South Pole in the
1980s."* The Basel Convention developed international
standards for the trade in waste materials, providing
further requirements for businesses to act responsibly with
regard to polluting impacts.” The Intergovernmental Panel
on Climate Change (IPCC) of the 1990s established the
requirement to define the impact of greenhouse gas (GHG)
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emissions, and this now packages several aspects of how
businesses procure and utilize resources.® These actions
have defined the issues we now face extremely well, and
this book presents solutions to many of the issues they
identify that are being delivered to the food arena by com-
panies and their supply chains.

It is clear that materials and foods are becoming scarcer,
and many are considered critical resources. The way
in which we measure reserves of materials is always
debatable, but organizations are taking actions that will
deal with scenarios of critical resource availability. For
example, the concept of ‘peak resources’ is well estab-
lished for oil and phosphorus resources, and the peak
scenarios are clearly dependant on exploration for new
reserves; calculations typically consider the reserves of 30
years into the future.” This results in revitalised pros-
pecting and exploration for resources each 30 years. This
situation exists for most resources and should be borne
in mind for our analyses here. For example, the impact
of new technologies and new management systems can
improve efficiencies of use or find new routes to con-
serve wastes.

What has become apparent for critical resources is that
the quality of material found during exploration has
decreased. This is the case for iron ore, for example, where
a 1% decrease in iron ore results in more energy required
extracting steel and significant costs in recovering ore.
Together with peak scenarios, there are useful analogies
we can make with food supply because similar scenarios
are seen for high-quality land, which is ultimately the
primary resource for food production. There is clear evi-
dence of land trading or ‘land grabbing’ activities for
biomass, biofuel, and agricultural food production since
the 1990s, and the ability for land to provide efficient nutri-
ent balance or protein production is under increasing
stress. Resources that are currently considered to be at
points of criticality in the global food system include water
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and phosphorus.'®"” Water supplies are most stressed in
parts of the world where crop production is or is likely to
be most important, and they are most susceptible to the
impact of temperature and precipitation changes that are
the outcome of long-term climate change.

Resource regeneration and closed-loop thinking are
most definitely subjects that are dominating the mining
industry where the use of metals in consumer goods has
identified both its criticalities and opportunities. The sce-
nario for the critical metals arena is important to us
because there are important cross-considerations for food
supply globally; the issues of ‘resource nationalism’ that
have become apparent are also emerging in the food
system with water and land resources. The requirement
to consider using materials such as protein more effi-
ciently is as apparent as the global metals system, but in
order to do this, new business models, such as those that
Elkington and others have established, are needed. For
example, in the case of metal supply, there is more gold
in one cubic metre of mobile phones that are disposed of
at the end of their product life than there is in a cubic
metre of gold ore currently mined.”” The problem faced
by the electronic consumer goods industry is being able
to recover gold and other metals, particularly rare earth
metals, efficiently and cost-effectively. The possibility to
generate geoeconomic conflict has been seen by restricting
the trade of rare earth metals by China in the period 2005
2009, where prices of rare earths increased dramatically.”"
This response is termed ‘resource nationalism’, but it is
something that has existed for centuries and it ultimately
forces industries to consider new relationships, methods,
and materials. In short, resource criticality can be debated
in terms of geopolitical and geoeconomic factors, but it is
stimulating innovation that aims to overcome current
limits to supply; the same is true for all natural resources,
and this type of critical thinking has important impacts
on food supply chains.
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The Food System

In the food system, we have seen criticality expressed by
companies and their supply chain through the prospecting
and use of phosphorus, water, and land. However, the
food system itself is somewhat different from the other
primary industry of mining for materials in that there are
fewer opportunities for regenerating stock in supply chains
because foods are ultimately digested. Of course, the recy-
cling of minerals and nutrients are integral to any food
production system and were perhaps the first recycling
industries as identified by Lawes and Gilbert of Rotham-
sted, who are discussed later. Furthermore, the use of man-
ufacturing and retailing infrastructures associated with a
sustainable food supply chain are largely transferrable glo-
bally because of efficient logistics. Establishing sustainabil-
ity in the food system does depend on trade and trade
routes, and these are experiencing huge change globally,
particularly in response to establishing trade in the Indian
Ocean and the rise of the middle class associated with the
growth of China and other emergent and emerging
economies.

The Future of Food

Thus, this book places the importance of obtaining a
supply chain approach in tackling food security and sus-
tainable food supply where technical and social factors
are integrated to provide solutions. The technical break-
throughs that will provide novel nutrition, safety, and
design attributes of products will need to be integrated
with consumption trends and a very clear understanding
of how consumers taste and experience foods. For ex-
ample, the use of genomics technologies that will provide
libraries of materials to work with must be developed
with a very good understanding of how consumers use
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and consume food products. This requires the capacity to
assess increased amounts of information, and the need to
use methods that visualize and provide a framework for
information to be applied to security challenges will be
increasingly important. In this book, the use of geographi-
cal methods and life cycle assessment (LCA) approaches
are put forward as a means to help companies deal with
the issue of analysing large and complex datasets in their
supply chains.
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1 The Basis for Food Security

1.1 Defining What Food Security Is and How
Food Supply Chains Can Deliver It

This chapter will clarify many of the complex definitions
of food security so that we can relate them to the food
supply chain and food system. Our analysis will present
the findings from research, agricultural field trials, and
industrial case studies that have shaped the current food
system. As previously described, food security is often a
difficult attribute to describe adequately because it is the
sum of many aspects of our lives. Food security is con-
cerned not only with the immediate supply of protein
and energy, but also the sustainable supply of a healthy
diet that promotes well-being. While the immediate
requirement for protein and energy is critical, security
will also include what we experience as accessibility,
affordability, and availability of foods when we consume
them as meals and our diet." Indeed, an important view-
point put forward in this book is that food security
should consider all of us as consumers rather than recipi-
ents of food. While this is a descriptive point, it is impor-
tant to understand that food security is not only an issue
of quantity, it has become an issue that is increasingly
identified by quality of life and safety attributes that are
delivered to consumers.

Global Food Security and Supply, First Edition. Wayne Martindale.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Global Food Security and Supply

In such a context, the food supply chain provides all the
criteria necessary for food security, and this means the
components of the supply chain must operate efficiently.
Defining the components of supply and consumption is an
important first step in understanding food supply chain
efficiency. The food supply chain operations that make
food security a possible goal are dependent on the produc-
tion of ingredients and raw materials from agricultural
operations and the development of food products by man-
ufacturers and processors. A critical function of the food
supply chain that is extremely variable and the focus of
much attention because of the relationship to consumers
is that of the distributor, wholesaler and retailer, who make
sure that food is presented to the consumer. Thus, these
agricultural, manufacturing, retailing and consumption
aspects of the food supply chain can be presented as a series
of four functions that are shown in Figure 1.1. The food
supply chain functions will be discussed and investigated
in further chapters, but the role of Figure 1.1 is to explain
food supply with elements of simplicity that are the key to
us developing ideas in the further chapters of this book.

Naturally, the simplicity presented here is fine for expla-
nation of principles, but when this supply chain model is
applied to populations, it becomes very complex due to
several other attributes associated with the impacts, serv-
ices, and capital of businesses and consumers that require
consideration. The supply chain shown is easy to under-
stand, but projecting it to populations and millions of
consumers means it becomes potentially impossible to
visualise. The sheer scale of supply functions in popula-
tions and the variance of inputs and outputs into food
supply chains globally result in the need to consider the
model presented in Figure 1.1 as a food system. Scientific
and sociological research has provided evidence that shows
how the development of food supply chains can result in
the establishing of an understanding of what makes a food
system sustainable.” These ideas will be developed, but an
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1. PRODUCERS
Agricultural, horticultural, and
industrial production of biomass

INPUTS 2. MANUFACTURERS AND
PROCESSORS OUTPUTS
Energy Product development and
enhancement Waste
Nutirients
Social, economic,
Social, economic, 3. DISTRIBUTORS, WHOLE- and environmental
and environmental SALERS, AND RETAILERS impact
capital Placing products for consumer
accessibility, affordability, and
availability

4. CONSUMERS
Consumption of meals and
diets

Figure 1.1. The food supply chain functions and food system.
There are four functions to the supply chain scenario pre-
sented here: producers; manufacturers and processors, dis-
tributors, wholesalers, and retailers; and consumers. Inputs
and outputs can be measured as a balance or LCA function at
each function. This is a relatively simple model, but it becomes
complex when applied to populations and several supply
chains.

understanding of different types of inputs and outputs
from the food system is central to the ideas put forward
and critical in determining our perspective on food
security.

An important consideration for each part of a food
supply chain as a producer; manufacturer and processor;
retailer, distributor, and wholesaler; and a consumer is to
consider where products are being made and where they
are being used. Understanding these two parts of the
supply chains is critical, and it has been traditionally
defined by supply and demand functions that determine
what consumer trends are evident. This view of supply
chains has been established for centuries and as we will
see it has now developed to consider other value aspects
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of goods at the end of the twenty-first century. These values
are associated with social and environmental impacts, as
well as economic wealth creation, and they have increas-
ingly become coupled with criticality of supply for specific
resources. That is, the supply and demand functions of
supply chains must increasingly be affiliated with assess-
ment of security of supply. This is true for most manufac-
tured goods, it always has been, but new pressures have
emerged to make an understanding of the ‘push or pull’
components in supply chains. These include rapidly chang-
ing abundance of resources, geopolitical structures, price
variability, price volatility, environmental impact, and
health impact. Assessments of these attributes together can
provide important world views on the risk of limited
supply when they are blended with the consumer trends.
Food supply chains provide the data concerned with mate-
rial flows that enable the assessment of risk and uncer-
tainty of ingredient and food supply. Thus, understanding
where foods come from and where they are used allow us
to project trends in consumption and allow us to develop
strategies that deliver resilience in response to volatility
and geo-political change.

Identifying the attributes of supply chains that can deter-
mine trends and criticality of supply are well characterised
and have been for a significant period of time now. For
example, the thought-provoking ‘Limits to Growth’ reports
identified population growth, availability of natural
resources, pollution, and capital investment in food supply
chains as critical points in delivering sustainable global
food supply.’ Whereas security assessment of supply
chains is well developed for minerals and metals, it is
perhaps less so for food products. The key players in pro-
viding this assessment of security are those involved in the
supply chain functions, that is, the producers, manufactur-
ers, retailers, and consumers. Understanding price varia-
bility and volatility of resources is crucial to developing
trends and strategies for dealing with risk and uncertainty
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associated with food supply. The time scales that are used
can change our perspective on sustainability because many
assessments will consider data from a time series of 5 years
even though we might consider projections of decades into
the future most important. Price data can be used for longer
periods, and we should always consider the value of using
longer term time series that are greater than a 5-year his-
torical record.* It is notable to observe the recent price
spikes in food globally that augmented the current food
security debate, and the value of using 5-, 10-, 20-, 50-, or
100-year historical price series will provide different pro-
jections for security.” Thus, a consideration of the attributes
we use to develop trends is just as critical as the time series
we utilise to develop food security projections.® The caveat
placed by this study and book is that this cannot be done
without considering the food supply chain due to the
supply chain being both the provider for trend data and a
source of innovation that enables the delivery of food
products that consumers demand.

Indeed, the need for organisations and businesses to
rank the materials they utilise in terms of the risk associ-
ated with supply has become more important since the
food price spikes of 20052008, otherwise called the ‘perfect
storm” scenario.” The perfect storm was a convergence of
increased demand for livestock products and a diversifica-
tion of agricultural biomass into liquid biofuels. This
created price volatility and uncertain supply. In a similar
way, the trade of steel used for industrial infrastructure
and rare earth metals used in electronic goods experienced
extreme price volatility at the same time. The price hikes
have focused our thinking around security with regard to
our considerations of sustainability and the amount of
resource reserves that are available to food supply chains.®
That is, how much genetic biodiversity, useful land, miner-
als, metals, and fossil fuels are available to produce food
products. The current security debate has not only consid-
ered quantity of food, but it has begun to consider the
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quality attributes of food with nutrition that delivers well-
being. That is, reductions in quality blended with increased
production of biomass, ingredients, and food products
may not provide the benefits we think because of the
impact on energy consumption during manufacture and
health impact after consumption.

The consideration of closed loop economies has emerged
from security crises, these are systems that eradicate or
reduce waste from supply chains so that everything used
to produce a product remains within the supply chain or
linked with other supply chains. Closed-loop thinking is
different for food products because it is usually consumed
and cannot be re-eaten. However, food waste within supply
chains is of critical importance to future security and sus-
tainable supply. Furthermore, nutrients manufactured into
food products can be recycled within the food system to
support the production of biomass. Indeed, the production
of composts and manures for agricultural systems is likely
to have been our first experience of recycling materials
several thousand years ago. We do increasingly know
more detail about the environmental and social impacts of
food products due to increased access to data that are
either open sourced or peer reviewed. These show the
emission factors and mass-flows for food ingredients and
products. Thus, for the first time, we can now identify
criticality points in food supply because of the economic
impetus to do so. This can be integrated with measures of
sustainability for the first time historically, and it is being
done by food supply chains that will survive the ‘perfect
storms’ of the future.

1.2 The Convergence of Food Security Research,
Economics, and Policy

Specific analytical methods are often employed to measure
inputs and assess the impact of outputs from the food
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system that traditionally identified economic and mass
flows through the food system. This approach used to
overlook social and environmental services, and this
proved limiting for anyone who required a measure of
current and future performance of the food system. There-
fore, if we are to project future food security and sustain-
ability taking a purely economic view based on production
of foods, it would be a very fragile representation of the
food system. The limits to such economic assessments
were explored in a 1997 Nature paper by Professor Robert
Costanza and colleagues, who estimated the ecosystem
service worth of the globe to be two to three times that of
the economic wealth.” This paper changed the way we
think about natural systems and the sustainability of the
global food system; it has also extended our views on how
food security could be delivered. The global policy-
making environment established by the World Commis-
sion on Environment and Development report ‘Our
Common Future” 10 years before demonstrated distinct
convergence of views from policy and research on sustain-
able natural resources."’ The ‘Our Common Future’ report
established the United Nations (UN) Conference for Envi-
ronment and Development or ‘Earth Summit” and a set of
targets for the new millennium known as Agenda 21. The
paper by Costanza and colleagues provided an assessment
of integrating the goals of sustainable development with
the financial risk if we were not to meet sustainability
targets that were increasingly being developed by policy-
makers, and understanding this risk was critical to the
future of humankind. The Costanza and colleagues” Nature
paper essentially stated that we should be very aware that
inaction on sustainable development could be associated
with trillions of dollars of risk and gave the following
description in its opening statement:

The services of ecological systems and the natural capital
stocks that produce them are critical to the functioning of
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the Earth’s life-support system. They contribute to human
welfare, both directly and indirectly, and therefore represent
part of the total economic value of the planet.

This 1997 paper changed how we measured and assessed
the food system, and it also related inaction on food secu-
rity to very clear financial risks. This was important because
the Costanza paper demonstrated that the growth of eco-
nomic capital was clearly influenced by both social and
natural capital.

1.3 The Millennium Development Goals (MDGs)

The convergence of research and policy research in food
security resulted in the bold establishment of the Millen-
nium Development Goals (MDGs), which is an interna-
tional programme developed from approaches established
in the ‘Our Common Future” report in 1987. While the
international landscape of agreement, conference, and
commissions can seem unpractical, the dialogue they have
established has changed from one of describing problems
to one of achieving and meeting specific goals, which are
shown in Figure 1.2.

The first MDG aims ‘to eradicate poverty’, and it uses
assessments of economic, social, and natural capital to
identify how food insecurity can be alleviated in the world.
The progress to the target is recorded, and this achieves an
establishment of accountability. Thus, the MDG’s do
provide the important starting point for our study of food
security and supply utilising the ecosystem service
approach. We are approaching the point where we know
whether we can achieve the eight MDGs laid down for the
global community in September 2000 during the Millen-
nium Summit of the UN. This was one of the largest ever
gatherings of heads of state, and they marked the new
millennium by adopting the UN Millennium Declaration."
This was endorsed by 189 countries, and it established a
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1. Eradicating extreme poverty and hunger

2. Achieving universal primary education
3. Promoting gender equality and empowering women

4. Reducing child mortality rates
5. Improving maternal health
6. Combating HIV/AIDS, malaria, and other diseases

7. Ensuring environmental sustainability
8. Developing a global partnership for development

Figure 1.2. The MDGs as described by the UN; the MDG 1, 4,
5, and 6 relate directly to issues of diet and sustainable nutri-
tion for well-being.

Source: Adapted from Road map toward the implementation of
the United Nations Millennium Declaration. New York: United
Nations, 2002. United Nations General Assembly Document
A56/326.

roadmap for achieving the goals to be reached by 2015."
Roadmaps have become important illustrative tools for
policy development, which put forward agreed targets
and suggested routes to obtaining them. The MDGs are
important because they have provided targets and a new
round of questioning the actual competencies of interna-
tional efforts."”

The MDGs are important as they provide a standardised
measure of progress towards food security that have been
agreed by the members of the UN. These both provide a
means to compare progress across nations, and it gives a
form of consensus on what is required to provide food
security. The MDG Target of halving those people experi-
encing hunger is reported as ‘within reach” in the UN MDG
Report 2013" An important consideration of the MDGs is
the spatial variation in attaining them, with sub-Saharan
Africa and South Asia presenting the most acute areas for
food security concern by being most at risk.

The UN Food and Agriculture Organisation (FAO)
reports progress in reaching the MDGs, and they have



10

Global Food Security and Supply

stated the following in 2013 for achieving an MDG1 Target
of halving the number undernourished people since 1990:"

The [revised results imply that the] Millennium Develop-
ment Goal (MDG) target of halving the prevalence of
undernourishment in the developing world by 2015 is
within reach, if appropriate actions are taken to reverse the
slowdown since 2007/08.

This Target is one of 21, and it is part of the first Goal, and
itis fraught with controversy because of the period between
2005 and 2008, which saw a new phase of development in
the global food system that exposed fragility in supply.
This was due to the demand for agricultural products from
national economies that had globalised since the 1990s and
most notably resulted in food price increases in 2010 that
had significant impact on the world food system.'® Changes
in food price and affordability have severe impacts on the
number of people experiencing hunger, and the price
spikes of 2010 resulted in hundreds of millions of people
experience poverty or extreme poverty.”” Globalisation of
the food supply chain shown in Figure 1.1, produced
changes in consumption, tastes and society that had dra-
matic impact of where agricultural commodities were
traded and what they used for."®" As such, the MDGs
begin to describe the complexity of what food security is
because they not only highlight the supply of resources to
eradicate poverty and hunger, but also consider access to,
safety of and education regarding the use of natural
resources. The 2012 FAO report, “The State of Food Insecu-
rity in the World’, which is published annually states the
following.”

The State of Food Insecurity in the World 2012 presents
new estimates of the number and proportion of undernour-
ished people going back to 1990, defined in terms of the
distribution of dietary energy supply. With almost 870
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million people chronically undernourished in 2010-12, the
number of hungry people in the world remains unaccepta-
bly high.

The FAO reported that the vast majority of these
people live in developing countries, where about 850
million people, or in some cases close to 15% of the
individual nation state populations, are estimated to be
undernourished.

1.4 Measuring Hunger in a Changing World to
Establish Security

The Global Hunger Index (GHI) provides a descriptor of
how we assess hunger, and it is published by the Interna-
tional Food Policy Research Institute (IFPRI), Concern
Worldwide, and Welthungerhilfe.” The 2012 GHI shows
that progress in reducing the proportion of hungry people
in the world is slow and hunger on a global scale remains
‘serious’. Twenty countries still have levels of hunger that
are ‘alarming’ or ‘extremely alarming’. South Asia and
sub-Saharan Africa continue to have the highest levels of
hunger. The 2012 GHI is the seventh year that IFPRI has
calculated it, and the country averages represent variable
data, so those countries classified as having ‘moderate” or
‘serious’” hunger can have specific areas where the situa-
tion is ‘alarming’ or ‘extremely alarming’. This has impor-
tant implications for mapping food supply and security
because the use of maps can effectively convey and describe
variability in large data sets that include the social, cul-
tural, and ecosystem attributes used to describe hunger.”*

The development of the GHI and other measures associ-
ated with food supply and security that take into account
spatial variation within regions is likely to be an important
future development. The resolution of food security data
spatially is an important component of future food policy
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and the deployment of actions that tackle food security.
Naturally, population census data and the reporting of
food supply statistics are critical to any measure of spatial
variation, and the coverage of agricultural, food industry,
and population census globally will limit these actions.***

Spatial variation of food security is not the only reason
why measuring hunger is not straightforward. It can be
described in many ways; as with food security, it is multi-
dimensional. The GHI combines three equally weighted
indicators that are broadly agreed upon across many
organisations dealing with it and combines them as a
single index. The three indicators that are combined are
now described:

1. Undernourishment: The proportion of undernour-
ished people as a percentage of the population (reflect-
ing the share of the population with insufficient caloric
intake).

2. Child wunderweight: The proportion of -children
younger than age five who are underweight (i.e., have
low weight for their age, reflecting wasting, stunted
growth, or both), which is one indicator of child
undernutrition.

3. Childmortality: Themortality rate of children younger
than age five (partially reflecting the fatality of inade-
quate caloric intake and unhealthy environments).

The GHI aims to provide insight into the nutrition situa-
tion of not only the population as a whole, but also chil-
dren who are a physiologically vulnerable group where a
lack of nutrients leads to a high risk of illness, poor physi-
cal and cognitive development, and death. The GHI ranks
countries on a 100-point scale in which zero is the best
score (no hunger) and 100 the worst, although neither of
these extremes is reached in practice.

‘Hunger’ is understood to refer to the discomfort associ-
ated with lack of food and the FAO defines food depriva-
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tion or ‘undernourishment’ specifically as the consumption
of fewer than 1,800 kcal a day. This is determined to be the
minimum that most people require to live a healthy and
productive life and anything under this would be consid-
ered undernutrition. The FAO considers the composition
of a population by age and sex to calculate its average
minimum energy requirement, which varies by country.
The FAO defines food insecurity as the following.

A situation that exists when people lack secure access to
sufficient amounts of safe and nutritious food for normal
growth and development and an active and healthy life. It
may be caused by the unavailability of food, insufficient
purchasing power, inappropriate distribution, or inadequate
use of food at the household level. Food insecurity, poor
conditions of health and sanitation, and inappropriate care
and feeding practices are the major causes of poor nutri-
tional status. Food insecurity may be chronic, seasonal or
transitory.

Thus, even undernutrition is more than a consideration of
the consumption of calories because it includes deficien-
cies in energy, protein, or essential vitamins and minerals.
Undernutrition can be the result of inadequate intake of
the quality or quantity of food and includes poor bioavail-
abity of nutrients because of disease or reduced quality of
food consumed. Overnutrition represents the problems of
unbalanced diets that are largely caused by the consump-
tion of too many calories and are often associated with
poor micronutrient quality of diets.

1.5 The Undernutrition and Overnutrition Gap

Figure 1.3, demonstrates the gap between undernutrition
and overnutrition globally. The FAO data shown are
derived from national agricultural and food industry
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Figure 1.3. The undernutrition gap demonstrated for global
mean calorific supply (FAOSTAT data).

Source: These data were adapted from FAO. FAOSTAT (2009).
Food supply, crops, primary equivalent data set. http://faostat
.fao.org/ (accessed 22 April 2014).

census. The figure shows the average supply of calories to
individuals has increased year on year since 1961, but there
have been clear inequalities in how supply is distributed
globally. Asian and African regions have consistently been
below this average and are cited in IFPRI and FAO reports
that measure undernourishment as areas of most concern.
European, American, and Oceanic (principally Australa-
sian in this instance) are Calorie sufficient.

The Brandt report defined these spatial inequalities and
it was published in 1980 by an independent commission
Chaired by Willy Brandt, chancellor of Germany from 1969
to 1974.%° At its most basic, it provided an understanding
of drastic differences in the economic development for
both the North and South hemispheres of the world. The
Brandt report is important because it raised the issue of the
‘standard of living” differences that exist along the global
North-South divide, and there should therefore be a large
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transfer of supporting resources from developed to devel-
oping countries. It most certainly did not foresee the extent
of globalisation and the emergence of the impact large
economies, such as China, would have on the world food
system. In many respects, it presents the prior world view
of globalisation and even though the inequalities it identi-
fied do still exist, as shown in Figure 1.3, the impact of
globalisation was not foreseen. Indeed, the type of analysis
led by Brandt has been reanalysed and perhaps most
emphasised by Professor Jared Diamond in his book Guns,
Germs and Steel.” These analyses firmly place the role of
limitations placed on the food system by land and climate
to be considered in delivering food security because they
will influence the capacity to supply food. While technolo-
gies will alleviate these limitations, the access to them may
be again limited or controlled by trade.

1.6 The Supply Chain and Nutrition Gaps

We can increasingly see that delivering food security is not
only a case of producing ingredients and foods, there is an
absolute requirement for highly efficient supply chains
that deliver safe and nutritious food to consumers. While
supply chain functions can be viewed simply as a series of
four components shown in Figure 1.1, they quickly become
complex at the scale of populations. Complexity in supply
becomes apparent when the number of consumers, suppli-
ers and ingredients used increase. Figure 1.3, demonstrates
the impact of these principles on current global calorie
supply. The world food supply of protein actually
approaches 80 g for each person per day, as reported by
FAOQ statistics in 2009, which is considered to be sufficient
for most of the global population, at least a third of this
can be from cereals.”® Advice from FAO and WHO state
0.66 g of protein per kg of body weight is sufficient for a
healthy diet that maintains health.
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The FAO and WHO figure now combine a 1973 protein
recommendation that relied on a limited number of short-
term and longer-term nitrogen balance studies with a later
1985 study to derive the protein requirement of adults.
Some of these studies were designed to identify a require-
ment and others to test the safe level (0.58 g protein/kg
per day). Taken together in the 1985 report, they were
interpreted as indicating a mean requirement of 0.6 g
protein/kg per day, with a coefficient of variation esti-
mated to be 12.5% in a typical population. This resulted in
a safe protein intake recommendation of 0.75 g/kg per
day; that is, a value at 25D above the average requirement
(0.66 g protein/kg per day), which would provide for the
needs of nearly all individuals (97.5%) within a target
population.

Human metabolism regulates protein consumption to
about 15% of total intake of a meal, and this is a much
stronger relationship than for fat and carbohydrate.” This
will be returned to later, but there is strong evidence to
suggest that the sustainability of healthy diets can be meas-
ured by protein content. Indeed, protein intake leverages
itself against fat and sugar consumption in that when
protein intake is low, consumption of fat and sugar may
increase in order to reach the 15% level of protein intake.”
As previously discussed, the average global protein supply
hides large variations, with the protein supplied to an
average European each day being 102 g, some 35 g more
than a typical African. This variation describes the range
of protein deficiency and oversufficiency, and it can also
hide significant changes in the protein balance of diets
shown in Figure 1.4. The protein supplied from cereal
crops in Europe has declined since 1961, whereas during
the same period, it has increased for the Asian region,
where there are severe food security impacts, as high-
lighted by the GHI assessment. This transition identifies
how regions can increase protein supply and change
protein consumption dynamics globally. The average Asian
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Figure 1.4. Protein supply from cereal crops in Asia and
Europe1961-2010.

Source: These data were adapted from FAO. FAOSTAT (2009).
Food supply, crops, primary equivalent data set. http://faostat
.fao.org/ (accessed 22 April 2014).

citizen will be supplied with some 30 g less protein than a
European citizen on a daily basis, but more of the protein
in an Asian diet is from cereals than a European one.
This is important because dependency on cereals for
balanced protein and nutrition depends on efficient pro-
duction, and it has provided an important target for
improving health. For example, the development of golden
rice varieties with enhanced carotene content has been
developed by large agricultural companies that have
included Ciba Geigy and Monsanto and the resulting
golden rice Humanitarian Board.’* The controversy sur-
rounding the genetic modification technologies used to
produce these varieties has met with resistance even
though there is a clear nutritional benefit to consuming
biofortified crops, such as golden rice. There are very clear
indications that the pro-vitamin A activity of enhanced
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carotenoids also improve the bioavailability of other micro-
nutrients, such as iron.*

1.7 The Relationship between Food Security
and Biology

What has changed during the course of progress to the
MDG Target for halving hunger is that the focus for tack-
ling food security has become far broader than tackling
agricultural limitations. Even though itis clear that improv-
ing agricultural production does alleviate pressure on the
food system with respect to supplying a nutritious diet,
there are many other components of the food supply chain
that will restrict access to food if they are not considered.
It has become clear that the requirements for economic
growth and social protection to be embedded in policies
that are sensitive to supplying a nutritious diet are critical
in delivering food security.”

An understanding of how sciences have influenced
changes in food security policy is as necessary as appreci-
ating the role of social, political, and economic change.
With this in mind, the application of bioscience to agricul-
ture has improved food security for billions of people, and
it was the focus of alleviating hunger in the twentieth
century. The Green Revolution of the 1960s and 1970s saw
crop yields per hectare rise dramatically because of the
application of crop breeding programmes that were tar-
geted for specific global regions. Reassessments of crop-
ping and grazing management globally provided a way of
identifying where crop breeding, engineering, and man-
agement programmes could be applied to increase the
yield of biomass per hectare of land. These approaches at
the time were effectively led internationally by Dr Norman
Borlaug, who was awarded the Nobel Peace Prize in 1970
and established the World Food Prize in 1987 for research
excellence applied to the whole food system.
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This was a time when it was clear what needed to be
done because the risks of not doing anything to alleviate
food insecurity were being made all too clear by research
presenting the limits of natural resources, such as that of
Professor Paul Ehrlich’s population time bomb ideas put
forward at the end of the 1960s.** Dr Norman Borlaug rec-
ognised the potential for tailoring crop varieties for spe-
cific global regions and particularly arid regions where
water limitation and hunger were likely to be chronic
problems. The agricultural system was critical to alleviat-
ing the threat of famine that Ehrlich’s book laid out to the
world, and Borlaug offered an option for overcoming the
limits imposed by the agricultural systems of that time. By
developing crop varieties that would enable crop yield to
remove the scourge of hunger from the lives of millions of
people, he demonstrated field agronomy had a critical role
to play. He stated the following:

Civilization as it is known today could not have evolved,
nor can it survive, without an adequate food supply.

Borlaug’s approach to alleviating the limits of food supply
began in 1944, when he participated in the Rockefeller
Foundation’s wheat improvement programme in Mexico
as a research scientist working on wheat production prob-
lems that were limiting wheat cultivation. This developed
disease- and climate-resistant varieties, but also trained
scientists to develop new methods of managing crops by
a process known as agricultural extension. The field basis
for extending agricultural research to production has been
critical to developing agricultural systems that can allevi-
ate hunger. New wheat varieties with improved yield
potential and improved crop management practices trans-
formed agricultural production in Mexico during the 1940s
and 1950s and later in Asia and Latin America, sparking
what today is known as the ‘Green Revolution’. This
approach has led to science and crop breeding saving
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millions of lives, with the World Food Prize Foundation
stating the following, which demonstrates the value of
extending the actions taken by crop scientists to the saving
of human life by alleviating hunger.

Because of his [Dr Norman Borlaug’s] achievements to
prevent hunger, famine and misery around the world, it is
said that Dr. Borlaug has “saved more lives than any other
person who has ever lived.””

What Borlaug did was to show a clear way of alleviating
food supply limits by improving agricultural productivity.
The rule base for doing this was relatively simple in that
agriculture should be fit-for-purpose in specific environ-
ments that have different climate, soils and needs. If we
consider the words of Dr Daniel Hillel, who was awarded
the 2012 World Food Prize, in his book Out of the Earth, it
is clear that these things often overlooked:

All terrestrial life depends on soil and water. So common-
place and seemingly abundant are these elements that we
tend to treat them contemptuously.”

The World Food Prize does provide an indicator of change
with regard to tackling many of the challenges the food
system places before us. Tackling the food insecurity that
has limited the ability of humankind to ease conflict and
the unsustainable use of natural resources entails using
multidisciplinary approaches. The World Food Prize
reflects this with the Laureates being from the policy,
agronomy, biotechnology, and human health arenas.”
Development of new crop varieties and methods of
growing crops feature strongly in the list of Laureates,
along with those that are focused on the policy and politi-
cal development of efficient supply chains. This demon-
strates the duality of achieving food security in that the
limitation of the supply function can be alleviated by



The Basis for Food Security 21

efficient agricultural production that taps into genetic
resources of crops and livestock. However, security can be
achieved only if social and political will support supply
functions from the farm to the consumer. What has become
apparent with the World Food Prize is the need to reevalu-
ate what Borlaug achieved by improving farm efficiencies
because it is clear that production and yield of crop varie-
ties and livestock breeds have improved globally, so what
do we do now to maintain efficiency?

This is apparent if we consider yield improvement of
major crops since the 1960s, where yield increases between
2% and 10% year-on-year have been observed for crops
that are crucial to the production of ingredients and feed.
These types of data set also raise extremely important con-
siderations of weather and climate because from year to
year, changes in temperature and water availability have
significant impacts. The year-on-year yield increase of
wheat grain between 1961 and 2012 for the United Kingdom
and world has been 0.8% and 1.9%, respectively (FAOSTAT
data). Figure 1.5a,b shows that these data sets hide varia-
tion in yield percentage change year-on-year during this
52-year period. Understanding this variation is important
because it enables the implementation of structured adap-
tive management that can both deal with the uncertainty
associated with weather and the trends associated with
environment change. A notable recent study of this issue
of long term changes and trends is that of Schlenker and
Roberts (2009), who used long-term data sets to demon-
strate that when the corn, soybean and cotton crops of the
USA experience temperatures of above29°C, yield decreases
are seen and can be projected with confidence limits.””

Schlenker and Roberts (2009) suggest their research
shows limited historical adaptation of seed varieties or
management practices to warmer temperatures because
they also accounted for changes in farm practice, such as
water storage in response to increased temperature. They
predict average yields to decrease by 30—46% before the
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end of the century under the slowest global warming sce-
nario and decrease by 63-82% under the most rapid
warming scenario. Naturally, this has extreme implications
for the food system and offers a target for plant breeders
to select for crops that can tolerate extreme changes in
temperature and water availability. Their research also
highlights the requirement to work with long-term data
sets when dealing with natural systems and the issues of
food security. Working with long-term data should also
implement adaptive management to account for changes
in the environment and climate as they become apparent.”
Adaptive modelling integrates well with the food system
because records regarding biomass yield and production
are often long term.” Indeed, the use of adaptive modelling
is a key part of what we might consider integrated practices
in agriculture and other parts of the food supply chain.
The recognition of the role crop breeding and agronomic
technologies must have on yield improvements has enabled
continued yield improvements, but there is a requirement
for adaptive modelling and actions to be in place to account
for environment change and global warming. Significant
yield gaps do still remain if we take a global view of crop
yields, and these are not closed by the development of tech-
nologies alone, they must be adaptive and respond to
changes in environment, markets, and consumers.”’ The
yield gap principle is presented in Figure 1.6 for wheat, rice,
and maize, whereby the maximal national yield is com-
pared with the global mean yield value of a crop and the
resulting gap between them is considered the “yield gap’.
As with most global and national production statistics,
an understanding of variability in data must be empha-
sised with the fact that they will simplify complex supply
chains. Regarding these cautions, the yield gap scenarios
do still provide useful insights into what might be achiev-
able and how maximum yields globally might be reached.
Cropping systems are the ultimate start of the food
supply chain because photosynthetic biomass initially
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Figure 1.6. Global yield gaps for wheat, rice, and maize. These yield
gaps can be represented as the percentage gap between the greatest
and world average yield of biomass. The percentage yield gap can be
simply understood as an indicator for reaching the capacity for
maximum yield of biomass. For example, the percentage yield gaps
for wheat, maize, and rice shown are 53%, 36%, and 47% for the year

2012.

Source: These data were adapted from FAO. FAOSTAT (2012). Produc-
tion, crops data set. http://faostat.fao.org/ (accessed 22 April 2014).

captures solar energy that is consumed by humans either
directly or via livestock, or transformed via microbial
fermentation onto food materials. Notable production
systems based on microbial fermentations will be dis-
cussed in the following chapter because they offer poten-
tial to alleviating nutrition gaps globally, but Figure 1.6
describes crop yield gaps for three of the major food crops
globally.

The limitation of defining production inefficiencies by
crop yield gaps alone is fraught with difficulties because
agriculture provides only the beginning of the food supply
chain. The supply of food to consumers is dependant on
all of the functions shown in our initial food supply chain
model shown in Figure 1.1. For example, it is now appar-
ent that the impact of waste and spoilage within supply
chains is having a critical effect on getting food to consum-
ers.”*! Furthermore, the role of processors and manufactur-
ers in developing nutritious foods that are efficiently
preserved does have a central role in the supply chain.”
Indeed, the central place the processor and manufacturer
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occupies in supply chains between farmers producing
ingredients and retailers who present food products to
consumers is a critical one. Indeed, the case for adaptive
modelling across food supply chains has not been used
creatively and offers great opportunity to closing yield
gaps and providing a more secure food system. The quan-
tification of determinants of crop and livestock yield, such
as different management practices, breeding programmes,
and new technologies are rarely specifically defined in
measures, such as Total Factor Productivity (TFP) and Life
Cycle assessment (LCA). While TFP and LCA offer impor-
tant methods for traceable analysis of products there is a
requirement for assessment of respective components of
crop and livestock yield that identify gaps in both the
application of technology and the development of effective
management that will help to close them.

This requires the assessment of both quantitative data
concerned with the measurement of processes such as
growing crops and qualitative data that describe how
people feel about the implementation of new methods of
production or development of new products. The applica-
tion of biotechnology demonstrates the need to not only
understand the process of developing solutions using tech-
nologies but also to engage users of technology, in this case
consumers of food in the most appropriate way. The food
industry as a whole understands this relationship because
it delivers safe and wholesome food that has a very clear
hedonistic purpose associated with it. That is, the food
industry works with mixed research methods, both quan-
titative and qualitative at all times and this is well charac-
terised. If we like how food tastes and performs when
cooking and eating it, we are likely to consume it. Measur-
ing this principle of hedonism is not as straightforward as
it may seem, and it is explored with case studies and data
later, but it is the basis for developing and managing
sensory panels in the food sector. Sensory panels are groups
of consumers who regularly test and assess food products;
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the data from these panels are used to compare food prod-
ucts in terms of value, quality, taste, and performance.

1.8 The Relationship between Food Security and
Biotechnology

The emergence of biotechnologies that can transfer specific
genes between crops and livestock and thus transform
traits that will improve production in the way that Borlaug
did for cereals has revolutionised agriculture. The 2013
World Food Prize reflects this new biotechnological dia-
logue that accompanies the programmes that will tackle
food insecurity in the world because it has been awarded
to researchers whose work will impact on both the quan-
tity and quality of biomass produced from farms. Dr Marc
Van Montagu’s research established the role of the Agro-
bacterium spp. plasmid stable vector for introducing genes
into crop plants but this work crucially needed the involve-
ment of crop technology companies. The 2013 Prize was
co-awarded to Dr Mary-Dell Chilton and Dr Robert Fraley
of the Syngenta and Monsanto group of companies. This
addition to the Laureates helps us to define a change in
reassessing Borlaug’s legacy because the application of
directed gene transfer and biotechnology is not only set to
improve crop and livestock yield but improve nutritional
quality.

An important example of quality improvement has been
the establishment of agrifortification and biofortification;
both resultin the nutritional enhancement of biomass. Agri-
fortification achieves this by utilising mineral additions to
food ingredients within the supply chain. Biofortification is
a more stable process in that the nutritional enhancement
is achieved by using the crop or livestock metabolism to
improve nutritional aspects. This can be achieved by gene
transfer, such as Agrobacterium-mediated transfer of genes
or by traditional selection of varieties and breeds to achieve
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the desired response. Perhaps the most publicised example
of biofortification mediated by gene transfer has been the
development of the golden rice, but the principle of biofor-
tification offers much hope in alleviating the so-called
hidden hungers.* Golden rice was developed by the Ciba
Geigy company to tackle a specific nutritional problem that
has hampered the nutritional benefits of consuming
cereals.* That is, cereals can provide a good source of
energy and protein, but they are often less nutrient dense
in the case of minor nutrients, such as minerals and vita-
mins. Vitamin A in rice was a significant challenge because
it was principally consumed where agrifortification was not
possible and cereals are a major component of diet. Vitamin
A deficiency is known to increase the prevalence of a blind-
ness associated with decreased consumption of foods con-
taining the precursors of vitamin A.* Golden rice varieties
are biofortified using genes that enabled rice seeds to accu-
mulate vitamin A precursors and thus alleviate deficiency
in diets where rice is the major food staple.*

An important aspect of developing new crop varieties is
to understand how consumers cook and utilise them so
that we can be sure that they meet the sensory and textural
targets of being included into recipes and meals. This
aspect of new crop variety development has been often
overlooked, and the case study that golden rice provides
is of critical importance to the market acceptance by con-
sumers.”” While elucidating the attributes associated with
consumer use and market entry have traditionally been the
interest of commercial functions of the supply chain, they
are increasingly important to all aspects of supply and
development, including the development of initial research
and development concepts for new crop varieties. The
concern consumers have about genetically engineered crop
varieties has been established since the late 1990s, and
recent food security issues have alleviated many of these
concerns by considering the safety of products and their
role in the whole supply chain; this includes consumer use
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and acceptance.”® The development of consumer panel
data in these types of situation where new ingredients and
products are being developed has an important role to
play that is likely to be more apparent in the future devel-
opment of genetically engineered crops.

Indeed, the crop biotechnology sector has defined the
safety of crops at all points in their development, and
notable studies show no difference between genetically
modified and non-genetically modified crops apart from
the specific gene or genes introduced to the crop.” Geneti-
cally modified wheat varieties that provide significant
opportunities to the bakery industry with regard to protein
quality and micronutrition have been shown by research
to show no difference to non-genetically modified varieties
other than the introduced gene, but their introduction to
the food chain is hampered by what can be considered
consumer and qualitative issues.””" A notable example of
a biotechnology company developing programmes of
assessment to communicate the total value of genetically
modified or industrially produced organisms is the
Novozymes A/S company, which is headquartered in
Denmark. Novozymes A/S has used LCA to develop
assessments for its products, and these methods assess the
benefit of using industrial biotechnology on grounds of
sustainability criteria.”” Such a model of customer engage-
ment and supply chain assessment can provide important
insights into how biotechnologies within the food supply
chain might be accepted by consumers globally.

1.9 Genetic Diversity of Agricultural Crops and
Livestock

Tackling the concerns of introducing new properties and
performances to agricultural products raises the whole
issue of genetic diversity in the crops and animals we
utilise for producing food. Whereas the diversity of product
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taste and texture has often been introduced by processing
and manufacturing new ingredients and foods so that they
provide desired performance in recipes, such approaches
have not been used in farming. Naturally, the opportuni-
ties to do so are limited and were defined by Professor Jack
Harlan nearly half a century ago when Borlaug was begin-
ning to formulate the route of the first Green Revolution.
The drivers for this first Green Revolution were genetic
diversity, and Harlan’s reconsideration of the origins of
crops and livestock were important in this context. Harlan
redeveloped existing ideas on biodiversity and agriculture
in that he established that the world food system depends
on a limited number of plant species and these evolved in
three areas of agriculture that include the Near East, Mes-
oamerica and North East Asia.”

Previous analyses considered between 8 and 12 centres
of origin, which Harlan called non-centres because of the
variation in genetic diversity within regions from which
crops and livestock first developed, were not strictly
defined as centres because they were diffuse. Regardless
of the actual centres or areas of origin of agriculture, it is
clear that the genetic stock of agricultural systems is limited
because of the relatively few species utilised and the nar-
rowly defined geographic regions they first developed
from. Whereas the number of crops that supply most calo-
ries globally number under 10 species (mainly cereals), the
number of plant species utilised for taste, fragrance, and
medicine is likely to reach several thousand, with some
estimates around 50 000 species. These metrics provide an
illustration of the complexity in relating crop and livestock
diversity to specific centres of origin or species, because it
is highly likely that agriculture evolved with complex rela-
tionships within landscapes. Thus, while it is useful to
think of centres of origin for agriculture, we must consider
the genetic diversity that is used for the whole food system
in geographic regions, including taste, fragrances, and
medicines.
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1.10 Trade Agreements and the Development of
Agricultural Supply

If we are to consider the efficiency of the agricultural pro-
duction system, which is the producer of food and animal
feed ingredients, then the development of trade agree-
ments globally have without a doubt been most influential
in enabling new technologies and management. In Europe,
the development of the Common Agricultural Policy (CAP)
has dominated the agricultural sector since the late 1950s
(Figure 1.7).

The development of the CAP provides an important case
study in the development of a sustainable agricultural
system. This is because several reforms or adaptive changes
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Figure 1.7. CAP expenditure and reform path budget evolution; while
overall (unadjusted) budget has increased, it is worth noting the
changes in distribution of the main measures (specifically the increase
in Direct Aids and Rural Development), as well as the significant
increase in number of farm businesses, together with the enlargement
of the EU.

Source: The graph is from the DG Agriculture and Rural Development,
Agricultural Policy Analysis and Perspectives Unit © European Union
(2013). http://ec.europa.eu/agriculture/cap-post-2013/graphs/index_en
.htm (accessed 22 April 2014). (For a colour version, please see the
colour plate section.)
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have been made from initially aiming to develop stable
markets by price support to developing sustainable land-
scapes and a resilient food system. In the 1980s, CAP
expenditure was targeted to price support through market
mechanisms, such as intervention (when world prices
were low) and export subsidies. Market subsidies resulted
in agricultural surplus, and in 1992, there was reform of
the CAP, where market mechanisms were reduced and
replaced by direct payments. Direct payments were “pro-
ducer support” not ‘price support” for agricultural prod-
ucts. Further reform has increased spending on rural
development measures that enhance landscapes and eco-
system services.

Figure 1.7 also shows the impact of the 2003 reform
where direct payments were shifted to decoupled pay-
ments where CAP payments are no longer paid per hectare
or per animal but made in terms of farming function. This
is related to sustainability and environmental criteria asso-
ciated with farming, as well as the functions of biomass
production for the food system. Spending on rural devel-
opment has developed during this period, showing an
important consideration for the food production to be inte-
grated into the social and community well-being of society.
CAP spending has stabilised despite the successive enlarge-
ments and represents 0.44% of the European Union gross
domestic product (GDP). However, the CAP expenditure
as share of the EU budget has decreased over the past 25
years, from almost 75% to 44% in 2011. This decrease has
taken place despite the successive EU enlargements and
the downward path of CAP cost in the EU is due mainly
to the CAP reforms.
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2.1

Understanding Food Supply
Chains

Current Methods of Assessing Food Supply

Chain Efficiencies That Enable Food Security
Projections

This book aims to develop a framework for developing
food security worldwide using data and knowledge held
by whole supply chains. The twenty-first century has seen
the emergence of big data scenarios in that we can obtain
volumes of data regarding supply, consumption, and pur-
chase of foods like never before. The food system itself is
now at a point where we need to assess the importance of
these data and how we can use them to provide sustain-
able and secure outcomes for food supply globally. The
impetus to do this has been made clear by many writers,
who are not the focus of this particular study; this book
aims to make the reader aware of these writers and com-
mentators and place them into an integrated context so
that the reader can make rational decisions that will
develop leadership in food security. This cannot be
achieved without considering the role of the policymaker,
who is anyone who can plan a vision where security and
sustainability of food is defined by projecting the outcomes
of supply chain activities so that we can plan for a sustain-
able future.

A dominant theme within policy development is chang-
ing goals, and within the food system, it has become a
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cacophony of changing messages, different values, and
continuing demand for a supply chain that can deliver
over consumption as the notion of a sustainable meal.
From this arena of what sometimes can only be described
as noise, a policymaker who aims to change actions for the
better must pick out attributes that can help determine a
route for what can be regarded as secure and sustainable
consumption food policy. The melting pot that is the food
system contains both privately controlled and publically
controlled elements that can confound any attempts by
enlightened and innovative solutions to develop sustain-
able practices. This is why the food industry has always
struggled with profit, assurance, traceability, and contami-
nation. The supply chain has demand attributes that are
often focused on analysis of how population growth and
higher incomes affect consumption of foods. These rela-
tionships are well defined in economics, but they often
only consider the outcome of sating demand in popula-
tions and rarely consider why demand increases in the first
place. In the context of food security, we must largely con-
sider the role of agriculture, but mining of minerals as
nutrients will have a crucial role in the development of
populations and demand.

2.2 How Population Growth and Limiting
Factors Define Demand and Food Security

No discussion of population growth and demand can go
ahead without a consideration of Malthusian dynamics
that still dominate much of the thinking in the food system.
Thomas Malthus realised in the eighteenth century that
exponential population growth was possible when
resources were available to allow it. This will ultimately
create an overshoot in growth that in turn results in a
decline in population growth if technological or social
innovations do not respond to cater for larger popula-
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tions.! The second half of the twentieth century saw a
resurgence in credibility for the Malthusian world view,
and many commentators interpreted increasing popula-
tion growth to mean an unsustainable future scenario. Pro-
fessor Paul Ehrlich’s essay and later book, The Population
Time Bomb, expounded a Malthusian view of the future
and brought Malthusian thinking into the food security
debate.” Other notable projections came from the Mead-
ow’s projections on the limits to growth at this time. They
are notable because they were presented to the Club of
Rome, which is associated with development of the current
European Commission (EC).” The EC itself has become an
important source of policy for agriculture, and the impacts
of agriculture on society and the Meadows’ projections
demonstrated that the overshoot of populations with
respect to resources may happen, with catastrophic impacts
on societies.

The greatest weaknesses of the Malthusian world views
are they have never happened globally with the impacts
that the advocates of Thomas Malthus projected. Natu-
rally, they would say that this is because they have influ-
enced policy to consider impact as well as growth. There
is no doubt that Malthusian principles have contributed
to the sustainability debate, but we must question why
humankind has always managed to provide some form
of regulation between the supply of resources and demand
of populations.® If we are to consider the limits of growth
and place them into the context of population projections,
it is not simply a case of stating Malthus got it wrong;
many commentators have shown this is too simplistic and
simply not the case.’ It is certainly the case that all Malthu-
sian projections tend to overlook the power of adaptive
modelling and the introduction of new technologies that
will overcome limits by identifying new materials and
technologies that will result in more efficient use of current
materials. This has evidently been the case for the global
food system, where humanity can now control genetic



42

Global Food Security and Supply

2.3

performance and production of biomass." Professor Tony
Trewavas has developed a viewpoint based on current
capacities of agricultural technologies that seriously ques-
tion the limits that Ehrlich and others identify.® His under-
standing of new technologies is well grounded in a career
that has used biotechnology to decipher how calcium is
used by plants to sense environmental stress, but it is the
foiling of Malthusian principles that concerns us here.
Trewavas points to the delay and misunderstanding of
biotechnology as providing limits to current agricultural
technologies. His approach is proving correct, as many
governments are beginning to reevaluate the role of
biotechnology in agriculture. However, he also acknowl-
edges the need to understand the qualitative nature of
the biotechnology solutions and their interaction with
consumers, warning that the ‘cult of the amateur” will
result in an unjust representation of the biotechnology
industry, which has become completely transparent to the
consumer.”

Global Population Estimates and Projections

The total global population estimate has consistently
increased since industrialisation. These figures represent a
global average and there are drastic differences between
nations and regions of the world with regard to the amount
of population growth. Analysis of population growth gen-
erally shows increased rates of growth in developing
regions of the world and stable growth in developed
regions. The average global trend also hides a significant
move from rural population growth to urban population
growth, with the later increasing significantly over rural
population growth. This is an important trend because
population becomes more concentrated in urban areas,
requiring intensification of food production and supply
mechanisms. The impact of population growth and
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distribution is a key consideration in environmental quality
impacts. When populations become more concentrated
and their requirement for efficient food supply more appar-
ent, the need for assessing the impact of agricultural opera-
tions will become more important. There are a number of
methods for doing this, including the development of indi-
cator frameworks.

Supplying and increasing world population with due
consideration of the capacity of the food system is an
important international concern, and the provision of
a productive agricultural systems to do this is essential.
This must be achieved within the bounds of political, eco-
nomic, and technical abilities that are always changing.
For example, a technical attribute, such as crop nutrition,
is an important indicator of agri-system efficiency and the
supply of food to the global population. Crop nutrition is
a component of producing food that can be represented in
terms of crop yield, calorie sufficiency, and quantity of
foodstuffs. It is also an important component of food
quality, with trace element nutrition being vital to the pro-
duction of food with high nutritive quality as well as calo-
rific content.

The complexity of the food sustainability goal is embod-
ied in the impact of continued global population growth
and cultural transitions. The United Nations population
projections and the UN Food and Agricultural Organisa-
tion food production and consumption trends provide
a means to develop an assessment regarding the question
of how much food needs to be produced in the next 40
years. Research presented by Keating and Carberry (2010)
provide scenarios based on low and medium world popu-
lation projections of 8.0-9.0 billion in 2050. They have
assumed human fertility trends and consumption remain
constant based on previous population data. The scenarios
show the world will need to produce over 380 to over
400exa calories (lexa calorie = 10" calories) over the
period of 2000 to 2050 if an average consumption of
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2255kcal/person/day is maintained. This is equivalent to
the food the world has produced over the 200 years pre-
2000 in order to feed its population.

A further scenario presented by Keating and Carberry
(2010)* assumed that a mean global consumption of
3590kcal/person/day by 2050 is reached. This might be
considered more realistic if current consumption trends
continue and the resulting demand will be for over 450
exa-calories, which is the equivalent to the food produced
in 330 years pre-2000. The scenarios presented provide an
assessment of the challenge that faces food supply over the
next 30 years; in reality, we will have to produce food at
an efficiency which is up to 10-fold greater than we are
currently doing. This means that the agricultural segment
of the food supply chain is critical to producing these calo-
ries required by the growing demands of populations.
Population growth is tracked and projected using models
that have become increasingly robust, but consumption of
food is also dependent on the cultural values, changes in
individual taste preference, and trends in food category
popularity. When these cultural variables are interfaced
with supply—-demand functions, the food system is clearly
extremely complex and not just about supplying calories
and protein.

Consumption and Population Growth:

Demonstrating the Impact of Dietary Changes
and Transitions

The food security implications of population projections
become even more profound when we relate them to the
consumption of protein. This is because 65% of global
protein consumption is from just seven major food ingre-
dients, as reported by the FAO statistical database,
FAOSTAT. These are wheat (20%), rice (12%), maize (5%),
dairy (10%), beet (6%), poultry (6%), and pork (6%).
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Furthermore, livestock product consumption provides
specific stressors on the global food system, because feed
protein is consumed by livestock to produce meat as a
protein source at conversion efficiencies that range from
5% for beef products to 40% for dairy products.” The nutri-
ent transition of the world food system to more meat-
containing diets has resulted in an increased demand for
meat, creating a dilemma for sustainability of resource use
because of the demand for feed protein that directly diverts
protein from food supply chains.'*"

This can be demonstrated using current world produc-
tion of meat reported by FAOSTAT in 2011, which is nearly
300 million tonnes. If we assume that a typical tonne of
meat will need at least 10 tonnes of feed to produce it and
this feed is wheat that achieves a world average yield of
3 tonnes for each hectare grown then we require 3 billion
tonnes of wheat or 1 billion hectares to produce it. While
I accept these are very much typical calculations, they do
present important principles. If the reader needs to see
detailed analysis regarding capacities of the food produc-
tion system that exist and are utilised by policymakers,
then investigating other projections that have been pub-
lished will also show the principle and value of identify-
ing baselines we can project scenarios from.”” We know
that feed conversion into meat ranges from 2.3kg (for
tish), 4.2 (for chicken), 10.7 (for pork), and 31.7 (for beef)
because Smil has reported these figures previously using
USDA data.” While these figures can be improved, they do
represent an important reference point without carrying
out detailed life cycle assessment (LCA) of crop to feed
conversion in livestock systems. An energy balance
approach is now discussed here as an important approach
because it enables us to appreciate the scale of the meat
supply issues. We would need 1 billion hectares of cereal
production to feed the livestock currently produced glo-
bally if cereals were the main source of feed. The actual
area of wheat harvested in 2012 was 217 million hectares,
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and of course the feed to animal production system is
clearly not that straight-forward. Animal feeds include all
cereals, where FAOSTAT reports 703 million hectares were
harvested in 2012, and for oil crops, a further 281 million
hectares were harvested.

Obtaining the near one billion hectares for livestock feed
seems to have a complete solution here and the land
resource limitation is overcome, but this is just for animal
feed and does not include food, so we still have a problem.
Of course this problem is solved by using grassland as
grazing systems and forage production, thatis, without the
consideration of managing grazing and forages, the world
livestock system would not work. They are essential to the
world food system, and in 2011, FAOSTAT reports that
there are nearly 3.4 billion hectares of grasslands globally,
which are the engine for livestock production. These are
the critical production considerations for the feed that sup-
ports a global system of producing grazing animals and
livestock products. If we consider FAOSTAT data, there are
0.5 billion hectares of arable land globally; the demand for
livestock feed will create increasing pressures on feed
protein supply and the food system. Previous interventions
to supplement feed protein have focused on improving
grazing systems so that the 3 billion hectares of permanent
pasture available globally can efficiently achieve optimal
grazing and forage production to reduce demand for cereal
and oilseed feeds. However, there is the increasing impor-
tance of processors and manufacturers in providing a
means to ameliorate pressure on the meat consumption
system by the utilisation of all co-product and waste streams
for protein supply. Furthermore, the growing importance
of using industrially produced protein that converts starch
to protein at much higher efficiencies than livestock systems
is emerging in response to these pressures.

The role of processors and manufacturers to convert
biomass into different protein product ranges are critical
to future conservation of livestock resources, and it can
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provide a basis for defining sustainable meal and diet
planning for populations. The delivery of sufficient protein
for human well-being is a human right, and the food
processing and manufacturing industry offers many
opportunities for providing routes to efficient feed protein
and livestock protein production, and industrial starch to
protein conversions. The processing industry is of huge
importance in optimising protein consumption through
the design of recipes, meals, and products so that con-
sumer well-being is enhanced and environmental impacts
are reduced. Relating product development to whole meals
and diets is critical, and it requires a full appraisal of whole
supply chain activities. As previously highlighted, proces-
sors and manufacturers operate in the middle of the supply
chain and as such have an important place in determining
traceability of food ingredients to assure safety or provide
robust responses in crisis management. Naturally, one of
the most important considerations for food supply chain
management is population growth, which is further com-
pounded by increasing urbanisation and nutrient transi-
tion trends. With this in our minds, we must start to
determine what food supply functions result in security,
and the nutrients used in agriculture are an important
place to start because they ultimately determine the nutri-
tive quality of the biomass produced by agricultural
systems. This biomass can be enhanced by processing and
manufacturing, but ultimately the quality of biomass pro-
duced will be an important determinant of eventual nutri-
tive value of foods.

2.5 Optimising Nutrition across Supply Chains
Is the Focus of the Second Green Revolution

As we have seen how the work of Borlaug, Evans, and
Harlan have transformed how new crops are designed
with respect to production demands, we must consider not
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only producing more food, but also more nutritious foods
that are tailored for specific nutritional requirement. The
world demand for specialised dietary products is likely to
increase as global diets become calorie sufficient or, more
worrying calorie over-sufficient. How this food quality
goal in diet is distributed globally will be an important
issue in the twenty-first century. The distribution of food
in the global system has been characterised and we now
have traceability standards associated with food categories
that assure consumers."> Whereas food distribution is char-
acterised because of the requirements of food safety and
traceability issues associated with supply chains, there is
increasingly a need to qualify the sustainability of distribu-
tion with respect to environmental impacts and loss of
nutritive value."*"

Some commentators have said that this is the basis of
a second ‘green’ revolution, where the first aimed for cal-
orific- and supply-based goals, and the second will aim
for these actions alongside qualitative goals associated
with nutritional values of foods. These will be more
closely linked to improving health of nations that have
reached calorific sustainability. Nutrient availability and
consumption have a huge effect on the ability to produce
food of enough quantity and quality to support industr-
ialised societies. The manner in which culture and socie-
ties develop in specific areas may not always be associated
with the most favourable areas for food production, and
the import of nutrient sources into these areas using
efficient distribution networks becomes very important.
The development of efficient supply chains has extreme
social and economic impacts on national development
programs and can create very specific environmental
impacts.

The need for nutrients to be economically assessed by
producers at the beginning of the food supply chain is of
extreme importance; they must consider the yield poten-
tial of a particular landscape and soil with the benefits of
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using optimal amounts of nutrients for increased biomass
yields. This must then be equated against the cost of nutri-
ents and their distribution and application for achieving
optimal yield. Integrated Plant Nutrition Systems (IPNS)
emphasise the importance of economic assessments being
made that align with agronomic yield potential, so that
the economic and technological factors for production are
taken into account together, not as separate factors. Envi-
ronmental assessment of farm inputs such as plant nutri-
ents is an important consideration, and it can be formalised
as a farm nutrient management plan because the ecology
for a particular landscape can be significantly changed by
different farming practices. For example, reduction of
wind- and water-enhanced soil erosion has clear economic
benefits in conserving the nutrients in top soils. Soil
conservation and landscape management are key compo-
nents of IPNS, and by enacting soil conservation proce-
dures, farmers can ensure environmental and regulatory
compliance.

2.6 The Emergence of Sustainable Farming
Reconnecting Supply Chains: A Case Study of
the Establishment of the Landcare Movement in
Australia

These types of approaches to landscape management
described here were perhaps first placed into farming
systems and the food supply chains associated with them
by the founders of the Australian Landcare movement at
the end of the 1980s in South West Victoria. Sue Marriott
and Andrew Campbell, among others, started this by pro-
viding a forum for groups of farmers to discuss farm plan-
ning that improved business operations and developed
sustainability criteria associated with farms, such as water
and soil conservation.” The Landcare movement started
with a number of farms working together to share
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management information in a project supported by the Ian
Potter Foundation; they became known as the ‘Potter
Farms’. Management systems, such as the sward manage-
ment system, Prograze™, developed from these actions,
and John Marriott pushed forward a programme of farm
benchmarking to improve business performance with
respect to economic and sustainability criteria.”” The initial
decade of the Landcare movement demonstrated that
important tasks could be met by farmers worldwide in
obtaining a sustainable and secure food system.'®" At its
heart was an understanding of natural resources and how
the use of soil management, plant nutrients, crop and live-
stock protection, and water and energy balance could be
used to develop a farming system to be proud of.** The
future challenges were to integrate this with the food supply
chain and land use industries, which to some extent defines
where the second green revolution goals are, that is, looking
towards the consumer components of the supply chain.

2.7 The Long-Term Field Experiments at
Rothamsted and Their Power of Demonstrating
Good Nutrient Balance in Agriculture Has Been
Crucial to the Development of Sustainable Food

Supply

In order to grow and develop satisfactorily, all plants need
a supply of carbon, hydrogen, and oxygen, which they get
from soil, air, and water environments. There are also 13
essential mineral elements (nutrients) shown in Table 3.1.
These elements are normally obtained by plants from the
soil, and it is useful to reflect on where our current under-
standing of soil fertility derives from. The facts that provide
these foundations for modern agronomy were initially
researched by Justus von Liebig in the early to mid-
nineteenth century and applied by Sir John Bennet Lawes
of Rothamsted and Sir Joseph Henry Gilbert of Rotham-
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sted in initiating the modern fertiliser industries. Liebig
made measurements of how dry matter was gained in
plant systems and hypothesised that much of the nutrient
required for growth would come from the soil but he
thought nitrogen was essentially obtained from the atmos-
phere. These ideas were later developed by John Lawes,
the founder of the Rothamsted Long-Term Agricultural
Experiments, and Henry Gilbert, the chemist who worked
with Lawes to develop the field trial database that still
exists today.” Their experiments have also established our
current understanding of the nitrogen cycle, which shows
plants obtain nitrogen from soils and its bioavailability is
critical to the production of all biomass.”

All natural resources are finite and optimising plant
nutrient supplies for an ever-growing global population
remains as important today as ever, and this provides a
critical role for the data obtained from long-term experi-
ments, such as those at Rothamsted.” The maintenance of
the amount of food produced and the nutritional value of
food will be dependent of the minerals supplied to crops
during production. This means that the importance of
plant nutrition is one of the most important components
of production. The consumption of nitrogen (N), phos-
phate (P), and potassium (K) globally reflects the impor-
tance of providing enough nutrients to support an efficient
food production system.**” The historical evidence
obtained from the Rothamsted trials can demonstrate the
sustainability of crop production in the arable farming
systems that produce cereals, maize, grain legumes, and
rice, which are the dietary powerhouses crucial to deliver-
ing the calories and protein for human diets (see Figure
1.4). The sustainable or continued production of these
crops is extremely important to global agricultural produc-
tion, and IPNS will be a key component of achieving agri-
sustainability in these systems.

The use of long-term data from the global long-term
experiments such as those of the Morrow Plots in the
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United States and those at Rothamsted in England have
provided important lessons for the sustainability of grain-
based production systems by demonstrating how it can
be achieved. These experiments are over 100 years old,
and they have shown that using the optimal rate of nutri-
ent inputs generally corresponds to obtaining the optimal
yield of a crop. This, combined with the use of crop rota-
tions and break crops, can improve nutrient use efficiency,
soil organic matter content (SOM), and reduce disease
pressure as compared with continuous cropping.” The
impact of weed pressures has also been investigated in
the long-term agricultural experiments and provides
important data that describe the emergence of herbicide
resistance in weed species, which is now having serious
impacts on cereal yields.” The interaction between crop
yield limitations and crop varieties has also been explored
by benchmarking modern varieties to older varieties so
that yield benefits observed as a result of introducing new
varieties and crop breeding can be identified to be between
10% and 30% of current yields.”

Long-Term Field Experiments Hold Critical

Data That Provide Our Understanding of Nutrient
Flows in Farming Systems So That Sustainable
Food Supply Chains Are Developed

The global long-term experiments have provided valuable
data on the soil organic matter (SOM) content of agricul-
tural soils, which are critical to understanding global
carbon and nutrient cycles. It has been found that cultiva-
tion of the soil will decrease organic matter content of
most soils, and this decrease will reach an equilibrium
level that is associated with the particular soil and cultiva-
tion system being investigated.” This equilibrium level
will largely depend upon agronomic, climatic, and soil
structural factors. Conservation of SOM can be achieved
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by optimal soil cultivation methods (such as minimal
tillage or no till where possible), managing animal manure,
and organic matter inputs utilising crop rotations effec-
tively. The correlation between optimal soil organic matter,
soil type, and long-term fertility is a strong one but very
difficult to define in many field situations. Farm-recorded
data collected over many rotations and several seasons
are important in assessing the optimal organic matter
content for a given soil because it is a means to maintain
soil fertility and conserve the GHG emissions associated
with farming. This is one of the reasons record keeping
over long-term time series is essential to determining what
sustainable production is.

How major plant nutrients interact with the soil and
SOM is also critical to their bioavailability and accumula-
tion by crops. Nitrogen is a major nutrient that is usually
added at amounts of 100-250kg/ha/ yr to supplement soil
supplies that are made available by mineralisation.” Min-
eralisation is the result of microbial metabolism whereby
organic forms of nitrogen that include proteins and amine
compounds in the soil are converted to inorganic forms,
such as ammonium and nitrate ions, which are soluble,
and nitrate ions are both soluble and mobile in soils.***

Phosphate and potassium are the other major nutrients
most important to establishment of crops in soils. Large
amounts of these nutrients can be available over varying
timescales because they are less mobile and soluble in
water than nitrate ions. In general, there are ‘nutrient pools’
in the soil for P and K that are immediately available, and
those that are available over several growing seasons,
decades, and even hundreds of years. Thus, the soil fertil-
ity with respect to phosphate and potassium can be either
accumulative over many years or just maintained by addi-
tion of fertilisers. This type of ‘nutrient banking’” in soils
has been shown at the Rothamsted Hoos Field long-term
experiment in the United Kingdom, where phosphate
additions over 100 years ago still present yield benefits
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because of the slow release of phosphate from fertilisers
added over many years.”

Changes in soil pH can radically change the mobility of
nutrients in soils, and most soils will decrease in pH over
time unless they have a limestone bedrock that is dis-
turbed or alkaline water flows through them.** Knowing
how to manage these pH changes and pools of nutrients
with respect to timescale represents an important manage-
ment strategy for productive and sustainable farming.
Components of the physical breakdown of soils by erosion
and weathering will be important in releasing P and K
from less available pools but these releases are generally
too low to support productive crop production. However,
where land has been extensively manured with mineral or
organic fertiliser, the long-term value of phosphorus and
potassium can be considerable. Many trials have defini-
tively shown that these nutrients can be released to crops
over many decades with the Hoos Field at Rothamsted
being of highest profile.

Natural events such as the deposition of sulfur and
nitrogen nutrients from the atmosphere or from flood
waters is a slow process with around 45kg/ha nitrogen
being available and less than 1kg/ha of phosphorus and
potassium being deposited in any year. Flooding can enrich
soils significantly with phosphate if there are regular flood-
ing periods, and this will result in considerable spatial
variation in nutrients across landscapes and fields. Manure
and slurry either from grazing animals or from spreading
of stored material is the most important source of plant
nutrients from non-industrially produced mineral fertilis-
ers. The purpose of fertilisers and manures are to supple-
ment the natural supply of nutrients required for optimal
yield by using fertiliser recommendations. Fertiliser rec-
ommendations supplement the nutrition requirement of
crops and can be described using principles of nutrient
balance, that is, what is removed from land is maintained
by fertilisers to meet yield demands.
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2.9 The Sustainable Production of Livestock and
Long-Term Data

The nutrient balance of sustainable livestock systems
deserve special attention, and there are also long-term
experiments that consider grassland systems, which
include the Park Grass experiment at Rothamsted in
England. Park Grass demonstrates interactions between
species on long-term grass sward development with dif-
ferent lime and nitrogen, phosphorus, and potassium
inputs.” This trial has been permanent grass since 1856
and provides a case study for developing species diversity
and understanding responses of natural grasslands to
lime and nutrient management. An important impact of
the experiment has been to show that decreased soil pH
on natural grassland is a natural process that can be
increased by manure and nitrogen applications.

Liming practices are therefore extremely important in
order to produce optimal biomass. In manipulating pH
and nutrient status, the species composition of swards can
change, and this is an important consideration for biomass
production and development of biodiversity. Experiments
such as Park Grass show us that the effects of soil pH at
nitrogen, phosphorus, and potassium applications must be
looked at as a whole to assess the value of a particular
management regime. This is a particularly important con-
sideration when considering indicators of biodiversity and
environmental quality.

Livestock production system long-term data are some-
what harder to find but trials do exist, such as those of the
Palace Leas trials at Newcastle University in England.®
This trial demonstrates the importance of integrating nutri-
ent inputs from fertiliser, manure, and livestock into
nutrient programs, as well as the type of grazing or grass
conservation management used. Management, storage,
and distribution of organic manure will be an important
consideration in any livestock system. Innovative methods
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of utilising manures are becoming available, including the
production of dry manures (particularly from poultry pro-
duction).”” The development of efficient manure handling
can result in more efficient nutrient use, and the produc-
tion of forages and conserving grass biomass for feed can
result in less nutrients being imported into the grazing
system.

Stocking density for particular enterprises will be an
essential consideration to prevent overgrazing and erosion
of top soil. The management of nutrient inputs must be
assessed with the production goals of the farming enter-
prise in mind, and this is not necessarily the optimal yield.
Production and the ensiling or storage of forages produced
on farm also reduces the need to import feeds and nutri-
ents onto the farm. The aim of the IPNS system for live-
stock is to reduce the reliance on nutrient imported into an
enterprise. The use of these nutrient budgets can be drawn
for livestock enterprises and can be an essential manage-
ment tool that can be integrated into a nutrient manage-
ment plan for a given enterprise.”

2.10 The Historical Proof of the Value of
Agricultural Innovations in Providing
Food Security

The history of agronomic breakthroughs shows us that for
innovations to be successful, there is often a convergence
of investment and technology that results in market entry.
Nowhere was this more apparent than the development of
the plant nutrient and fertiliser industries in nineteenth-
century England.®* The specifics of what occurred are
important in the context of deploying any new technology
in agriculture since then. The mid-nineteenth century was
a time of rapid industrialisation and urbanisation. The
problems faced by a growing population were reflected in
Sir John Bennett Lawes and Sir Joseph Henry Gilbert’s aim
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of understanding crop production so as to optimise the use
of plant nutrients and agronomic techniques to provide
food security. They realised that providing increasing pop-
ulation numbers with a sufficient food supply would
require an efficient agricultural industry and this increased
efficiency could only be reliably demonstrated by agricul-
tural trials.*!

John Bennet Lawes is the founder of the long-term
experiments and the Rothamsted Experimental Station. He
was the owner of the Rothamsted estate that he inherited
from his parents. Lawes was also one of the first people to
manufacture and patent superphosphate, initially using
bones that were reacted with sulfuric acid. Lawes devel-
oped the superphosphate production into an industry,
which generated a substantial fortune for his family.
Although he made his fortune producing mineral fertiliser,
he advocated the value of recycling nutrients by rotations
and the efficient use of organic manure in much of his
work. Joseph Henry Gilbert was an experimenter and
chemist who provided the technical excellence for the
development of Lawes’ programs of agronomic research
at Rothamsted. Gilbert was driven to obtain indisputable
proof and experimental data on which the current under-
standing of biomass production in the agricultural indus-
try is based.

Gilbert and Lawes worked in partnership for nearly 60
years, laying the foundations for the scientific understand-
ing of crop rotation, soil fertility, and the sustainable use
of plant nutrients. By establishing the long-term agricul-
tural experiments at Rothamsted in the United Kingdom
during the 1850s, they provide an important step in under-
standing what sustainable agriculture is. The scientific-
and trial-based approach to understanding the soil, water,
and atmosphere relationships also led to the development
of superphosphate industry in England during the mid-
nineteenth century. Phosphate was known to be a limiting
factor for crop production on many soils in England, and
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prior to the production of phosphate fertilisers, the only
source was organic manures. In the 1830s and 1840s, John
Lawes and others experimented with reacting bone mate-
rials with sulfuric acid to make the bone phosphate more
available to crops. This resulted in the production of super-
phosphate, for which Lawes had a patent made in 1843. At
this time, around 40000 tonnes of bones were being
imported into England, with a further 26000 tonnes being
produced in England each year for industrial uses. Lawes
successfully developed the first fertiliser product with
superphosphate, a mixture of calcium phosphate and
sulfate, and developed factories by the River Thames in
London for their production.”” Bones were soon replaced
with rock phosphates in the manufacturing process, and
this had led to overmining guano rich deposits derived
from bird droppings and the current debate around the
criticality of “‘peak phosphate” reserves.

Where Lawes and Gilbert were particularly innovative
in their approach was to relate fertiliser products to field
trial evidence so that the benefits of using fertilisers respon-
sibly could be clearly seen by farmers. The trials set up at
Rothamsted first showed clear crop yield benefits, but in
time, further aspects of the plant, soil, and atmosphere
system were understood. For example, the way in which
plant nutrients became mobile in soils was determined
by Lawes and Gilbert when they constructed field drain
experiments to determine water balance and nutrient
balance of crops. These experiments determined that
nitrate remained soluble in soils and it was therefore mobile
and leached from soils. This laid down the first under-
standing of potential nutrient pollution, and at the end of
the twentieth century, nitrogen applications to crops are
regulated in European Union member countries to reduce
nitrate enrichment of water supplies.” The field drain
experiments at Rothamsted also determined how phos-
phate and potassium interacted with the water and soil
system, providing the first understanding of readily
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available and slowly available nutrient pools in the soil
due to the action of cation exchange.* Thus, the Rotham-
sted trials that Lawes and Gilbert started were not only
about demonstrating to farmers the worth of using Lawes
fertilisers produced in his factories in East London, but
they also established the foundation of understanding
nutrient sustainability and innovation in farming systems.

The Rothamsted Classic experiments enabled the devel-
opment of the fertiliser industry and now they offer
important evidence for sustainability landmarks that can
be demonstrated by field trials that have collected data
since the 1850s. In particular, the development of phos-
phate fertilisers that not only made the fortunes of the
founders but enabled the development of urban popula-
tions and reduced the reliance on guano fertilisers mined
from South Atlantic islands. Phosphate remains a limiting
nutrient globally, and the availability of phosphate
reserves is likely to be of increasing importance to the
world food production system.* Field trial-derived inno-
vations do not obtain market entry easily, as can be seen
in Figure 2.1; the fertiliser recommendations identified by
Lawes and Gilbert were not able to be fully implemented
until the late twentieth century. The reasons for this were
one of nutrient availability, regulatory considerations, and
the ability to manage new fertiliser materials. The current
market entry of genetically modified crops such as golden
rice have taken over a decade to reach market so far, and
it is perhaps not surprising it may take longer when we
consider time lags between invention, product develop-
ment, and market entry. All of the new technologies in
the agricultural system, including nutrient use, liming,
and pest control have time lags to market entry. Indeed,
the questioning of whether delay is appropriate in a world
where we need to increase production for security raises
many issues.

The long-term data sets developed by these trials can
support methods such as total factor productivity (TFP),
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Figure 2.1. The development of agronomic innovations and their rela-
tionship to average wheat yields in the United Kingdom. Red arrows
show the recommended N:P:K fertiliser application (the fertiliser
recommendation for wheat in kilograms per hectare) at that date, the
actual amounts of fertiliser as N:P:K applied is shown with blue
arrows (in thousand tonnes). Development of different wheat varieties
are shown with black arrows, and new agronomic techniques are
shown with green arrows. The graph demonstrates the agronomic
development of the wheat crops and the innovations that have made
dramatic grain yield increases possible.

Source: The wheat yield data were obtained from FAO. FAOSTAT
(2012). Production, crops (data set). http://faostat.fao.org/ (accessed
22 April 2014). Fertiliser data were adapted from the data presented
by Cooke (1977),* and agronomic practice data were developed by W.
Martindale as part of an OECD Cooperative Research Fellowship
(2001).* (For a colour version, please see the colour plate section.)

which is used to assess the value of specific parts of the
food supply chain, particularly with respect to economic
output.”® These types of methodology can be integrated
with measurements of ecosystem services so that they can
be applied to the food system globally.*" The data from
long-term experiments such as those at Rothamsted in the
United Kingdom are crucial to the development of such
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assessments because historical data improve the projection
and understanding of current growing season data. Figure
2.1 demonstrates this because wheat yield increases in
the United Kingdom can be related to breakthroughs
in plant nutrition, plant nutrient availability, and agro-
nomic innovations.

2.11 The Relationship between Field Trials,
Investments, and Innovation

The transfer of field trial research into agriculture and the
food supply chain is crucial and can be regarded as the
innovation process; that is, the transferring research to
market-ready application. For this to happen, field trial
research must be placed on farms in a user friendly form
that can provide an assurance that optimal decisions are
being made with regard to crop management and the food
supply chain. As an example of research knowledge to
market, the amount of protein in the leaf tissue of crops
has been shown to relate to both nitrogen supply and the
gas exchange of water vapour and carbon dioxide into and
out of leaf tissue.” Specific physiological responses, such
as the regulation of water balance within a crop, relate to
nitrogen supply and protein content of leaves, as well as
how farmers will deploy management decisions such as
fertiliser application and irrigation. It is therefore not sur-
prising that attempts are made at using the amount of
membrane-bound proteins or soluble proteins as indica-
tors of productivity, disease, and stress in crops.53

Many environmental stresses experienced by crops will
influence the amount and activity of these photosynthetic
proteins present in leaves that contain pigments such as
chlorophyll. The uses of chlorophyll sensors that have
become commercially available are becoming routine to
assess crop health and nitrogen fertiliser requirements of
crops. The amount of chlorophyll in some plants is closely
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related to the amount of protein present, and thus chloro-
phyll can be used as an indicator of nutrient or protein
status. Relating this to physiological problems with crops
such as water stress and disease is now possible, and the
use of metabolic markers such as the ‘greenness’ of leaves
offers much hope in crop diagnostics and managing crop
responses to environmental stresses. The importance of
now-available chlorophyll meters is that they standardise
measurements made in the field so that actions can be
guided by robust research and reproducible measure-
ments.”* These indicators of crop health, such as ‘green
index’, do provide important diagnostic tools for crop man-
agement, and it is increasingly important that agronomists
have some understanding of crop biochemistry and physi-
ology in order to be able to apply these methodologies.
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The Scientific Basis for
Food Security

3.1 The Supply of Essential Plant Nutrients

The conversion of solar energy into biomass through pho-
tosynthesis is dependent on several factors that can limit
the amount of biomass or crop yield achieved. The notable
limiting factors that growers and farmers are constantly
trying to optimise for greatest crop yield are light, tem-
perature, water, and plant nutrients. While light and tem-
perature limitations are principally dealt with by sowing
periods and protecting crops from weather, plant nutri-
ents, and water are potential limiting factors that are
perhaps most under the control of the management system
the grower chooses. For example, limitations to water
availability can be achieved by planning storage, capture,
and irrigation of water resources, but ultimate availability
may well be outside the control of growers. Plant nutrients
are supplied as mineral fertilisers or organic manures, and
these materials supplement nutrients available from the
soil. What is critical to consider at this stage is that most
essential nutrients required in foods by human beings are
derived from biomass derived from crops and the agro-
nomic decisions made during production will influence
dietary quality.

Plant nutrients are found in crops at distinct concentra-
tions that correspond to the ideal range for optimal plant
health and the functioning of metabolism within the plant.

Global Food Security and Supply, First Edition. Wayne Martindale.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.
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Arbitrary scale of yield

It is possible to determine optimal physiological and meta-
bolic states by the analysis of specific nutrients in field
trials. There are critical values of plant nutrients below
which there will be a decrease in yield, and the use of
tissue analysis by agronomists is proving useful in deter-
mining critical nutrient values below which yield loss may
become apparent. Critical values can also be used to
manage crops at a particular level of production and deter-
mine optimal application of nutrients as fertilisers. The
response curve of yield, metabolism, and physiological
variables is generally hyperbolic, that is an initial linear
phase of increase (of biomass yield) at low concentration
of a variable such as nitrate, followed by a curvilinear
phase at higher concentrations (Figure 3.1). This type of
response can be viewed in terms of limiting factors and
control theory, where several factors are involved in limit-
ing the rate of response associated with a system. The mass
of nutrient required per hectare of land is surprisingly

Water status

Low temperature

Nutrient limitation Photoinhibition

Disease pressure

ACTUAL YIELD

The difference between unlimited yield and realised yield is often known
for specific fields; the 'realised' yield will change every season and be a result of
several variables, including disease pressure and nutrient limitation. Reducing
the difference between unlimited yield and actual yield requires integrated
management and sustainable intensification of resources

2 4 6 8 10 12
Arbitrary scale of input

Figure 3.1. The law of limiting factors demonstrated using a case
study of increasing material inputs that will increase the accumulation
of biomass or crop yield. Martindale & Leegood, 1997.
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stable across the plant kingdom and follows the type of
responses shown in Figure 3.1.

This type of curvilinear relationship has been established
since Lawes and Gilbert of Rothamsted developed the fer-
tiliser recommendation for crops in the nineteenth century,
it has continually been reviewed and revised for new tech-
nologies that have an impact on crop yield in agricultural
systems.' It is currently viewed as a sum of several limiting
factors that can be described in terms of control theory, that
is, there are several control points in determining yield.
Some control points may have more impact than others,
and this value of impact will be dependent on environ-
mental attributes, such as water availability, temperature,
and light intensity.

Plant nutrients are classified on the basis of the mass
required by plants to function metabolically and, in the
case of crops, to provide optimal biomass quality and
yield. The classification groups of the plant nutrients are
described in Table 3.1. They include the major nutrients,
the secondary nutrients, and the micro-nutrients or trace
elements.

Table 3.1. The essential plant nutrients required for the production
of all crop biomass

Nutrient (with  Symbol
common ion (fertiliser oxide

available to declaration

plants in symbol in Description and amount

brackets) brackets) required by crops
Macronutrients

Nitrogen (NO;) N Between 40 and 400kg nutrient

Phosphorus P (P,Os) required by a crop per hectare for

(PO optimal crop yield. Nitrate, very

Potassium (K*) K (K;0) mobile; ammonium, not mobile;

phosphate, not mobile;
potassium, mobile
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Table 3.1. (Continued)

Nutrient (with  Symbol
common ion (fertiliser oxide

available to declaration
plants in symbol in Description and amount
brackets) brackets) required by crops
Minor nutrients
Sulfur (SO5%") S (SO3) Typically 10-40 kg nutrient required
Calcium (Ca*") Ca (CaO) by a crop per hectare for optimal
Magnesium Mg (MgO) yield. Sulphate, mobile; calcium,
(Mg?") mobile; magnesium, mobile
Micronutrients
Iron (Fe?") Fe Typically needed in quantities of
Boron B 0.01-5kg/ha
Manganese Mn Many micronutrients can be toxic
Copper (Cu?") Cu at relatively low concentrations.
Zinc (Zn*") Zn The amount of micronutrient
Molybdenum Mo allowed in soils that have
Chlorine (CI") Cl nutrients applied to them may be

controlled by legislation.

The availability of micronutrients
is very much dependant on soil
pH, with a general condition
being greater availability of
micronutrients and heavy metals
at a pH below 7 in soils. This is
not the condition for molybdenum,
whose solubility increases at a
pH above 7 in soils.

Older soils >10000 years old,
very light soils are likely to have
more trace element deficiencies
than younger or heavier soils. Soil
pH will be a critical factor in
availability of trace elements.

Notes: As such, these nutrients maybe considered the base of the food
supply chain. They are the inputs that are ultimately contained in foods that
are added to or preserved by producers, processors and manufacturers.
Source: These data were adapted from the research of W. Martindale,
published for Agronomy Extension Services as Part of the Fertiliser Advis-
ers Certification and Training Scheme Technical Information Service, and
Bockman, Kaarstad, and Richards (1990).2
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The nutritional balance between the agricultural biomass
producer to the food processor and manufacture in the
supply chain is not only about the interface or input-output
ratio of the 13 essential plant nutrients described in Table
3.1. The essential plant nutrients can optimise plant metab-
olism for production and influence the nutritional quality
of biomass by their impact on the production of an impor-
tant group of metabolites called phytonutrients that include
pigments, flavours, fragrances, metabolic co-factors, and
vitamins.

3.2 Plant Nutrients and Phytonutrients in the
Food Supply Chain: Establishing a Nutritional
Understanding Using Human Trials

Phytonutrients are a group of nutritional chemicals that
are grouped collectively because they are of high nutri-
tional value whose concentration in crop biomass is drasti-
cally changed by crop variety, agronomic management,
and preservation in the supply chain.’ The phytonutrients
include familiar dietary nutrients, such as vitamin A,
vitamin C, vitamin B, vitamin E, carotenoids, lycopenes,
and flavonoids. These are often collectively described as
antioxidants in that they reduce the activity of potentially
harmful free radicals in cells that result from metabolic
reactions. This function of ‘mopping-up’ of oxidising
capacity is linked to providing anti-carcinogenic impact,
enhancing healthy metabolic attributes and improving
several specific organ functions. The existence of data to
support the functions of phytonutrients and antioxidants
in the diets of populations is often limited by the number
of people included in nutritional trials, but evidence con-
tinues to increase.* There are excellent examples of nutri-
tional research on micronutrient and protein consumption
that can be integrated into diet and meal planning so the
link between phytonutrient consumption and health can
be realised by consumers.
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This practice is essential if we are to enact and enable
the application of nutritional research for consumers.
Indeed, it may be seen as the equivalent of extension prac-
tice in agriculture for management techniques because it
is delivering products with very clear nutritional aims for
the supply chain. An impressive example of applying
research from nutritional trials to consumer requirements
is the CSIRO Total Well Being Diet, where studies have
determined optimal protein intake for healthy lifestyles.’
This diet is available to consumers as a book, and it com-
municates CSIRO’s protein consumption research, CSIRO
is the Australian Government science agency and this book
has sold in excess of 700000 copies. This diet shows there
is significant interest in changing diets for healthier and
more sustainable lifestyles, and there are routes to make
this more likely that use nutritional trials to demonstrate
outcomes. A similar approach has been used by the World
Wide Fund for Nature (WWF) to promote not only healthy
diet planning but increased sustainability criteria associ-
ated with healthier meals.®

At a food system world view, the micronutrients and
phytonutrients in food supply chains are of critical impor-
tance because of the emergence of what are known as
‘hidden hungers’. These have become important in policy
arenas that aim to increase food security by enhancing the
value of meal planning and health outcomes associated
with different diets. This is not the food security associated
with the consumption of energy and protein alone, it is
concerned with the balance or quality of foods consumed.
Indeed, to many commentators, overlooking the ‘hidden
hungers” has been responsible for poor dietary policies in
both economically undeveloped and developed nations.
This is because the primary responses of policymakers
who wish to reach food security are focused on the supply
of calories and protein without a considering micronutri-
tion impacts. Indeed, global statistics and data concerned
with the production and trade of primary agricultural
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products and foods do not report phytonutrient quality of
these materials. This lack of insight can ultimately lead to
deficiencies in micronutrients that have been suggested to
result in the overconsumption of calories and protein.” The
micronutrients for which there are well documented cases
of ‘hidden-hunger” impacts include iron and the relation-
ship of intake and bioaccumulation with medical condi-
tions such as anaemia and cognitive development.®

A well-documented hidden-hunger scenario is also pro-
vided by selenium, which is essential to human and animal
health and not for crop growth. It is therefore not an essen-
tial plant nutrient whose accumulation in the supply chain
is critical because it is an important human nutrient.
Reported research suggests that deficiency in selenium can
result in over consumption of foods because more food is
eaten to obtain necessary selenium and other micronutri-
ent intake. This type of hidden-hunger scenario is thought
possible for most micronutrients and phytonutrients, and
it has developed innovative views of what sustainable
dietary advice could be.’

Thus, attention is placed on the mineral composition of
agri-produce and the hidden-hunger scenarios because
zinc, selenium, copper, and perhaps most globally impor-
tant, iron content of crop biomass, is influenced by soils
and the plant nutrients applied to crops. These micronu-
trients do vary in the composition of cereal produce around
the world and reflect the fertilisation policy and soil com-
position to a large extent."’ The optimal mix of foliage,
seed, and root tissues can also influence micronutrient
intake, as can how foods are preserved or cooked. These
attributes of efficient micronutrient delivery are continu-
ously overlooked in nutritional policy, and the benefits of
using biofortified crop varieties, such as golden rice have
yet to be realised."

The phytonutrient content of biomass is dependent
on crop species and crop variety, and specific crops are
often grown for particular phytonutrients for human
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consumption. Indeed, the development of different-
coloured vegetable and fruit varieties is associated with
differing phtyonutrient content. The selection of different
foods for meals based on different colour and fragrance
stimuli is an important route to consuming a healthy
balance of phytonutrients. This approach of developing
crop variety for specific nutritional properties has led to
the production of crops for pharmaceutical and industrial
feedstocks. An example is the development of increased
phyto-oestrogen levels in the soybean crop; these are most
notably present in soya extracts and are thought important
for a number of metabolic functions including maintaining
bone health.'” Other compounds include the brassinoster-
oids found in crucifers that are suggested to offers anti-
carcinogenic benefits when they are consumed."” Perhaps
the most lauded phytonutrients of a specialised nature are
the poly-unsaturated fatty acids (PUFAs) and mono-
unsaturated fatty acids (MUFAs) because the fatty acid
composition of agri-produce has become extremely impor-
tant, with linola, borage, and meadowfoam oils being
grown for health supplements. The production of oils that
contain increased levels of MUFAs and PUFAs has become
more important for reasons relating to the health of the
human circulatory system. The oilseed crops that contain
the omega unsaturated fatty acids at increased levels
include nuts, such as walnut and hemp, and these oils are
found in oily fish and algae. The associated health benefits
of increased MUFA and PUFA diets were first recognised
in populations that had increased consumption of oily fish
products.'*?

Naturally, these types of nutrients are contained within
the biomass that is produced by agricultural systems, and
their concentration in biomass can be enhanced by using
plant nutrients applied to crops as fertiliser, which is
known as agrifortification. There is also a requirement for
efficient supply chains to optimize the preservation of food
nutritional value or add to it by fortifying biomass and
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3.3

food materials in the food chain. The agrifortification and
biofortifcation of foods is discussed here in the context of
enhancing the delivery of phytonutrients in diet, but we
do need an understanding of how nutrients are accumu-
lated in biomass within the agricultural system. The inter-
action between plant genes that result in the production of
phytonutrients and human health will provide many
future opportunities in bringing diets to consumers that
are more focused to individuals” health requirements. The
role of genetically engineering crops to provide these spe-
cific nutrients offers huge potential.’

Biomass, the Base of the Supply Chain

Understanding the principles of biomass production is
crucial to understanding the nutritional interface between
production and food manufacture because it not only pro-
vides calories and protein, but also the materials and
cellular components in which micronutrients and phyto-
nutrients are contained. This requires a thorough under-
standing of how crop nutrition and crop protection are
used in farming systems around the world because the use
of these inputs stimulate the production of biomass and
interception of solar energy. Thus, agronomic practices will
influence the quality of both plant and animal biomass
produced from the farming system. The principles of pro-
ducing biomass in the farming system for quantity and
quality of food supply chain products can be placed in the
context of what are called integrated management regimes,
where all aspects of crop production are considered within
the food system. This includes from the molecular scale of
biochemistry and physiology through to the macroscale
geography and land use planning impacts that are utilised
to reach optimal management decisions.

Integrated management techniques are an important
suite of knowledge and thinking used by producers in the
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food supply chain and they should be utilised by manu-
facturers and processors in future. We have already intro-
duced the value of Integrated Plant Nutrition Systems here
where integrated management brings together established
routes for the optimal management of producing biomass
for food supply and integrates them with emergent tech-
nologies and policy frameworks. The branches of inte-
grated management include the following:

1. Integrated Crop Management (ICM): The principles
of ICM are associated with determining optimal energy
inputs for crop yield that provide economic and envi-
ronmental outcomes that enable sustainable business
practice.”

2. Integrated Pest Management (IPM); The principles of
IPM aim to optimise the yield of crops and livestock
by reducing the costs of pest control and the impact of
disease. The use of scheduled pest control actions in
response to observed pest thresholds are the focus of
IPM."

3. Integrated Plant Nutrient Systems (IPNS): The prin-
ciples of IPNS aim to optimise crop and livestock yield
in response to plant nutrient management on farms.
The use of nutrient management plans, nutrient bal-
ances, and fertiliser recommendations are the focus of

IPNS."

The integrated approach provides a system-thinking view
of farming operations in that no single operation used to
optimise yield is taken in isolation and the goal of sustain-
able yield is made possible by considering all data avail-
able to growers and farmers. An important consideration
already mentioned that is often outside of the direct control
of the producer is that of climate, where the interception
of light, impact of ambient temperature, and acquisition of
water have impacts on biomass yield. While out of direct
control, understanding how these resources are used can
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point producers to potential areas of efficiency improve-
ment within the agricultural system.

3.4 The Interception of Light by Crop Canopies:
How the Molecular Scale Impacts on Food
Supply Chain Efficiency

The interception of solar radiation will be dependent on
the leaf area intercepting energy from sunlight, as the leaf
area index (LAI) shows; although canopy structures and
effects of shading do make this statement very simplistic,
its importance is often overlooked. LAI is the area of leaf
per unit ground cover, and the optimisation of LAI has
been crucial in developing modern wheat varieties.”” The
duration a leaf is expanded and effectively photosynthesis-
ing is also important in determining the amount of energy
intercepted, and this is measured as the leaf area duration
(LAD). There are very good correlations between light
interception, dry matter increase, and LAl and LAD. Crops
will increase LAI and LAD to a point where metabolism
can be maintained, and surplus energy intercepted is
diverted into dry matter gain; optimising this process
through integrated management or crop breeding is clearly
important to increasing crop yield. While this is a relatively
simple explanation that considers many different environ-
mental variables that determine leaf expansion and dura-
tion, the largest leaves of crops are proven to be important
indicators of potential yield capacity.”’ What research has
achieved by understanding the interaction with LAI and
LAD with yields is to make what could be just anecdotal
observations in the field into a specific metabolic outcomes
that relates to crop performance and eventual biomass
yield. Measuring the effectiveness of light capture by cano-
pies is an important indicator for crop yield, and the activ-
ity of leaf photosystems that convert solar energy into dry
matter, understanding and measuring how the activity of



80

Global Food Security and Supply

these photosystems changes dry matter accumulation, has
important implications for projecting biomass yield.
Global food production is dependent on the primary dry
matter produced from capturing solar energy by expanded
leaves. Now that we have an understanding of both the
nutrient balance of agriculture and how plant nutrients
can be managed, we should consider how crops produce
biomass from these nutrients. The key processes to under-
stand are what might be regarded as a suite of biochemical
reactions that utilise solar energy to produce both carbo-
hydrates and energy-transferring molecules that enable
the synthesis of proteins, plant growth, and the accumula-
tion of biomass. These energy transfers from solar to chem-
ical energy sources are described by the metabolic reactions
of photosynthesis, and the outcomes of these reactions are
subject to the laws of thermodynamics. This is because
photosynthesis is essentially an energy transferring activ-
ity where solar energy and heat is captured, which is not
100% efficient because there are many transfer and capture
points where energy is dissipated as heat or entropy. This
is an outcome of the second law of thermodynamics, which
states energy can be transferred within a system but in
doing so disorder or entropy is dissipated. At a macro- or
physiological-scale energy transfer, inefficiencies are iden-
tified by the crop canopy interception of photosyntheti-
cally active radiation (PAR), where less than 5% PAR is
typically intercepted by even the most efficient crop canopy.
This is because PAR is made up of only the red and blue
parts of the visible spectrum of light, and PAR must be
captured by photosystems in the leaf; there are many dif-
ferent processes involved in getting the right type of energy
to the right place—it cannot be a 100% efficient process.
At a molecular scale, the production of dry matter or
biomass in plants is determined by the biochemical reac-
tions that result in the synthesis and transport of carbohy-
drates that are produced from photosynthesis. The solar
energy captured by crop leaf canopies is used by a number
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of relatively conserved chemical energy shunts that utilise
the energy of electron transfer occurring in Light Harvest-
ing Complexess (LHCs) within leaves that include pig-
ments, such as chlorophyll. The electron transfer processes
occurring in the LHCs are powered by the capture of PAR
in crop canopies. This electron shunting results in the
release of energy that is captured by soluble macromole-
cules, such as adenosine tri-phosphate (ATP) and nicotine
nucleotides. While the biochemical processes described
here are simplified for purposes of explanation, they have
often been considered abstract when we consider the
macroscale of field agronomy. However, understanding
how photosynthesis is regulated by metabolic factors
within leaves and environmental changes outside leaves is
crucial to any agricultural management system, and it
offers much future opportunity in stimulating manage-
ment changes and enabling the development of improved
crop varieties.

Indeed, this understanding of how molecular knowl-
edge links to agronomic and food supply chain efficiency
is the basis for the development of the bioengineering and
biotechnology industries. The application of biotechnol-
ogy can change both the macroscale factors, such as leaf
expansion, and microscale factors, such as the transport of
carbohydrate, that are influenced by the transfer of solar
to chemical energy. Biotechnology has enabled the sequenc-
ing of crop genomes so that metabolic events associated
with yield can be understood with respect to the regulation
of specific genes. Furthermore, the establishment of genome
knowledge has identified groups of genes that determine
macroscale changes in crops such as leaf expansion, nutri-
ent accumulation, and senescence or leaf duration.”
The metabolic responses to changes in the environmental
variables, such as light intensity and temperature, also
provide signals that can be detected by sensors, such as
chlorophyll meters, that are used to determine crop health.
Thus, the activity of specific genes or groups of genes that
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can be used to identify stress brought about by metabolic
changes provides a type of sensing that can improve agro-
nomic management.”

Photosynthesis is carried out by catalytic proteins or
enzymes in plant leaves and other green tissues. The
soluble enzymatic proteins that are not part of the photo-
system proteins associated with membranes are functional
proteins that enable the biochemical reactions that reduce
carbon dioxide to carbohydrate, which in turn may accu-
mulate to increase the dry matter in a crop. Other proteins
have storage functions and accumulate in storage tissues,
such as seeds; together with the accumulation of carbo-
hydrates, the functional and storage protein content of
crops often determine their nutritive value. The taste and
texture attributes associated with crop ingredients are
determined by many other metabolites, such as pigments
and essential oils, but protein content is a good indicator
of nutritional value. Many other metabolic processes will
determine the eventual dry matter accumulation, includ-
ing the ‘storage capacity” of a crop to hold carbohydrate
and its ability to transport carbohydrate to storage tissues.
In many cases, crops have been bred by recognising these
capture, transport, and storage traits, which are often
observable in the field, to select for increased storage
capacity for carbohydrate. Thus, the ability to observe
what is known as ‘sink strength” has been critical to the
development of modern crop varieties because many of
the storage tissues we harvest, such as seeds, tubers, and
roots, are the result of selecting for increased sink strength
and storage capacity which can be measured by field
observation.

We are now able to define sink strength activities more
precisely by using knowledge of the role of genes and
groups of genes that control them. New biotechnological
techniques in genomics can identify genes that control sink
strength and provide targets for selection to improve per-
formance in the field. An understanding of how the protein
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and carbohydrate content of plants are regulated in agri-
cultural practice is critical if we are to breed more produc-
tive crops and are to understand the eventual nutritional
qualities of foods and food stuffs.

3.5 The Requirement for Breeding New Crop
Varieties and Selecting for Increased Sink
Capacity of Crops

We know that sink strength is an extremely important
component of yield determination and a complex param-
eter to quantify, and there are demonstrations of the ability
of sink strength to influence yield and dry matter produc-
tion. These are provided by greenhouse gas and global
warming experiments, where plants are grown at increased
CO, concentrations. Acclimation to increased CO, results
in a decreased photosynthetic capacity over a longer term
period. Acclimation results from changes in gene expres-
sion over days and not changes in metabolite concentra-
tion or enzyme activation that occur over minutes in
response to environmental change. When photosynthetic
tissue is harvested and allowed to regrow, such as for
forage grasses, they experience a increase in sink strength
even at increased CO, concentrations and photosynthetic
capacity increases. It is as if the photosynthetic system
works harder at increased CO, and the plant becomes
clogged with assimilates, such as sucrose and starch; when
the clogged sinks are removed, sink capacity increases
again. Nitrogen can ameliorate this effect because plants
grown with increased nitrogen continue to increase pho-
tosynthetic capacity at increased CO,; this is because suf-
ficient nitrogen is available to develop new tissues and
maintain sink strength. At increased CO, and limiting
nitrogen conditions, the acclimatory response of decreased
photosynthetic capacity is amplified and more apparent
than at high nitrogen availability. Thus, global warming
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and environmental change could have important implica-
tions for crop yield and nitrogen requirements of the future
food system.

3.6 Photosynthetic Metabolism, the Biochemical
Driver of Production

We now understand that photosynthesis requires proteins
to catalyse reactions, and a typical protein contains 5%
nitrogen and 1% sulfur by weight so they are substantial
sinks for the nitrogen and sulfur nutrients in crops. These
proteins, together with storage proteins, are the source of
nutritional variation in many foods. The development of
crops that preferentially store protein or carbohydrate in
sink or storage tissue is the basis for growing many of the
crops we utilise for protein or carbohydrate sources in food
processing and manufacture. The protein investment made
in photosynthesis is large, with a single photosynthetic
protein, the Rubisco protein, making up 25% of a typical
leaf protein quota. Rubisco is an acronym for ribulose-1,5-
bisphosphate carboxylase-oxygenase; it is a soluble protein
contained in chloroplasts within photosynthetic cells that
tixes carbon dioxide gas into a reduced carbohydrate form
that is synthesised into what we call sugar or sucrose, the
white crystalline sugar utilised by the food system.
Sucrose is the universal carbohydrate currency of all
plants, and it is a disaccharide of glucose and fructose
that can be metabolised to produce transferrable energy
or stored as a glucose polymer as starch. But it is the
protein allocation of photosynthesis that concerns us here
because the concentration of Rubisco protein in a leaf
may provide a means of assessing the productivity of a
crop by again acting as a sensor or indicator for produc-
tion of dry matter. A further substantial protein pool
within the leaf is the insoluble membrane bound or insol-
uble proteins within the chloroplast that are associated
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with light harvesting complex (LHC) or photosystem
functions and pigments, such as chlorophyll and caro-
tene. This group of proteins can make up 40% of the leaf
protein total. The total photosystem insoluble protein
and soluble enzyme protein in a typical leaf can account
for at least 70% of the protein of a plant, and this repre-
sents a major requirement for nitrogen, sulfur, and other
essential plant nutrients. Thus, the protein allocation and
physiological responses of photosynthesis are important
targets for methods that will help agriculturalists manage
crops for the food supply chain and provide sensors for
productivity.** What is crucial in all of this is that we not
only account for quantity but also for quality when we
consider crop yields.

The relationship between nitrogen and leaf biochemistry
demonstrates that nitrogen can substantially limit produc-
tion, but above a critical leaf concentration of nitrogen, the
benefits of obtaining more nitrogen are negligible. We have
already discussed this with respect to increased atmos-
pheric carbon dioxide concentration and acclimatory
responses of crops to environmental stresses. The acclima-
tory responses of plants have implications for how nitro-
gen is mobilised in canopies, how much nitrogen needs to
be supplied to a crop, and how much is stored in harvested
biomass. The interaction between nitrogen use and distri-
bution within the canopy cover and architecture of plants
offers a means of utilising crops as sensors in optimal pro-
duction systems. The basic metabolic responses of crops
will be generic across most cultivated species; however,
subtle but important differences exist that can provide spe-
cific targets for crop improvement. The following exam-
ples of metabolic targets demonstrate how biotechnologies
can utilise natural systems to manipulate yield and pro-
ductivity in agricultural systems:

1. Water stress is a target for agronomic improvement
because crop varieties that are able to tolerate increased
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levels of water stress will enable the most efficient use
of land experiencing climate change™”

2. Nitrogen responders are those crops that can either
provide sensors for specific nutrient requirements (in
this case nitrogen) or those crops that will accumulate
dry matter most effectively in response to nitrogen.
They are of agronomic value because of the strong
relationship between nitrogen use efficiency and crop
yield.”

3. Pest control using biotechnological techniques, such as
inducing crops to produce pheromones that deter
insect pests or develop metabolic responses that reduce
the impact of diseases offer new routes to deploying
crop protection strategies.”*

4. Nutrient composition of crops has been identified as
an area of improvement opportunities for biofortifying
crops, and with the use of biotechnologies, nutritional
improvement of crops will become more innovative.
This is apparent with respect to now being able to
design crops with specific nutrient profiles such as
those having different oil composition in their seeds.”

3.7 Environmental Stress Events and Their
Impacts on Food Supply

An important area where metabolism, environmental
stressors, and biotechnological opportunities exist is the
understanding of how crops respond to changes in light
and temperature. The combination of these two environ-
mental variables can result in decreased temperature,
which slows metabolism, and increased light intensity,
which increases photoreactions of photosynthesis. These
low temperature and high light conditions are not uncom-
mon in field situations, and they result in photoinhibition
in plants. In effect, plants have developed sun protection
by modifying pigment concentrations in the LHCs and
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membranes structures to dissipate excess solar energy as
heat and protect metabolic processes from photoinhibition.
Photoinhibition results in the production of previously
mentioned free radicals whose damaging activities are
reduced by specific antioxidants that are included in the
phytonutrient group of metabolites we have already
discussed.

The mechanisms of nutrient partitioning have been
investigated since the 1960s with regard to leaf and canopy
structures, and the biochemical elucidation of photosyn-
thesis has enabled an understanding of carbohydrate syn-
thesis in low temperature and high light environments to
be understood in the 1980s. Biotechnological techniques
enabled manipulation of pigment genes that conferred ele-
ments of low temperature resistance and increased accli-
mation in the 1990s. The development of low temperature
and frost resistance in crops is of clear agronomic applica-
tion since susceptibility to low temperature during germi-
nation and grain filling can have detrimental impact on
yield. Indeed, the following case study shows how bio-
technological techniques have enabled, firstly, understand-
ing low temperature responses of crops, and then to target
specific metabolic pathways that enable crops to acclimate
or protect cells from low and freezing temperatures.”

Low temperature decreases photosynthetic capacity,
and this can result in the acclimation of crops to lower
temperatures. Acclimation will result in an increase in the
ability of leaves to carry out gas exchange, that is, carbon
dioxide entering and water vapour being removed from
the leaves via the stomata. The response to decreased tem-
perature will be associated with a number of variables,
including the acclimation of stomata and many metabolic
changes. These responses can be limited by protein syn-
thesis, and this can be demonstrated using the photosyn-
thetic response curves that show a limiting factor response
we have seen previously. These show that acclimation to
low temperature and high light is associated with an
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increase in the rate of carbon assimilation and the capacity
to utilise photosynthetic metabolites in cells. An increase
in the capacity of gas exchange of the leaf during photo-
synthesis is related to increased amounts of photosynthetic
enzymes within the leaf. An important enzyme is Rubisco,
which is a sensor for crop health and production capacity;
it makes up between 20% and 30% of the leaf soluble
protein and therefore is easy to detect and its activity is
easily measured. Placing these diagnostic methods from
laboratories into field situations is challenging, but the
detection of the amount of Rubisco in leaves or greenness
of leaves may provide a means of determining the health
and acclimation potential of crops. An important implica-
tion of acclimation to low temperature is that increases in
enzyme activities will require a greater amount of protein
synthesis, and therefore nitrogen availability must be
increased or nitrogen use efficiency improved.” This is
similarly the case for phosphate use in photosynthetic
cells, since the amount of sugar phosphate metabolites in
cold-acclimated leaves is known to increase. An increase
in the capacity to synthesis soluble sugars, principally
sucrose in many plants, is closely related to the ability for
crops to acclimate to low temperature where sugars such
as sucrose can act as cryoprotectants that maintain the
integrity of cell membranes.* Thus, a consequence of low
temperature acclimation is the production of free sugars
such as sucrose in cells that confer cryoprotective effects
on membranes within cells. High concentrations of sucrose
increase the viscosity of fluid around membranes, thus
protecting them against the disruptive formation of ice
crystals. This principle is used in food preservation and
freezing, where the integrity of foods can be maintained
during cold treatment by maintaining free sugar concen-
trations. Yet again, this type of process can be influenced
by agronomic management of biomass in that foliage can
be low temperature sweetened prior to freezing so that the
concentration of free sugars is increased.
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This has implications for plant storage organs that are
cold stored, such as potatoes, sugar beet, and many fruit
and vegetable crops. The storage and low temperature
sweetening of potatoes, fruits, and vegetables for the retail
market is a recognised characteristic associated with
changes in taste. There has been substantial interest in
finding out what determines cold sweetening in potatoes
that undergo storage periods at low temperature. Sweeten-
ing has implications for the processing industry because
free reducing sugars in potato tissue can cause discoloura-
tion during frying of potato chips. Increased sugar synthe-
sis in plants at low temperature may also provide insights
into the improved storage of phytonutrients since specific
sugars, such as trehalose, synthesised in plants and
microbes have extremely good cryoprotective properties.

The light environment of leaves can stimulate acclima-
tory responses of the light capture systems and other pho-
tosynthetic components of a leaf if the light environment
is decreased or increased in intensity within a canopy.
Under such conditions, photoacclimatory responses occur
to maintain photosynthetic capacity, and if acclimation
does not occur, photosystems in leaves become super ener-
gised with no sink for absorbed PAR and energy, resulting
in increased photoinhibiton processes within a leaf, which
can decrease productivity. Light is rarely thought of limit-
ing photosynthesis when it is at high intensities, although
photoinhibition has been shown to occur in all plant species
to some degree at all times if photosystems are operating
at maximum rates. There are metabolic mechanisms that
result from photoinhibition of the light capturing systems
in leaves that cause the degradation of proteins involved
in electron transport, thus decreasing energy capture and
photosynthetic production. Furthermore, there is a meta-
bolic mechanism known as photorespiration that results in
the consumption of oxygen and results in the release of
CO, and an ammonia molecule. This process of photores-
piration is thought to be important in dissipating light
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energy at high light intensities. Many temperate crops will
experience photoinhibitory conditions of high light and
low temperature, particularly if they are autumn sown.
Hence, understanding the relationship between photosyn-
thesis, photoinhibition, and photorespiration with envi-
ronmental variables can help us understand how crop
metabolism responds to these particular stresses. These
types of investigation may also identify metabolic indica-
tors of stress that can be utilised by agronomists.

3.8 The Principles of Integrated Management
across the Food Chain: A Food Supply Chain
Perspective

Integrated management of pests, nutrients, and crops
depends on a number of different approaches to optimis-
ing yield being utilised to develop profitable and sustain-
able farms. They can include the following headline actions.

1. The use of Geographic Information Systems (GIS’s) has
started to replace traditional field maps and have the
potential to revolutionise farming practices. GIS have
provided more fit-for-purpose means of using maps
within an Information Technology (IT) framework; the
map remains the same whether it is digital or on paper
or transparency formats. Indeed, this is the principle
of precision agriculture and the techniques associated
with it that target agricultural inputs and outputs to
specific areas. The use of soil and plant sensors to target
inputs is becoming important in farming systems, and
metabolic sensors have been discussed. The use of pre-
cision agricultural techniques for outputs has focused
on harvesting efficiency and transport of products. All
farm maps will include general reference points,
including streams, residences, well heads, number of
hectares, and soil types. This is the basis for the rest of
the plan. The use of GIS systems to map farms is
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becoming more common as computer power increases
and their price decreases. Maps of sufficient resolution
for farms are available free or at minimal cost on the
World Wide Web and ‘off-the-shelf” software provid-
ing GIS applications. GIS software has become compat-
ible with other standard software packages that handle
spreadsheets and databases so that a GIS system can
be interfaced with other expert systems. These systems
are able to store long-term records for assurance and
traceability purposes. Furthermore, GIS systems can be
utilised to map activities across food supply chains
from producers to consumer functions.

2. Soil and agricultural product testing is critical because
this will determine how much nutrient is being utilised
as N, P, K, trace nutrients and provide assessment of
pH and SOM so that nutrient balances can be devel-
oped. Again, the use of analytical data provides a
means to use sensor-related and threshold values for
developing management actions, such as the use of
fertiliser, pesticides, and processing operations.

3. Cropping plans should be prepared to represent market
trends and the environmental sustainability of farming
enterprises. This will include assessment of estimated
yield; factors affecting yield are numerous and complex.
Using historic series of yield records is important in
developing yield estimates, and the more accurate the
yield estimate, the easier it is to potentially optimise
input use efficiency. Furthermore, the use of market
information regarding the price trends and volatility
agricultural products and food ingredients will be uti-
lised in determining crop plans.

3.9 The Modern Agricultural System, the Dietary
Interface, and Food Supply

Modern agriculture exists in a rapidly changing commer-
cial, regulatory, and economic environment where new
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technologies, genetically modified crops, food traceability
and safety, environmental quality, and financial survival in
global markets must be balanced within businesses. The
only way to achieve this is by considering the farm enter-
prise as a system where technologies enable the produc-
tion of biomass, improve crop and livestock production,
and result in improved environmental management. The
food production systems of the world depend upon
primary production of dry matter or biomass by plants to
provide ingredients for the manufacturing and processing
functions of the food supply chain. Biomass and crop
products are consumed in our food chain directly by us,
or via livestock as meat and dairy produce or recycled
within the biosphere as an energy source. The integration
of biological knowledge into understanding plant produc-
tion systems is an important goal for growers of biomass
to strive for. The historical development of farming systems
shows us that extension and agri-education are an impor-
tant part of disseminating management knowledge, par-
ticularly when they are concerned with new technologies
and methods of utilising food ingredients. Extension of
biological principles to the food supply chain requires a
framework of analysis, such as LCA or energy balance to
incorporate economic, environmental, and agronomic
decisions together so that they can be measured and
assessed in terms of their performance.

The basis for any decision made in the food supply
chain made by the farmer, manufacturer, retailer, or con-
sumer must integrate economic, social, and environmen-
tal considerations. Here is our first and foremost difficulty
in understanding the balance of both quantitative and
qualitative attributes that result in management decisions.
Ultimately, the decisions made will be an integration of
several sources and disciplines. What a formalised inte-
grative approach, such as LCA and energy balance, does
is to provide terms of reference that performance can be
measured against. This provides a platform to explain
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decisions and evaluate them in increasingly important
arenas, such as the global trade of products, where supply
chains are held to account by regulators for actions around
the world that need to be reported to achieve optimal
profitability, communicate responsibility, and ensure food
safety.

Interfacing the food supply chain with the initial points
of field trials and agricultural operations is critical because
we have seen that how crops are grown drastically influ-
ences food quantity and quality. It is possible to detect
metabolic changes in crops at field and landscape scales so
that these foods-based quality attributes can be managed.
This means precision techniques that map inputs and
outputs from cultivation to manufacturing and processing
are valuable tools that will tackle threats to yield loss and
enhance the ability to develop management systems that
can meet the demands of the food supply chain.
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The Sociological Basis for
Food Security

4.1 Challenges and Solutions

Using the analysis of the food system and food supply
chains developed in the previous chapters, we have estab-
lished what food security is and why we should care
about it. The following three central themes have emerged
as presenting the greatest challenges to the food supply
chain:

1. The increasing reliance on food trade and trade agree-
ments to develop food security means that socio-
political attributes of increasing the investment and
infrastructural drivers are just as important as main-
taining innovations associated with new technologies
entering supply chains.

2. Using localised food consumption to provide sustain-
able solutions to food security will enhance consumer
knowledge of foods and qualities of foods.

3. The requirement to deal with the finite nature of the
resources we use to produce food is crucial at all stages
of the food supply chain. Minimising waste is some-
thing that must happen; it represents some of the
greatst challenges facing the food security debate and
can be viewed as “the elephant in the room” we can no
longer ignore.
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We have now developed these three challenges, and we
present the opportunities to provide solutions that we
might see being applied to obtain global food security in
the future. Food security is not a recent demand of human-
ity, and the current food security issues emerged in the
world press during the so-called food-price spikes that
occurred between 2005 and 2008 and occupied the thoughts
of many policymakers. The drivers of these spikes were
many-fold and included transitions in affluence and the
demand for livestock protein products along with the
diversification of agricultural products into chemical and
fuel sectors. The issues were those of transitions in lifestyle
quality within populations, and as with many transitional
movements, a new worldview is eventually reached. The
new worldview has been that the opportunity of sustain-
able intensification of food production has emerged
whereby crop and livestock production is maximised for a
given area of land, and this is achieved sustainably by
utilising the most efficient use of resources available to do
this." This world-view needs to be integrated with manu-
facturing, processing, retailing and consumer use of foods
so that maximum efficiency of the use of resources per unit
of production is realised.

This situation is very different to the worldview of the
1970s on food security where there was a rightful desire
to remove hunger, and as Indira Gandhi, the then Prime
Minister of India analysed it, to obtain ‘a world without
want’. Gandhi put forward the issue of food security
backed by social-political change as one that would
remove the scourge of hunger and starvation globally and
provide a fair standard of living for every global citizen.”
The essays that come from this period did drive the
humanitarian need for food security into the public
domain and changed our view of the food system for ever.
They highlighted the role of natural events and disasters
in creating famine because the centres of poverty and
hunger were associated with river deltas and valleys,
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where changes to seasonal rain and irrigation resulted in
flood and drought events that proved disastrous for main-
taining food security by agricultural production. It is
useful to consider this viewpoint because the natural
events and disasters still occur 40 years later, but interna-
tional cooperation and distribution technologies have
ameliorated the impacts of these events and the food secu-
rity threats in the twenty-first century are different.
Climate change now dominates the projected changes in
land use, and the impact is far different in that the effort
to tackle climate and environment change has become
coordinated internationally because the impacts will affect
all nations.

The impact of hunger and the scale of natural disasters
have not decreased since the essay of Gandhi in 1975, but
the access to technology and information has transformed
how we are able to tackle natural disasters whether they
are prolonged drought, delayed monsoon, or flood. The
definition of want has always been recognised as variable,
and we can assess food security as a balance of nutrients
that will provide health and well-being at the most basic
level of sustaining a healthy life. However, this scenario is
made far more complex because of the social and cultural
influences on food consumption and the preferences of
taste in populations. In her 1975 essay, Gandhi defined
three wants that drive demand, and they are the
following;:

[To cover the] ‘shortage of the essentials’ for existence such
as minimum nutrition, clothing and housing

[To develop the existence of education and recreation that]
‘give meaning and purpose to life’.

[To obtain extra resources that] ‘advertising proclaims as
necessary’ to a good living.

The approaches to tackling food security in the 1970s
opened up worldviews on fairness and justice, with
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assessments of land availability and other resource availa-
bility being discussed internationally. The developed world
had more of everything, notably more energy consumption
and available land use; this type of assessment was the
infancy of the environmental footprinting movement,
which developed a range of illustrative methods to describe
how much resources is embodied in a particular product or
citizen. This approach has clearly shown inequalities in the
distribution of global resources, but we have begun to solve
where we should start to respond to reducing inequality.
The past is enlightening and it can be said progress has
been made by integrating new technologies and informa-
tion sources as they have become available.

Thus, the development of a global food security strategy
has evolved from many ideas and theories. The worldview
described by Gandhi was one of aspiring to want and pos-
sibly want more than was necessary. We might consider
this worldview proof that the Malthusian projections
were right and population did indeed outstrip the potential
for natural resources to supply enough for survival. The
worldview of Reverend Thomas Malthus was established
at the beginning of the industrial revolution in the United
Kingdom, when the first industrial cities were developing
and population transitions were evident with regard to
lifestyles and wealth creation. The lifestyle transitions were
written about in a similar way that they are now and were
then being observed and communicated by journalists and
writers such as Charles Dickens.” This was an age where
Newtonian laws of science were being applied to industry
and economics. Notably, the French financial system was
being influenced by Jacques Turgot, who reported progress
in terms of straight line predictions to illustrate growth and
wealth creation.* This was a time of science and projections
that provided solutions for supplying growing populations
with access to perceived unlimited resources required for
wealth and health; limits were neither conceivable or reach-
able in the world-view of that time.
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4.2

Free Trade Transitions into Sustainability

The eighteenth and nineteenth centuries were a time of
industrial development, the assessment of the application
of science and it is no wonder the socially aware such as
the Reverend Thomas Malthus saw chinks in this straight
line projection worldview of progress. The Malthusian
worldview was one that dominated global food policy in
the 1970s with the publication of Dr Paul Ehrlich’s Popula-
tion Time Bomb. The limits to growth were well appreciated
and extremely well communicated by a growing environ-
mental movement that was obtaining ground in govern-
ment and international policy. Notably the work of the
Norwegian Prime Minister Dr Gro Harlem Brundtland
changed our views of growth and natural resource use for
ever. The very issue of sustainable development had now
entered our thinking when considering the use of natural
resources globally. The fragility of the global food system
was predictable and characterised by experts and scientists
and the problems have been well defined so that we have
an opportunity to provide solutions. The emergence of
defining different types of wealth creation and economic
growth that went beyond the economic wealth and the
straight line projections of Turgot gained pace with the
global interpretations of sustainable development and
wealth put forward by the environmental movement. Paul
Hawken and the Lovins’s aired the idea of natural capital
using a sustainability tenet that you cannot continue man-
ufacturing consumer products such as food if your resource
base is being depleted.” There will come a time when either
you cannot make more because there are no ingredients
left or you have to make less because you need to make
what is left last longer. Lovins also raised the issue of pro-
ducing differently, and this thinking coincided with John
Elkington’s views on sustainability, that is, there are eco-
nomic capital, social capital, and natural capital compo-
nents associated with sustainable wealth creation. Even
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4.3

national treasuries and central banks were using this lan-
guage of sustainability where the limits to growth were
incorporated into economic models and risk assessment; it
was no longer a case of growth being solely focused on
economic capital. This established a new view of account-
ing where companies were not only assessed on economic
profit or loss reported quarterly or annually, but also for
the social and natural capital held by a company.

Indeed, much business practice is still set on short-term
investments that provide fast return to investors and share-
holders; this is often in conflict with sustainable approaches
where social and natural capital is built into the growth of
economic capital. What is more, is it is difficult to measure
social capital and place this into a sustainability index that
can represent the whole triple bottom line. Thus, while it
seems intuitive to measure performance in terms of sus-
tainably, it is difficult to communicate and proven impos-
sible to measure for many organisations. No wonder the
taking up of sustainability thinking took a while; the stand-
ardisation of measuring environmental performance has
been stimulated by the development of international stand-
ards for product footprints and environmental manage-
ment systems. This revolution has been driven by the food
industry and the food supply chain, it has not been a slow
starter because of prior experience with food assurance
and traceability schemes.

Increasing Food Supplies Have Been a Major

Achievement since 1975, but There Is Increased
Resource Nationalism Evident by the Emergence
of ‘National Interests in a Shrinking World’

Development of modern agricultural programmes have
transformed production since 1975, and the impact of
supply chain is beginning to be realised, with food
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traceability and assurance scheme emergence. Growth
strategies and resource constraint are beginning to be
understood because the Green Revolution was ‘a mixed
picture” where technologies were deployed into markets to
increase production and economic livelihoods. However,
we now know that the environmental and social conse-
quences of changing food supply are as important as
applying new technologies that change production. In his
book, Earth Odyssey, published in 1999, Mark Hertsgaard
details his round-the-world journey started in 1991, pro-
viding a reflection on industrial and agricultural develop-
ment with a foresight view of new developments that
include environmental issues so that we might consider
what the future holds for us.® A stark reminder of the want
of the human condition at basic levels is the narrative
Hertsgaard provides in his book for Sudan and the areas
of the Darfur region, which was torn apart by civil war in
the late 1980s. The plea of the chapter on the Darfur region,
‘we are still here’, describes the subsequent use of natural
resources following political breakdown until all that exists
is famine and an almost total loss of hope. The organisa-
tions that still exist in this situation Hertsgaard describes
are the Red Cross, the UN Food Programme, and the Cath-
olic Church and the Sudanese citizens in the narrative state
despondently that “‘we are still here’. This provides a stark
reminder to nations who can contribute aid and assistance
to do so even though technolgies and distribution infra-
structure exist; there must be the political will, trust, and
leadership to alleviate such suffering.

Strong leadership and trust have made significant
impact on the future management of our planets natural
resources; we have discussed this is terms of the people
who have shaped our current understanding of sustain-
ability. The evidence obtained from previous production
and consumption trends make it clear that food busi-
nesses will largely determine what 9 billion consumers of
the 2050 world will buy, use, and waste. What is not clear
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is how 9 billion consumers will feel about their lives or
the products they consume. That is, the qualitative com-
ponents of the food supply chain are becoming less well
charactised than the sheer scale of LCA, energy balance,
and EMS data now available. Much of these data are peer
reviewed, that is, reviewed by independent panels of
experts; it is also often freely available as open-access
publication. Qualitative data regarding product use are
often commercially sensitive and private data are owned
by the producer, manufacturing, processing, and retailing
components of the supply chain. Indeed, retailing has
become extremely reliant of consumer data that are
obtained from sensory panels, enabling products to be
benchmarked against others so that product claims can be
made and price points set.

These two worldviews of the corporate and consumer
are documented by commentators and have become an
important consideration in obtaining sustainable options
in the use of planetary renewable and non-renewable
resources. Humankind must find new ways of determin-
ing how appropriate corporate and consumer power in
supply chains is used for different types of products. The
solutions are often presented in broad assessments and
scorecards of sustainability that are too complex or are not
appropriate for business and consumer application. The
requirement is clear to us: there is a need for an assessment
of sustainability for business and consumers; if this is not
achieved, it is unlikely that the sustainable goals policy-
makers set will be realised. The outcome of unsuccessful
assessments of the sustainability for both product supply
and consumption is that policies will fail because of a lack
of will to engage both business and consumer require-
ments together.

A consequence of delivering the values associated with
culture and society we have come to expect is the removal
of our lifestyles from nature, the production of foods
and even the preparation of meals. There is now an
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expectation that at least 6 billion of the 9 billion people in
our 2050 world will make the transition from rural to
urban lifestyles that are associated with different cultural
and social needs that often result in the distancing of
people from food production. Businesses need to know
what will keep the human conditions of communities
communicating with each other and taking part in cohe-
sive social functions. This needs to be achieved by com-
munities while still remaining tuned into the food systems
they utilise, otherwise food and other services derived
from nature become a distant and abstract theme in their
lives. A typical illustration of what we are becoming is not
necessarily one of good human condition, because it may
well be an obese individual, burdened with urban life,
who is not necessarily happier than their ancestors were,
or an individual who simply does not consume enough to
live healthily. Indeed, it can be considered that we are
manifestly more miserable than our ancestors, and econo-
mists will often cite the Kuznets curve, which presents the
‘it will get worse before it gets better” scenario. This is
where basic needs for survival evolve from a minimum
requirement into the more aesthetic needs of individuals
through wealth creation.

Understanding future customers, where they are, and
how they utilise products is an important goal of today’s
foods business if we are to achieve the elusive goal of sus-
tainability. It is clear that while labelling and accreditation
systems are essential to individual product specification,
they will not necessarily enlighten or change consumption
behaviour to significantly change how we will utilise
global natural resources. What is clear is the need to under-
stand supply chain functions, and this can be achieved
working from first principals. Knowing what our resource
base is, where food products come from and how they are
made is a critical requirement for sustainable consump-
tion. Several research programmes have mapped natural
resources globally that are our basis for supplying a future
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for 9 billion people; the volumes of these resources required
to maintain future lifestyles have so far been rarely limited
by localised conditions because of efficient transport and
distribution systems. This is specifically the case with
regard to land use and agricultural production; researchers
have further quantified resources required to maintain
current levels of consumption for the 2050 world where
there will be 9 billion consumers.

Ultimately, the decisions inciting these transformations
will depend on leadership credentials of CEOs and chief
officers in companies. Since the 1960s, movements regard-
ing environment and sustainability have highlighted issues
concerning resource limitation and augmented public
debate. However, a more recent and a likely to be far more
powerful means of augmenting action has been a more
open society with regard to the access to information con-
sumers have on production and consumption of products
associated with specific lifestyles. Indeed, we can begin to
question whether the consumer will have a more domi-
nant role in determining sustainability in the 2050 world,
and there are areas of the food system where consumer
trends will drive changes in supply chains. The world
protein budget is critical to the future development of the
food supply, and the location of where that protein comes
from is critical. Indeed, it is the indicator of dietary transi-
tions in the world, as already discussed, there are signifi-
cant protein and calorific gaps in diet with regard to
quantity consumed. The quality of diet is often defined by
protein content, and we have already identified how the
evolution of human taste preferences and protein metabo-
lism has determined how we choose a portion of food or
a balanced meal.

The data presented in Table 4.1 demonstrate the chal-
lenge that faces the global food system because we obtain
protein and calories from a wide range of sources in dif-
ferent locations. These sources of biomass are delivered in
the supply chain as ingredients that are manufactured into
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Table 4.1. Global protein supply (FAOSTAT 2009 data): the
components of global protein supply in terms of absolute
production from agricultural primary products and their supply to
individuals

World World protein

production World protein  g/cap/day

(million tonnes)  g/cap/day (% of total)
Cereals 976.7 32.0 40.4
Fruits 485.5 1.1 1.4
Oilcrops 48.1 2.7 3.4
Starchy roots 406.9 2.2 2.8
Treenuts 14.2 0.4 0.5
Vegetables 8775 4.5 5.7
Eggs 59.3 2.7 3.4
Fish, seafood 122.9 5.1 6.4
Meat 278.9 141 17.8
Milk 580.9 8.0 10.1

Notes: The total average protein supply for a global citizen from these
components is 79.3 g/cap/day.

Source: These data were adapted from FAO. FAOSTAT (2009). Food
supply, crops primary, equivalent and livestock and fish primary
equivalent data set. http://faostat.fao.org/ (accessed 24 April 2014).

foods; foods are created by manufacturers or consumers as
recipes and portions of meals. We will now use case studies
to show how understanding the supply chain can integrate
with consideration of agricultural operations, and this is
essential to developing robust food security by improving
nutrition and reducing food waste. There are many exam-
ples of the development of new food ingredients that do
not fully consider how consumers use them or experience
them. For example, we have seen that the development of
golden rice was established to deal with an extremely
important health impact, and sensory tests on the actual
product were not carried out until development of the
variety was advanced. Thus, the product was not charac-
terised as a consumer product by consumers for several
years. Indeed, this is an outcome of developing advanced
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novel technologies, such as genetically engineered crops;
the invention is often the least complex and expensive part
of the development cycle, and there is a requirement for
consumer risk assessment and toxicology assessment to be
carried out. These types of development cycle will change,
and we will see sensory trials of products or similar prod-
ucts being used to develop new foods from the beginning
of the innovation or research cycle.” Golden rice is not
alone, and we must consider that most crop varieties have
been developed with the focus of technologies solving a
specific problem without structured research into how
consumers may experience the final product. The focus of
development has usually been to improved biomass yield
or manufacturing efficiency.

Before we consider the ultimate part of the food supply
chain, that is, where consumption of finished product
occurs by the consumer, we must consider how we can
support the measurement of sustainability across supply
chains and the food system. The use of life cycle assess-
ment (LCA) is central to these discussions because LCA
formalises the measurement of inputs and outputs for each
food supply chain function and provides the outputs in
what can be described as sustainability criteria.*" LCA
methods present opportunities because it is subjected to
increasing internationalisation of assessment standards
that will have significant impact on assuring product dec-
larations and food safety.”” LCA methodology has there-
fore helped to revolutionise how food processors and
manufacturers can investigate their supply chains and
report their performance.” LCA has evolved to become
more suited to assessing the sustainability criteria of fast-
moving consumer goods (FMCG), and this has resulted in
the emergence of footprinting standards and the use of
LCA in modular forms or simplified versions to investigate
specific criteria, such as greenhouse gas (GHG) emissions
in the carbon footprint methodologies."* This approach is
important because it is ultimately driven by the supply
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chain delivering what are likely to be more successful
products. How this is assessed can vary depending on
the modular form of LCA used or attributes assessed by
footprinting, but data regarding consumer use will be criti-
cal in all assessments. LCA is often confused with the
assessment of consumer behaviour and the use of FMCG,
but it has nothing to do with consumer behaviours because
the supply chain will respond to how products are
consumed.

Currently, many LCA approaches overlook the value of
understanding the role of consumer use of FMCGs in the
continued development of new products. Manufacturers
and processors are likely to benefit most from understand-
ing these types of data because in supply chain terms, they
sit between agricultural producers wanting the highest
price for ingredients and retailers who want the lowest
prices for customers in supply chains. Thus, they operate
in a specific place in the food supply chain where the cost
of resources such as energy, water, and materials is of criti-
cal importance to a business. This has resulted in the devel-
opment of programmes of assessment, such as the carbon
footprint international standard PAS 2050 (Publically
Accessible Scheme 2050)." The resulting guidelines on
how to enable the use of LCA thinking in supply chains
and companies has been stimulated by the development
of ‘roadmaps’ by specific industrial sectors, such as the
dairy-andlivestock-producingarenas.'®"” Theseapproaches
enable practitioners in the food supply chain to begin to
use LCA in a modular form and work to implement full
LCA programmes as commercial demand develops. The
LCA arena has become more user-friendly and commer-
cially applicable by the use of footprinting methods for
FMCGs and the need for manufacturers to understand
how consumers utilise products.

Examples of LCA approaches for FMCG supply chains
can be demonstrated for several food product categories if
data concerned with supply chain functions are available.
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Energy balance is a methodology that is an LCA approach,
and it assesses the energy inputs and outputs of a system
in terms of the efficiency at which energy is consumed to
produce a product. It has provided important insights into
manufacturing and processing operations, and it provides
a very useful starting point for contemplating the com-
plexities of the LCA, water footprint and carbon footprint
of food products. Energy balance methods have been used
very successfully to assess the efficiency of industrial nitro-
gen fixation, which can be viewed as the driver of much
biomass production.”® Whereas product carbon footprints
are guiding current trends in sustainability and are likely
to lead to a further wave of innovations in the food supply
chain, many organisations have difficulty in how to utilise
sustainability criteria of products with respect to their cus-
tomers. Energy balance cuts through this indecisiveness by
immediately showing where energy costs can be reduced
in supply chain functions.

4.4 A Demonstration of Energy Balance and
LCA for Sugar Production in Europe

In many food supply chains, the agricultural production
of ingredients is a key area of GHG reduction activity
because of the use of nitrogen and fossil fuels that repre-
sent major sources of energy inputs that are associated
with increasing GHG emissions. Farm management strate-
gies that deliver environmentally sustainable outcomes are
well known to growers because of the impact of the set-
aside and stewardship schemes established in the late
1980s. How GHG emissions can be further reduced will
provide farmers and growers with future challenges in
maintaining production efficiency and profitability, and
these must focus on the use of fossil fuels and nitrogenous
fertilisers. The sugar supply chain in Europe offers an
important case study because sugar is produced from
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sugar beet, and in the United Kingdom, there is only one
processor of sugar beet into white sugar, British Sugar
plc.” This means the supply chain is well understood from
farm production to retailing, and it provides an important
demonstration of the value of energy balance.”

Farm practices that conserve GHG emissions are not as
high profile or visible as manufacturing operations because
they cannot be metered directly and are more complex in
that GHG emissions are extremely dependent on annual
variations in weather.” Even with these extremely variable
attributes, we can use LCA approaches as energy balances
to determine the sustainability of inputs, such as nitrogen
fertiliser. Furthermore, established annual yield reports
and weather trends allow us to project and standardise our
analyses. With this in mind, we can begin to highlight fit-
for-purpose actions farmers and growers can take in the
sugar beet and other agricultural ingredient production
supply chains to reduce GHG emissions for each growing
season. The LCA and energy balance are methods devel-
oped by engineering companies in the 1970s, that have
developed to become an international standards and the
basis for undertaking a carbon footprint of products. The
approaches take a whole system view of the supply chain,
and it is grounded in the common sense that we do not get
something for nothing. In this case, converting biomass
into white sugar and co-products means there are energy
transfers, and when that energy is transferred, it either
becomes unusable or lower quality energy, such as steam
or ‘low-grade’ heat within the production system. LCA
and energy balance approaches identify where energy
transfers occur and where energy might be recycled
through the system to make the best use of it. This seems
straightforward, but soon becomes complex because
supply chains have many suppliers, different processes,
and varying traceability.

The carbon footprint represents the embodied GHG
emissions of a product across its lifecycle—from the
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production to the disposal phase (‘cradle to grave’)—and
offers a convenient method for assessing GHG impacts
across food supply chains. LCA methodology is used to
calculate the product carbon footprint and a functional
unit of the system or supply chain being analysed."” The
functional unit in the LCA and footprint of food products
is typically a specified mass of product that is used by the
consumer, such as a gram of white sugar. The carbon foot-
print and part of an LCA determines the total amount of
GHGs associated with a given functional unit. In this case,
the GHG emission reduction opportunities for the sugar
beet supply chain before the factory may not be fully con-
sidered on the farm even though growers are expert in
optimising the sugar beet production system. A conven-
ient way of investigating the GHG emissions associated
with sugar beet production is to understand the energy
consumed during a typical growing season. Figure 4.1
shows the energy balance for sugar beet production
obtained from 32 years of field trial data for eight inde-
pendent cereal, potato, and sugar beet rotations on differ-
ent farms in Germany." This German long-term study
offers some important insights into sugar beet energy
management on farms in that direct use of diesel by the
grower makes up nearly 70% of the energy balance, and
includes ploughing (22%), harrowing (7%), and harvest-
ing (40%).”

The energy balance shows us that the total energy input
for sugar beet and other root crops such as potatoes is typi-
cally 25G] (giga-joules) per hectare and typical energy
outputs of the sugar beet crop are 350G]J per hectare with
co-products included in this figure with white sugar yields.
The energy output for only white sugar was typically
250(@]. This represents a 10- to 14-fold increase in energy
output due to efficient agronomic management, ensuring
the sugar beet crop canopy captures as much solar energy
as is possible during the growing season. There are impor-
tant opportunities that need highlighting from the energy
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Plough to 25 cm
22%

Harvest (50 t/ha)
40%

Spray pest

N fert 29% 2%

Figure 4.1. The energy balance of sugar beet production: per-
centage of total energy input associated with different produc-
tion inputs and harvesting, using data derived from the 32-year
long-term field trials of eight potato—cereal-sugar beet trials
in Germany 1967-1998.

Source: Data from Hiilsbergen et al. (2001).

balance that result in lower GHG emissions and reduced
production costs. It is notable that ploughing and seed-bed
preparation have changed in recent years so that diesel
consumption is reduced. The direct and indirect use of
energy for the operations identify that at least 50% of the
energy used for ploughing, harrowing, and harvesting is
under the direct control of the farm through consumption
of liquid fuel. This means improved efficiency and design
of machinery and fuel consumption will have a significant
impact on the farms sugar beet production energy balance.
An important means to reduce fuel consumption is the
consideration of minimal soil cultivations that reduce the
need for plough cultivations and utilise discs and harrows
only to produce a seed bed.

Of course, minimal cultivations may not be appropriate
for all soils and weed management regimes, but there are
often options to reduce field traffic and soil cultivation
intensity across a cereal-beet rotations to reduce GHG
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emissions and increase profit margin. The development of
cultivation machinery that combine discing, harrowing
and pressing cultivations into a single or reduced pass for
seed-bed preparation has had impacts on GHG emission
and energy balance of sugar beet production that should
be regularly measured and reported. The message from the
energy balance here is to reduce ploughing and field traffic
as much as possible because the benefits are both financial
and environmental. Whereas minimal cultivation may
reduce the energy consumption of seed-bed preparation,
it is unlikely that there will be a minimal cultivation option
for sugar beet harvesting. However, considering harvest-
ing as a soil cultivation in the rotation is measurable, and
the fact it is responsible for 40% of the energy consumed
it should be accounted for in the benefit to the following
crop. Thus, there are opportunities to reduce GHG emis-
sions of soil cultivations, and using biodiesel will reduce
them further because biofuels recycle GHG emissions
through the farm because the fuel is both grown and com-
busted on farm, making fuel consumption close to carbon
neutral.” A further benefit of minimal soil cultivations is
it will stabilise the soil organic matter content, increasing
the amount of carbon fixed in the soil, which has been the
thrust of soil carbon conservation programmes in the
United States, where minimal cultivations have trans-
formed combinable crop production through the market
entry of herbicide-resistant crops and machinery innova-
tions. Research reported by Rothamsted Research shows
that up to 10.4 million tonnes carbon per year could be
fixed by UK agricultural soils using minimal cultivations,
which is equivalent to some 2% of the national GHG emis-
sion inventory. What is crucial to understand is that these
energy efficiencies and GHG conservation measures can
be passed on to the food supply chain and eventual con-
sumer use of a product, such as white sugar.

A similar scenario exists with the use of nitrogenous
fertilisers, whereby changes in the management of the
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production of biomass that result in benefits can be passed
onto other food supply chain functions. The use of nitrog-
enous fertiliser accounts for 30-35% of the energy balance
for crop production on farms because of the energy required
to fix nitrogen in nature or by the industrial Haber Bosch-
derived processes. The energy required to fix nitrogen to
ammonia has decreased to near the theoretical minimum
required, and it is therefore important that we find new
routes to conserving energy in the farm system.* It is the
fixation of industrial nitrogen that supplements natural
nitrogen fixation, and Smil identifies that 24% of all nitro-
gen consumed is industrially fixed, so we cannot do
without it, but it does come with impacts that increasingly
require further optimisation of nitrogen use.” The energy
consumed for nitrogenous fertiliser, whether as mineral
(principally ammonium nitrate and wurea) or animal
manure, is approximately equal because we must consider
the energy consumed to produce, transport and spread
animal manures.

The energy, nutrient, and GHG balances will always
show us that we can never get something for nothing,
and in the case of crop nitrogen fertilisation, we have
another factor, that is, the complex relationship between
effective nitrogen fertiliser use and the yield and quality
of the sugar beet crop. Increasing nitrogen fertiliser will
increase biomass yield, but there will be a point where
the quality of sugar beet is compromised because of the
impact of increased molassogenicity of the beet. This is
caused by nitrogenous compounds in the beet that
increase as nitrogen fertiliser is increased, with the result-
ing reduction in white sugar yield during processing and
manufacture.”® Similar types of relationship between
nitrogen fertilisation and crop quality are observed for
the following.”

1. Bread wheat where increased nitrogen fertilisation
improves protein content and bread making quality.
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2. Potato size and skin set can be influenced by different
nitrogen fertilisation and determine different market-
ability, for example, small or salad and large or table
potatoes.

3. Malting barley where decreased nitrogen in the grain
provides more suitable malt for beer making because
there will be lower protein derived nitrogen in the beer
produced. However, the presence of protein is impor-
tant in producing foams that are associated with the
consumer experience of beverages, such as beers and
coffee.

As Smil (2002) explains, the energy required to manufac-
ture mineral nitrogen fertilisers from industrially fixed
ammonia are close to the minimum theoretically possible.
This means that the management of factory emissions, the
tertiliser supply chain, and farm use of mineral fertilisers
are the only realistic options for significant GHG for energy
balance or GHG emission savings to be made. The carbon
footprinting of nitrogen fertiliser products has been
reported with GrowHow UK Ltd Group of companies
footprinting its nitrogen products with the carbon label
standard (PAS 2050), and it is likely that other nitrogen
manufacturers will follow.” The important consideration
here is that of the major energy input for the use of organic
manures; the use of fuel to transport bulk manures is as
important as those fuels consumed in soil cultivations.
That is, reducing field traffic and the transport of materi-
als, which result in reduced diesel consumption, will
reduce the carbon footprint of nitrogenous fertilisers, and
in combination with these efforts, we must consider the
use of biofuels for farm operations so that GHGs are recy-
cled within the farm system. Thus, transportation of prod-
ucts and ingredients has a significant impact on the
sustainability criteria of FMCGs because fossil fuels are
currently intensively consumed, meaning we can either
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4.5

change transportation fuel sources or optimise transport
routing.

Transportation has been identified across supply chains
as an area where improvement is often possible and needs
to be integrated with improved product and manufactur-
ing processes, as well as storage, wholesaling, and retail
functions of the supply chain. The use of geographic tools
offer solutions because they can help us plan for transport
costs strategically and assess the energy balance, GHG
emissions, and costs associated with transportation and
other supply chain operations.

Carbon Footprinting for Food Manufacturers

Begins to Offer a Sustainability Reporting
Framework

The embodied GHG emissions (the ‘carbon footprint’) of
a product across its lifecycle—from the production to the
disposal phase (‘cradle to grave’), offers a convenient cri-
terion for assessing GHG impacts and possible sustainabil-
ity criteria of products across food supply chains. The
method it is based on, LCA methodology, is used to calcu-
late the product carbon footprint, and a functional unit of
the system or supply chain is analysed so that the carbon
footprint determines the total amount of GHGs associated
with a given functional unit. PAS 2050 (2008) offers the
potential for greater understanding of life cycle GHG emis-
sions by the consumer within a context of making purchas-
ing decisions between goods and services transparent with
regard to GHG accounting. This suggests that carbon foot-
prints of food products will be increasingly used by indus-
try to report dietary criteria associated with health and
social responsibility as well as GHG responsibility. That
is, the more we eat them, the more GHG emissions result
and, the more we waste, the more GHG emissions are
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consumed. They will not provide a total sustainability
index for whole organisations or supply chains in the food
system, but they will provide an important starting point
in achieving the goal of accounting for sustainability crite-
ria in supply chains.” Indeed, the wider goal of developing
indices that integrate consumption and sustainability cri-
teria have been tested by food retail groups and represent
a future challenge to food businesses (e.g. the Walmart
Sustainability Index™). Recent research by the author and
Iglo Food Group Ltd has shown that the use of meal plan-
ning and frozen foods can reduce food waste in the home.”"
That is, appropriately preserved food enables consump-
tion that results in less food waste. The study uses novel
questionnaire methods that determine a food waste index
which relates food preservation, meal planning, and
amount of food waste associated with purchased foods.
This study was achieved with a sample population of con-
sumers trained for sensory panel analysis and recording
food consumption attributes.

Protein supply is crucial to the future sustainability of
the food system, and the major sources are currently
cereals, pulses, and fish and livestock products. The role
of other protein sources, such as those fermented from
carbohydrate, is relatively unknown, and mycoprotein
provides an important case study in reducing livestock
product consumption while maintaining the protein
content of meals that might be consumed in future.” The
future global protein supply market is uncertain with
respect to maintaining sufficient protein supply for a global
population that is projected to reach 9 billion in 2050, and
this will have important impacts on product development
and international trade. This is because of the increase of
the more affluent purchasing in the economies of Brazil,
Russia, India, and China changing how protein is traded
globally. While the impact of this affluent purchasing
power has been described in terms of increased demand
for livestock products, the issue of developing sufficient



The Sociological Basis for Food Security 119

protein supply is clouded with many factors that are far
more complex than a meat versus non-meat choice.”” Food
consumption is a significant proportion of national GHG
emission inventories that are reported for policy purposes,
and in the United Kingdom, for example, the food and
drink system is responsible for 195 million tonnes of GHG
(CO,e) emissions per year; these are carbon dioxide equiv-
alents and include all GHGs of current policy interest.”
Thus, using individual carbon footprints of products to
assess the GHG consumption impact of the dietary behav-
iour of populations will be an important consideration for
environmental policy that acts throughout the supply
chain.

The analysis of the impact of food consumption at
national scales with respect to reducing GHG emissions is
still an emerging area, and actions that are likely to result
in GHG conservation across the food supply chain are
often untested. One such action may be a reduction in the
consumption of livestock protein; while it is uncertain how
changes in the consumption of livestock products will
reduce GHG emission, it is increasingly clear they have an
important role to play.** The use of industrially synthesised
or fermented proteins for human consumption offer an
important option in determining what future protein
supply may be; indeed, how the distribution of protein
consumption, shown in Table 4.1, might look like in the
future.

The development of mycoprotein is such a fermented
protein, and it provides an important case study in protein
sustainability here, with its story that starts with a collabo-
rative partnership with the RHM Industries food group
and Imperial Chemical Industries (ICI) in 1984 that
formed Marlow Foods Ltd. This company was a mycopro-
tein manufacturer that developed the current 155-m’ scale
air lift fermentation technology that grows Fusarium venena-
tum under strictly defined conditions in the United
Kingdom. Harvesting of mycoprotein from fermenters can
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continue in steady-state continuous flow for up to six
weeks. At this stage of manufacture, mycoprotein has the
appearance of bread dough but lacks the elasticity associ-
ated with a bread wheat gluten mass. For the production
of Quorn™, the branded product of mycoprotein, the myc-
oprotein is mixed with egg albumen, roasted barley malt
extract, and water.

Mycoprotein does offer an alternative scenario to live-
stock proteins in that a high-quality protein is now avail-
able by fermenting glucose into protein providing an
ingredient for food products that is 11% protein (w/v)
containing all essential amino acids.” The manufacturing
and processing innovations associated with the develop-
ment of mycoprotein has resulted in the Quorn, which
includes shaped products, such as fillets, mince, and pieces,
coated ready meal products and ready-to-eat deli style
products. Quorn itself is produced by including 8-10% egg
white protein to mycoprotein, bringing the protein content
of Quorn to 14-16% w/w in finished products. There is
significantinterestin lowering thelivestock product content
of diet because of the health and environmental implica-
tions that have been outlined, and there is now a growing
body of public advice that provides ways to decrease live-
stock product consumption. For example, the World Wide
Fund for Nature (WWF) has developed the Livewell Diet,
which proposes that small reductions in meat consumption
per meal can lower the GHG impact of food consumption
and promote healthier lifestyle.* The global perspective for
protein supply provides a requirement for national agen-
cies to assess supply chain efficiency because increased
protein demand pressures are currently largely dependent
on feed and livestock production systems.

The carbon footprint calculated for mycoprotein and
selected Quorn products provides an important demon-
stration of a company utilising sustainability criteria to
explain the impact and benefits of using their products
in meal by consumers. This has been guided by the
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requirements of PAS 2050: 2008, the Code of Good Prac-
tice for Product Greenhouse Gas Emissions and Reduc-
tion Claims (2008), and the Carbon Trust’s Footprint
Expert " Guide. The development of the carbon footprint
for food products is becoming relatively simple for manu-
facturers to undertake because the recording of supply
chain data is usually undertaken by manufacturers as part
of standard audit practice, and it is now becoming a case
of converting this information into GHG emissions using
published conversion factors. Whereas this activity used
to be only done by researchers, it as now expanded to
being used by practitioners who regularly record data for
waste inventories or to determine economic costs of man-
ufacturing. The process of data analysis in supply chains
is becoming one of establishing data collation policies and
using appropriate data conversions for economic, social,
and environmental interpretations.

In a manufacturing context, primary data (directly meas-
ured) and associated secondary data (derived from con-
version factors) for the carbon footprint of a product are
derived from direct measurements of ingredient volumes,
metered electricity consumption, metered steam consump-
tion, and metered effluent treatment volumes used during
the production. For the raw material data process input
and output volumes, processing energy requirements,
logistics, and distribution processes, the internally col-
lected company information can be collated to provide an
important part of the environmental or CSR review within
a company. Energy, steam and water use data are usually
collected using metered records to specific manufacturing
processes, such as aeration, steaming, chilling, and freez-
ing in the manufacturing and packaging stages. The
volumes of all inputs, outputs, and waste associated with
the finished products are used to obtain the carbon foot-
print. Process maps guide the procedure and are placed
into the context of the data collected for carbon footprint
procedures.
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4.6 What Can We Do with Sustainability
Assessments of Food Products? Using Carbon
Footprint Data in Supply Chain Management

The data sets we can now use to determine the sustainabil-
ity criteria of food products has increased because LCAs
for product groups are now reported widely. The use of
LCA in directing dietary and health policy is also described,
and this has resulted in the consideration of the carbon
footprint of different diets. Databases of LCAs now exist
for the production of agricultural products, and the data
concerned with manufactured food products remain rela-
tively limited but they are growing.” The value of consi-
dering LCA in the food processing and manufacturing
arena is still developing, and it does offer many opportuni-
ties to businesses that aim to utilise resources more effi-
ciently and need to report sustainability criteria of their
products.”

Indeed, the reporting of sustainability criteria associ-
ated with agricultural products is likely to be more readily
available because they are not strongly associated with
branded products. The carbon footprint arena has become
more competitive, as owners of food brands observe com-
petitive advantage in reporting sustainability criteria
associated with products. The stage for footprinting and
LCA has changed from understanding the supply of food
ingredients and staple agricultural goods to one of meas-
uring to performance of brand value. The impetus for
carbon footprinting or carrying out LCA for specific
branded products will emerge from individual companies
and organisations, but they can still utilise published LCA
and GHG conversion factors for standardised ingredients.
There are established LCAs reported for branded food
products, such as the mycoprotein case study described
here, and other business supply chains, such as that for
white sugar.
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The carbon footprinting of food products has also raised
the issues associated with water use in the food supply
chain. This is most important in manufacturing and
processing sectors because the generation of steam and
utilisation of heated water to clean, sterilise, and form
foods is critical. The uses of water in the food supply chain
are often realised by undertaking a footprinting or LCA
programme within a company. The scope to develop LCA
methodologies to encompass water use with GHG emis-
sion criteria will provide opportunities for food businesses
to identify and report resource use efficiency in the
future.®®” While water use will provide many challenges
to the food industry, the stimulus to develop and conserve
water use in a similar way to energy use in the manufac-
turing sector is gaining momentum.

The use of carbon footprinting is particularly useful in
considering the value of protein in food supply chains.
Crops provide an important protein component of meals
and animal feeds; the principle crops used as protein
sources are shown in Table 4.2. These data were obtained
from published LCA data and the FAO statistical database,
and it can be seen that crops have lower global warming
potentials (GWPs) associated with their production com-
pared with livestock products shown in Table 4.3. The

Table 4.2. The GWP, land use, and production attributes of crops

GWP kg Land use Production
Protein source CO,-eq/kg ha/t (M tonnes, 2010)
Wheat 0.5-0.8 0.5 653.7
Soy bean 0.6 0.3 265.0
Rice (paddy) 2.8 0.5-0.8 696.3
Maize 0.5 0.5 840.3

Source: The GWP and land use data were obtained from published LCA
databases,* the production data were obtained from FAOSTAT. These
data were adapted from FAO. FAOSTAT (2012) Production, crops (data
set). http://faostat.fao.org/ (accessed 24 April 2014).
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Table 4.3. The GWP, land use, and production attributes of
livestock

GWP kg Land use Production
Protein Source CO,-eq/kg ha/t (M tonnes, 2010)
Beef 4.0-38.4 4.0-9.0 64.1
Pork 4.6-6.4 0.6-1.2 109.2
Chicken meat 3.1-4.6 0.50 86.5
Eggs (chicken) 1.3-19 0.4 63.8
Milk (cows) 0.9-1.8 0.07-0.09 600.8

Sources: The GWP and land use data were obtained from published
LCA databases,**' egg production data were obtained from the
Australian Egg Corporation Limited,”* and production data were obtained
from FAOSTAT. These data were adapted from FAO. FAOSTAT (2009).
Food supply, livestock, and fish primary equivalent data set. http:/
faostat.fao.org/ (accessed 24 April 2014).

GWP of a product is equivalent to the carbon footprint,
and it represents the GHG emissions associated with the
production of a specific mass of a product.

4.7 The Interactions between Affordability,
Accessibility, and Food Security

We now understand how the environmental impact of
protein consumption can be changed, and we need to also
comprehend what are the structural and market factors
that affect individuals and households in terms of access
to, and affordability of, a healthy balanced diet, and what
policies and interventions are effective in managing these.
Dietary choice is a key attribute to understand and
measure here because it will determine the outcomes of
consumption and waste.”’ Obtaining a suitable way of
measuring food choice is a difficult task to achieve because
ideally the method needs to be utilised internationally
across all food supply chains. The structure of supply
chains change dramatically globally, and the arena in
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which consumers purchase and choose foods will be vari-
able. An understanding of this variability is important,
and standardising this for analysis must be made possi-
ble; the density of purchases will be critical to any analy-
sis. The analysis of purchasing is made possible by
developing maps of the retail landscape to develop the
format in which they are presented so that they are fit for
purpose in production, manufacturing or retailing. The
data regarding volume and density of goods sold by the
retail outlets and the food categories sold as fresh produce,
frozen foods, processed foods, ingredients and ready
meals will be an important data source. However, how
consumers use food products in the domestic environ-
ment is just as critical to reporting sustainability criteria.
In terms of affordability and accessibility, these are made
possible by the distribution and retailing functions within
the supply chain, and they are of most interest here. The
efficiency of food distribution and preservation are crucial
to delivering safe food to consumers, and this can be
demonstrated using case studies from efficient food
supply chains. Preservation of foods and the development
of cool chains for refrigerated and frozen goods are cur-
rently essential to achieve accessibility and affordability.
The maintenance of cool chain activity is energy intensive,
and it has significant sustainability impact because it is
an important source of GHG emissions, and it also reduces
the waste of food products by preservation of efficient
distribution, retailing, and domestic use of products are
achieved.”

Food waste trends have identified that most waste is
produced by domestic use of food in developed supply
chains and prior to processing or manufacturing in unde-
veloped supply chains. The resources utilised in delivering
cool chain FMCGs is a significant target for future actions
in developed supply chains because they are critical to
reducing food waste by the consumer. Using the Carbon
Trust refrigeration road map data, an energy balance of the
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frozen food supply chain has identified transport and retail
sectors account for 64% of GHG emissions associated with
the cool chain prior to domestic use of fresh or frozen
foods.” Fit-for-purpose food preservation facilitates the
reduction of food waste produced by consumers in prepar-
ing food, and even though the cool chain is responsible for
up to a third of the energy used supplying food products,
preservation methods such as chilling and freezing do con-
serve food waste.”’ Food waste minimisation across food
supply chains is identified by many policymakers as an
area where many opportunities for reducing environmen-
tal impacts exist.

The implementation of waste minimisation using ‘no or
low” technology interventions are proven across industry,
and formalised waste management planning has become
a standard protocol in many food companies. Provision of
efficient mechanisms for waste management technologies
should be appropriate for how consumers use products.
The impetus for embedding waste management in food
processing and manufacturing environments has been
encouraged by the economic benefits of reducing waste.
The food processing and manufacturing industry has spe-
cific challenges because large volumes of waste are organic
and biodegradable. The establishment of anaerobic diges-
tion, pyrolysis, and incineration technologies associated
with solid food waste supply are now commercially
proven. There is also a business requirement to divert
‘waste’ streams to valuable co-products, and these types
of actions generate new ideas, increased wealth and con-
tinued regulatory compliance.

Co-product markets are now proven with many of the
supporting technologies coming from the ingredients
industry. They include starch by-products, biofuels, fibres,
novel oils, waxes, cellulosics, and a range of fine chemicals
from biorefinery systems. Significant studies identify that
at least 20% of food purchases are not consumed and they
are disposed of, and that reducing consumer food waste
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will have important implications for the processing, manu-
facturing, and retail sectors with regard to product pricing
and design. The food industry will need to accommodate
significant challenges regarding waste reduction, because
the pricing, marketing, and design and portion control of
products will be influenced by it, and that necessitates a
whole food system approach. An opportunity for reducing
consumer food waste is to consider the role of preservation
techniques in the supply chain with longer-term preserva-
tion methods, such as freezing, high pressure treatment,
and irradiation. Longer-term methods of preservation will
need to ensure nutritional, taste, and organoleptic proper-
ties of foods are not compromised, and this is a focus of
future innovative food research.

We have already considered the requirement of the food
supply chain for water, but this will have important impacts
of accessibility to food because water scarcity is greatest
where the requirement for water availability (or water
stress) is most intense globally. For example, temperate
climates are likely to experience a more Mediterranean or
semi-tropical climate in the future representing a challenge
for food manufacturers. Researchers are developing
methods that measure water used by food products, and
it is relevant to describe the principle of a water footprint
because it develops LCA to take a spatial approach because
of the variability in the distribution of water resource stres-
sors. There is a requirement to understand how water
resources are used in food systems and what methodolo-
gies are fit-for-purpose to measure the water footprint of
processes associated with foods. The water footprint meas-
urement is achieved by identifying rechargeable and non-
rechargeable water resources that are associated with food
products. The method of calculating the water footprint as
solely embodied water regardless of where it comes from
is flawed, because it only refers to the total volume of the
water used in the product life cycle and does not take into
account the type of water used, for example, ‘green’ (rain
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water) or ‘blue’ (water from rivers and reservoirs). Fur-
thermore, embodied water footprints do not consider if the
water comes from water-stressed or water-sufficient areas,
where the impact of water use in an area where there is an
abundance of water is very different to a water-stressed
area.

Ridoutt and Pfister have provided a revised method of
calculating the water footprint of a product by taking into
account the Water Stress Indicator of the area where the
water is used.® This correction gives a much improved
result for the environmental impact of making that product
and represents a system wide approach that depends on
geospatial data. A future challenge for the water footprint
methodologies is the use of spatial information that quan-
tifies and identifies where different types of water resource
exist. The implications for the management of water
resources are complex and difficult to resolve because
private companies, public organisations, government
organisations, and consumers have different commercial
and social investments associated with it. Spatial informa-
tion for water resources is likely to become more valued
and strategic, it also relates to developing consumption
maps of the food supply chain. Research has already dem-
onstrated that the geo-spatial information associated with
food brands, food manufacturing processes, and produc-
tion of waste can radically change the way food manufac-
turers use water. That is, the manufacture of products that
use water intensively is located in areas of low water stress
to alleviate regulatory pressures on manufacturing and
provide improved sustainability criteria associated with
products.

The methodologies used to deliver sustainable food
manufacturing and processing can focus on specific
aspects of product design, such as the established accredi-
tations for carbon and water. However, there are emerg-
ing requirements to map the impacts of products across
supply chains and populations of consumers. This
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approach enables a more detailed investigation of con-
sumption to be completed for the life cycle of a product
because maps can combine several sustainability criteria
to produce indices of consumption impact and dietary
choice. The development of robust evidence databases for
resource efficiency has enabled a greater understanding
of products and their consumption. This is particularly
important when accounting for the environmental impacts
of diet, which represents a specific challenge to the food
processing industry because the footprinting of individ-
ual products may not correlate to the footprint of whole
diets. Understanding how individual products are used
and consumed will provide significant opportunities for
the processing and manufacturing parts of food supply
chains.

We have seen that the management of world food supply
is clearly not a yield issue alone because nutritional value,
consumer trends, and the infrastructure of the supply
chain in the food system are of key importance. The future
food system must investigate the influence of managing
intrinsic supply dynamics of food and beverage ingredi-
ents and products in order to manage consumption for
the desired outcome of increased global health and well-
being. The global food system has been challenged with
the sustainability challenges of reducing greenhouse gas
emissions, reducing food waste, and improving health and
well-being attributes of products, and we have shown that
manufacturers can provide solutions to protein supply
and waste reduction. The food processing and manufac-
turing sector is critical in delivering solutions to these
challenges that are increasingly enforced by policies and
regulations that aim to meet national greenhouse emission
targets. Understanding how the food supply chain oper-
ates between the agricultural and processing segments is
critical to providing secure supplies of foods because sig-
nificant preservation opportunities exist here that will
deliver healthier foods and reduce food waste in the supply
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chain. In order to develop a sustainable food system, it
is necessary to use whole supply chain approaches to
measure the impact of producing and consuming food
products. An important aspect of understanding how
supply chains perform is communication of data regarding
inputs and outputs throughout the supply chain. These
input-output variables can be directly measurable as costs
and volumes of resource, or indirectly measured, as in the
case of trust and leadership, which have not considered
here yet. The measurement of supply chain efficiency will
depend on the acquisition of numerical data regarding
resource use, but there is also a need to consider how
organisations will use these data to provide leadership.
The global scientific community has excelled at creating
an inventory of global renewable and non-renewable
resources that was borne out of a necessity to account for
primarily fossil fuel and food production reserves. There
is a requirement to reduce risk in utilising these invento-
ries by businesses and the development of methods, such
as footprinting and LCA, that try to understand demand
and consumption in economic, social, and environmental
terms has transformed the potential application of
inventory-based models for application in policy, sustain-
ability, and business. The data collection and processing
capability required to develop robust models of product
consumption are set to transform how businesses operate.
The opportunity to develop business for both profitable
and sustainable outcomes is now attainable in a world
where it is currently well characterised that transforma-
tions in lifestyle are largely delivered by businesses and
corporations, not consumers. Ultimately, the decisions
inciting these transformations will depend on leadership
credentials of CEOs and the chief officers of companies,
that is, through appropriate leadership that is often dis-
tributed through an organisation. Since the 1960s, envi-
ronmental movements have regarded many of the issues
we now group into the sustainability agenda as a goal of
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4.8

businesses; in doing so, NGOs have highlighted these
issues and augmented public debate. However, a more
recent and likely to be far more powerful means of aug-
menting action has been a more open society that has
improved access to information on production and con-
sumption of products associated with specific lifestyles.
Indeed, we can begin to question whether the consumer
will have a more dominant role in determining food sus-
tainability in the 2050 world. These issues are the concern
of the retailer and the consumer part of the supply chain
where retailers aim to present ideal choice to consumers,
and they respond to trends in health, sustainability,
quality, and value.

Retail, Distribution, and Wholesale

The development of efficient food supply chains for pop-
ulations who want products that meet value and quality
attributes required is fraught with difficulties and presents
us with a taut balance of safety, environmental impact,
quality, and choice that results in a need to know where
the risk of supply failing the consumer must be calcu-
lated. This statement might seem of some relevance con-
sidering recent adulteration of beef products with horse
meat DNA in the United Kingdom in early 2013, which
exposed weaknesses in stating 100% assurance in light of
increasingly complex supply chains and improved ana-
lytical standards. Traceability associated with food safety
has been transformed over the last 20 years, and we do
have an accurate view of what the distribution network of
food products globally looks like.® There are areas of
uncertainty associated with current assessments of global
food distribution that need to be improved, but they do
provide analysis of critical points in distribution, where
compromising food safety and assurance will result in
greatest risk.
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The risk of adulteration and contamination in food
products in efficient supply has been apparent since the
rise of urbanisation and concentrated manufacturing. For
example, legislation that protects the consumer of foods
was forced by crises throughout the nineteenth and twen-
tieth century in the United Kingdom. The resulting crises
themselves were acute and shocking, such as contamina-
tion of sweets with arsenic in 1858, killing 20 people; more
recent is the contamination of dairy products in China with
dangerous melamine, which increased perceived protein
content of foodstuffs. The age of health and safety reform
through science and a populous link to improve the plight
of the commons was a goal of much of the mid-19th century
with the resulting establishment of public health policies.
Outside of the acute contamination of food crises, the
advances in public health were often driven by crises asso-
ciated with water quality. Notably, Dr John Snow found
the link between water quality and cholera in 1850s
London, UK using maps and established initial epidemio-
logical studies in crisis management.* These provided a
foundation for our current studies of traceability in supply
chains, which are in principle similar to epidemiological
scenarios where the result is consumption of foods that
have varying consumer responses in terms of perceptions
of quality and taste.

A common link in all of these food crises of adulteration
or contamination are the drivers of price and availability,
whether that is the producers and manufacturers wishing
to drive down prices of ingredients or consumers unwill-
ing to pay increased prices for food products. Where and
at what, intensity the price pressure is exerted will often
determine the level of adulteration risk where there is
high demand for products. Of course, opportunity of
obtaining access to the supply of cheaper ingredients will
change the marketplace, and the opportunity to adulterate
is dependant on the establishment of trust within the
supply chain. This presents a very clear picture of where
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we are now because traceability processes are visible to all
of us in the food supply chain. Issues of trust, justice, and
responsibility are far more visible now than they ever were
even if we do not necessarily recognise them on individual
products as consumers. These processes of assurance and
traceability have transformed the food industry, but risks
still occur, as is evident with horse DNA contamination.
Of course, the opportunity to criminalise the supply chain
will always be a threat, but trust and brokering trust along
a supply chain was once thought impossible in global
supply. We have proved it is not if we just consider the
mechanisms by which we can trace food from farm to fork.

The use of labelling schemes, such as those already
described, have now developed to include sustainability
goals, such as the GHG emissions associated with the con-
sumption of products. The issues of fairness and trust have
been aired in food supply chains with respect to animal
welfare attributes, which have proved decisive in the sales
of products such as free-range eggs and those products
that include them as ingredients. Egg protein is a good
example of an ingredient that exposes the impact of uncer-
tainty and risk in food supply chains, as it is used in a huge
number of foods and animal welfare issues have trans-
formed production and sourcing policies globally. Thus,
traceability is evident, but crises still exist because of
uncertainty and variation in trust. The consumer does not
necessarily feel protected by the law in such an uncertain
environment, since many Europeans state that the food
that they eat is unsafe. This is a ludicrous situation given
the development of our food supply chains. A solution is
twofold in that greater understanding of food supply by
consumers and greater surveillance of risk in supply chains
is required. Each retailer uses different criteria and ulti-
mately depends on responsible reporting of qualitative
data focussed around consumer choices.

Understanding the critical role of distribution networks
in developing sustainable food and beverage supply chains



134

Global Food Security and Supply

has resulted in many case studies of what sustainable food
distribution can do. There is a dearth of information for
emerging economies where the establishment refrigeration
and cool chains are still developing and in many respects
is catching up with the successes of efficient production
provided by transitions such as the Green Revolution. This
is currently most obviously manifested as food waste
arising before food manufacture or processing stages of the
tood supply chain, and this offers many challenges for the
future sustainability of the food system.

Alarge study reporting how LCA and Geographic Infor-
mation System (GIS) methods can be used to assess the
sustainability of food transport for a region has been estab-
lished by the author in the United Kingdom, and this is
used as a case study for sustainable food distribution here.
While LCA and GIS can provide scenarios and demonstra-
tions of food transportation, a critical part of any distribu-
tion function is identifying and delivering innovations that
make food distribution more efficient in terms of price,
product quality, and customer experience. The case study
described here is for the Yorkshire and Humber Region
in the United Kingdom, and it delivered sustainable dis-
tribution options for a group of 60 small to medium com-
panies (small and medium enterprises, SMEs). The total
sample for the Flow Project included eight detailed case
studies and the results for 52 companies presented here.

Understanding distribution patterns for food and drink
supply chains is an essential prerequisite for implementing
logistical frameworks that aim to provide sustainable dis-
tribution systems that enable efficient business develop-
ment. Sustainable food and beverage distribution can
implement many innovations because of the relationship
to timeliness, packaging, fuel consumption, and assurance
among many other attributes. For example, these may
include designing out waste to conserve fuel and space;
development of novel preservation and packaging to
extend shelf-life; utilisation of biofuels globally and
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transport efficiency tools; and implementing customer
relationship management (CRM) frameworks that stimu-
late cooperation between suppliers in a distribution
network. Table 4.4 shows the initial research in this case
study, which determined the current state of food distribu-
tion operations for 52 SMEs and shows how innovations
might be implemented to improve food logistics. This type
of initial survey provides a snapshot of supply chains, and
it can identify where implementation of relevant and
appropriate technical innovations across whole supply
chains can be deployed.

The limits of regional agricultural product supply have
been traditionally removed by efficient food logistical
infrastructure, preservation, and packaging. Globalisation
of the global food system has entailed the development of
novel methods that assess the efficiency and security of
supply chain function. The requirement to understand effi-
ciency has been coupled with the requirement of policy-
makers to define sustainability and health criteria associated
with food supply chains. We are now beginning to account
for these limits using LCA and footprinting methods,
which have provided a need for food companies to iden-
tify fit-for-purpose data sources and data analysis method-
ologies that deliver sustainable assessment of transport.
What has not been tested rigorously is the value of these
methods of assessment to food security.

It is clear that efficient food distribution is an important
part of the food supply chain because it will provide safe
food where it is required. The requirement of fit-for-
purpose packaging and preservation of foods is necessary
and a consideration for any product development. An
understanding of how food businesses and transport busi-
ness are clustered geographically is important when con-
sidering the structure of food supply. The resulting
foodscapes can be used to plan sustainable distribution
infrastructure that provides safe storage and transport of
foods so that access to affordable foods is possible. In order



136

Global Food Security and Supply

Table 4.4. Analysis of current-state food and beverage distribution
situation for SMEs and micro-companies with what could be

achieved

What What could improve

distribution this situation, making

situations food distribution Potential innovation

currently exist

more sustainable

intervention area

Own distribution
resources used

Distribution cost
is 10% of
turnover

Distribute
nationally

Distribute less
than 1 tonne of
product daily

Distribute ambient

and chilled

Distribute using
pallets

Own spare
storage capacity

Group distribution.
Cooperate with trade
members and use
specialist haulage.

Implement new cost-
saving technologies.
Increase fuel and
transport costs create
need to implement
cost saving
technologies and
networks

Develop Internet and
international retail.
Impetus for internet
marketing and
international growth.

Cooperation between

suppliers to rationalise
high amounts of small
load distribution.

Utilise freezing and
other forms of
preservation.

Utilise retail-ready,
reusable, and
recyclable packaging.
Cooperation between

suppliers to optimise
storage

Route planning
CRM with suppliers

Biofuel utilisation
Accounting for
carbon dioxide
emissions

CRM with transport
suppliers

ICT applications and
web solutions—
selling and online
book/reservation

Food groups and
cooperative initiatives

New materials and
methods of
preservation

Designing out waste
Life cycle analysis
approaches

Production and
distribution planning/
scenario generation
Design out waste

Source: The data were obtained from the research of W. Martindale and
developed during the Flow Project (2010), which involved 60 food and
beverage companies in the Yorkshire and Humber Region of the United
Kingdom.
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to demonstrate these principles, we will use the case study
of regional food distribution that was developed in 2007
with the Regional Food Group in Yorkshire and Humber,
UK. The project was called ‘Flow’, and it tackled the issues
of food distribution in the regional food industry; the
reasons were on the surface obvious: in 2007, the volatility
of fuel price was all too apparent, and there was ominous
policy pressure based on environmental (largely GHG
emission focussed) credentials to increase road excise duty
or introduce congestion charging in urban areas. These
pressures have not disappeared and remain issues Flow
has responded to, in the context of running a food business
in Yorkshire and Humber, UK. It was clear that the trans-
port of variable order volumes, energy, and fuel consump-
tionpressures onthesmaller food companies manufacturing
perishable goods could be improved where there was
duplication of delivery destinations, and this provided
opportunities to strategically rationalise food logistics.

The Flow study of the food and beverage industry in
Yorkshire and Humber collected data from 52 of the 220
Regional Food Group (RFG, a trade organisation) compa-
nies to provide an initial snapshot of how food and bever-
age products were transported, what volumes were
transported, and what were the major issues facing trans-
port of goods in RFG companies. The project findings are
summarised in Table 4.4, and routes to improvement are
highlighted. The food businesses of the region were also
mapped using a Geographic Information System (GIS) to
show where the location of different food sectors in the
Yorkshire and Humber Region are. Generally, manufac-
tured products will be associated with major transport
routes and population (Figure 4.2). However, sectors such
as dairy and meat that depend on rural production are
more diffuse and distribute according to production centres
(Figure 4.3).

The Flow study approach identified that the distribution
of vegetable and fruit producers is associated with the
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Figure 4.2. The Yorkshire and Humber (UK) bakery sector. The distri-
bution of bakeries is clustered in the Southwest of the region and is
associated with the areas of Leeds, Bradford, and Sheffield. The major
transport routes are of particular significance to this sector because
large amounts of transport occur in the mornings, and there is an
extremely quick transition from products leaving the manufacturing
lines to despatch into vehicles because of shorter product shelf life
and the shopper requirement for fresh products. The requirement for
storage space is thus lower, and there is likely to be spare storage
and vehicle capacity in the afternoons for bakery companies.
Source: Data from Ordnance Survey © Crown copyright (2008).

production and growing regions for primary produce and
processing sites, such as trimming and washing plants.
This is associated with the best growing regions and more
productive soils suited for horticultural production. Man-
ufacturers require good transport links for principally bulk
transport of fruit and vegetables that are perishable and
need to be delivered to customers or preservers in a timely
way. The distribution of confectionery manufacturers is
associated with the historical importance of confectionery
products. The confectionery sector will distribute at
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Figure 4.3. The Yorkshire and Humber meat sector. The distribution
of meat manufacturers is clustered towards the West of the region.
This relates to the distribution of population in the Bradford, Leeds,
Huddersfield, and Sheffield areas, and the centres of livestock produc-
tion with supported services, including livestock markets and abat-
toirs. Most meat producers will have storage facilities for chilled and
frozen products. Storage will often be at full capacity and despatch
will nearly always be chilled or frozen.

Source: Data from Ordnance Survey © Crown copyright (2008).

ambient temperatures and not require chilled or frozen
storage capacity. Beverage manufacturers are clustered
towards the population centres. The distribution of dairies
and ice cream manufacturers is diffuse, but there is a clear
clustering towards areas of population because of the need
for major transport routes for transporting fresh milk is of
importance, and proximity to motorways is a trend in
dairy distribution. Fat and oil manufacturers are associ-
ated with importing product through ports, as with the
distribution of seafood manufacturers associated with
landings of product.
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The delivery destinations of the 52 Flow companies
showed a clear clustering of delivery points within the
Yorkshire and Humber region demonstrating that food
distribution for small- and medium-sized companies
remains relatively local, with most deliveries not being
more than 50km from point of dispatch and production.
The study also enabled an assessment of the direct costs
of operating trucks and vans to distribute products. A
lorry with capacity for 26 pallets will result in a pallet
space cost of £3 076 per year, increasing to £11 372 per
year for a pallet space using a smaller 1 tonne payload
van. A 7.5-tonne lorry will entail a £6 598 cost of a pallet
space per year. The costs do not include fuel or tyres, and
other variable fuel costs will clearly increase pallet space
costs by between £1 400 (articulated lorry with 26 pallet
spaces) and £3000 (van with one pallet space) a year.
Developing studies that relate sustainability criteria to
costs are essentially to delivering efficient supply chains
because the sustainability criteria of a business and the
business or financial systems in companies do not work
together or integrate usually.

Data capture for food distribution systems is critical in
enabling this type of approach, and it is supported by the
emergence of open-source geo-information databases that
can be utilised to obtain supply chain data. This is an
important future development in the risk mapping arena
for logistics. Table 4.5 uses this type of application, and the
data sets used to convert the primary distribution data
(volume of product transported and distance transported)
are publically accessible. The data from the Flow study
presented in Table 4.5 are an assessment of the destinations
of food product deliveries within 70km of Leeds City
Centre, UK in a typical week for 10 meat product-
manufacturing smaller companies in the Yorkshire and
Humber region within 70km of Leeds. The impact of dis-
tribution for these companies within the distance assessed
as concentric circles from the centre is reported in the table.
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4.9 Developing Diets for Improved Sustainability
and Health Criteria

We have now seen the need to obtain optimal micronutri-
ent and protein nutrition so that good health is delivered
from a balanced diet, and it is crucial to understand how
these principles can help to deliver a sustainable diet.
While the focus of food security has been largely on
underconsumption of energy and protein, the converse
food security issue is overconsumption of foods that has
an increased impact on both food security and food
supply. Increased overconsumption of foods will result in
diseases associated with poor nutrition and increased
food waste. In this context, it is crucial to understand why
people overconsume food and how this interacts with the
use of food in the home that results in increased waste.
In order to demonstrate how analysis of food supply
chains can provide insights into how consumers utilise
food products, we use a case study here that defines the
problems of overconsumption of food in the United
Kingdom with respect to the retail landscape and food-
scape of an area.

The United Kingdom has one of the highest levels of
obesity in Europe, and research into the causes of obesity
has suggested the development of obesogenic environ-
ments is responsible. Research carried out by the author of
this book and Peter Kucher in Sheffield, UK has explored
whether physical aspects of the environment and the retail
landscape associated with food accessibility are responsi-
ble or not. The aim of our study has been to examine and
compare areas of low and high children’s obesity and the
elements of physical environment in the county of South
Yorkshire in the United Kingdom that might result in an
increased prevalence of obesity. The results of the analysis
suggest that there is no variation between areas of low and
high percentage of obese children’s body mass index (BMI)
when we consider the number of food outlets and other
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geographic elements of the built and physical environ-
ment. Proximity to food retail outlets, restaurants, and,
green and open spaces do not show any significant varia-
tion with respect to areas of high and low obesity. This
contradicts the research into obesogenic environment,
which suggests that built and physical environment have
an effect on obesity.* The data for the study in South York-
shire were obtained from the National Obesity Observa-
tory (NOO) and the UK Office of National Statistics, where
the proportion of obese children for specific areas can be
identified.”” The data sets provided by the National Obesity
Observatory and Public Health England are very useful in
giving the opportunity to develop powerful demonstra-
tions of geographic analysis. Our initial studies have used
geographical interpolation methods that combine the
physical and built elements to solve specific policy chal-
lenges, such as improving public health, and by under-
standing these attributes associated with the physical
environment, we can identify how they have an impact on
specifichealth problems, such as obesity. Similarapproaches
can be used for other public health issues associated with
food consumption, and these geospatial approaches may
help us to define what is a sustainable diet by interpolating
several health and sustainability criteria spatially.

We know that understanding nutritional requirements
for health is essential if we are to communicate what sus-
tainable diets are, and scientific studies have established
what nutritional requirements are and what healthy meals
should be. There are standard texts that provide data on
the composition of foods and meals; the challenge facing
us currently is to extend these data to dietary advice and
recipes that the food industry can use for health and sus-
tainability criteria.*® Protein dominates sustainable con-
sumption issues for diets, and the intake of essential amino
acids is critical to obtaining sufficient protein in human
nutrition, with World Health Organisation (WHO) guide-
lines stating that at least 0.66 g of protein per kilogram of
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body weight is required per day for maintenance of metab-
olism. Most importantly, lysine and the sulfur-containing
amino acids (methionine and cysteine) will determine the
nutritional quality of the protein source, and these attributes
of protein nutrition defined by WHO can be placed into
the context of recipes and diet. In terms of meals and diet,
different food categories have variable protein value with
respect to protein and ability to be used in recipes that
deliver sufficient protein nutrition.

Fruits generally fall below WHO protein requirements
but provide much of the micronutirients previously dis-
cussed, and root vegetables are mixed in meeting WHO
protein requirements. Leafy/green vegetables (asparagus,
broccoli, kale, spinach etc.) can provide important protein
sources, but grains are a crucial source of dietary protein
outside of livestock sources. Grains are poorer lysine
sources, with the exception of oats. Nuts and seeds vary
in protein content, with species like pumpkin providing
protein-rich seeds. Legumes are a very good source of
protein and dominated by the consumption of soy prod-
ucts, and as a protein food group, they are comparable to
meat, eggs, and milk.

Table 4.6 shows the protein content and essential amino
acid content for livestock products and define why they
are good protein sources with respect to the already
described food categories and vegetable products. These
type of data are the kind that need to be formulated into
planned diets according to the scientifically determined
composition of diet that is communicated by WHO and
other organisations. Protein is not the only point of chal-
lenge for the future, although the role of protein and micro-
nutrients in regulating satiety holds much promise for
managing overconsumption and obesity. A further chal-
lenge is to manage carbohydrate loading in diets because
of diseases that result in poor regulation of carbohydrates,
specifically the diabetes group of diseases, are at similar
epidemic levels to obesity. Indeed, the relationship between
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Table 4.6. Protein content of livestock- and vegetable-derived
foods: protein and amino acid contents of common foods (grams
per 1000cal)

Grams per 1000cal

Protein Lysine Methionine + cysteine

Animal products

Beef 72.67 6.05 2.67
Cheddar cheese 61.79 5.14 1.93
Chicken 86.51 7.02 3.45
Egg 81.16 5.83 4.41
Lamb 63.22 5.58 2.38
Full fat milk 53.93 4.28 1.85
Vegetable products
Broccoli 106.43 5.04 1.93
Kale 66.00 3.94 1.52
Spinach 129.13 791 3.91
Grain products
Brown rice 23.24 0.89 0.80
Oats 43.42 1.80 1.85
Rye bread 32.82 0.90 1.20
Wholewheat bread 39.43 1.23 1.50
Wholewheat spaghetti 42.98 0.95 1.59
Legume products
Lentils 7776 5.43 1.68
Peas 66.91 3.91 1.41
Soya milk 83.33 5.42 2.64
Tofu 106.32 7.00 2.83

Sources: These data were adapted from the following sources: USDA
National Nutrient Database for Standard Reference, available at hitp://
ndb.nal.usda.gov/ (accessed 24 April 2014); the McCance and
Widdowson’s (eds) The Composition of Foods, 5th (1991) and 6th (2002)
edn; the Diogenes GL Database MRC, available at http://
www.mrc-hnr.cam.ac.uk/research/research-sections/nutrition-health-
interventions/gi-database/ (accessed 1 May 2014); Foster-Powell, K., Holt,
S. H. A., & Brand-Miller, J. C. (2002). International table of glycemic index
and glycemic load values: 2002. The American Journal of Clinical
Nutrition, 76(1), 5-56.
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Table 4.7. Fibre, calories, and Gl per 1000cal for a range of foods

Fibre Energy Glycaemic

(grams per (calories load per
Food 1000cal) per 100g) 1000cal
Potatoes 20 85 276
Sugar, white 0 387 232
Rice, brown 10 110 210
Bread, wholemeal 28 250 180
Pasta, white 8 130 126

Source: These data were adapted from the following sources: USDA
National Nutrient Database for Standard Reference, available at hitp:/
ndb.nal.usda.gov/ (accessed 24 April 2014); the McCance and
Widdowson’s (eds) The Composition of Foods, 5th (1991) and 6th (2002)
edn; the Diogenes GL Database MRC, available at http://
www.mrc-hnr.cam.ac.uk/research/research-sections/nutrition-health
-interventions/gi-database/ (accessed 1 May 2014); Foster-Powell, K.,
Holt, S. H. A., & Brand-Miller, J. C. (2002). International table of glycemic
index and glycemic load values: 2002. The American Journal of Clinical
Nutrition, 76(1), 5-56.

them are the causal drivers of overconsumption, and
improved dietary communication to consumers by the
food industry is largely untested in the way that environ-
mental impacts are with respect to the use of footprinting
and LCA methodologies.

Table 4.7 shows the fibre, energy content, and glycaemic
index for a number of carbohydrate rich foods. Under-
standing glycaemic index is crucial here because it enables
the planning of diet with regard to slow and fast release
of sugars, essentially how quickly complex sugars such as
starch are digested, and the sugar derived is absorbed into
the circulatory system. Thus, with protein, we have the
metabolic requirement for growth and health as a determi-
nant of sustainable meals, and for carbohydrates, we have
the glyceamic index. If a diet is composed of sugars that
are only absorbed quickly, that is, they have a high glycae-
mic index, then diabetes risk is increased. The use of fruc-
tose syrups in beverages is controversial in this context
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because overconsumption of beverages with high glycae-
mic indices has been associated with increased trends in
obesity and diabetes diseases.”

Relating supply chain functions to diets and meals has
proved to be a difficult process to achieve, and it has often
been overlooked and left to the presentation of culinary
methods by the public relations and media industry asso-
ciated with chefs and restaurants. This is likely to change
in future, as the need to conserve livestock products,
reduce waste and prepare more healthy meals become
important to sustainability and health policies. The CSIRO
Total Wellbeing Diet (TWD), which has been referred to
previously, is an example of this approach, and it has come
from the Australian Government’s science agency, CSIRO.”
The diet has been developed at CSIRO’s Clinical Research
Unit in Adelaide, South Australia, and has led to the
development of the higher protein, low-fat diet that is
nutritious, facilitates sustainable weight loss, and is sup-
ported by scientific evidence. The TWD CSIRO book has
extended scope to recipes and diet plans that aim to stop
overconsumption of foods, which in turn has a very clear
sustainability and food security impact in that diet plan-
ning will reduce overconsumption, reduce waste, and
improve health. This type of approach may enable con-
sumers to assess options in dietary change based on
science in future.
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5 Challenges and Solutions

5.1 The Food System Challenge of This Century:
Is a Sustainable Diet Now Defined?

We have now seen that the determination of food product
carbon footprint can enable the development of dietary
planning across populations that result in reduced GHG
emission impacts. This has been reported by Wallén,
Brandt, and Wennersten (2002),' where sustainable food
production projections for the Swedish national diet
included large increases in potatoes, root vegetables and
pulses (greater than 50%), and a reduction in sweets and
soft drinks (greater than 50%) would result in sustainable
health and environmental outcomes. Notable increases in
fish and other cereals approaching 50% were also sug-
gested by this research as a possible route to obtaining
sustainable food consumption nationally.'! This study,
together with established data sets of life cycle assessment
(LCA) information, provide important sources of informa-
tion for the food industry that increasingly has the require-
ment to identify the sustainability criteria of the products
supplied to customers. The Wallén, Brandt, and Wenner-
sten' study also considers the proportional footprint of
fossil energy used to produce a food product. Thus, there
is a consideration of products that are not a large propor-
tion of a diet but offer significant health benefits, and those
which may use a lot of energy but much of this is not
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derived from fossil fuel, for example, the use of biofuels
(recyclableenergy) ornitrogenous fertilisers (non-recyclable
energy) for forages and grazing.

Many commentators currently state we are some way
from defining what a sustainable diet is and we are far
from implementing sustainability policy that is relevant
across an organisations supply chain activity of sourcing
ingredients and retailing foods. However, there is a
growing body of evidence that is providing, LCA data,
GWPs, accredited footprints, and conversion factors for
water use, energy use, GHG emissions, and other environ-
mental attributes. With these conversion factors and LCA
data, directors of supply chain activities can measure the
GHG, water, and other attribute impacts of their supply
functions. Communicating this in terms of a typical meal
and diet has become possible, but there is still a require-
ment to communicate the complex science that has devel-
oped these methods to consumers so that they are able to
assess consumption in terms of sustainability and security
in a practical way. Of course, current LCAs will typically
determine the specific sustainability criteria of products
under investigation as a kilogram of product such as a ‘kilo
of beef” or a ‘kilo of wheat grain’. They are not concerned
with how these relate to food brand or retailer brand
values. As the data concerning sustainability criteria
become more open source and available to organisations
who wish to define their supply chain sustainably, they
will be able to embed sustainability criteria into business
values. Clearly, the units of measurement that are typically
in the form of mass of agricultural production are not par-
ticularly useful to retailers or manufacturers dealing with
retailers because the ultimate functional unit a consumer
deals with in a food supply chain is a recipe or a plate of
food.

The interface between the manufacturer and retailer is
critical here because as we have previously stated, food
manufacturers are in a position to collate sustainability
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evidence relating to ingredients that are formulated into
food products. This will ultimately add value to products
for retailers who increasingly want to report sustainability
criteria associated with branded products. Retailers will
need to communicate sustainability criteria in terms of
meals and diet to consumers because this is how we use
food. We have seen this occur for health and well-being
attributes of products in Europe for nearly 20 years now.
It is time for sustainability to make a similar impact on the
retail functions of the supply chain using scientific evi-
dence to support it. The issue of traceability of products
still presents major problems because we have uncertainty
in the determination of where ingredients come from. Ulti-
mately, regulation will strengthen the application of trace-
ability procedures beyond accreditation. This will include
the use the geographic information system (GIS)-based
programmes that have been demonstrated here. These
approaches can determine where products come from and
associate the location of production with specific attributes,
such as soil conservation, biodiversity, and GHG emission,
wherever the sustainability analysis is made in the food
supply chain.

It is important to understand why this situation has
presented itself because it is almost blindingly obvious
that the food industry is ultimately in the business of sup-
plying meals to consumers, and those meals should be
sustainable, safe, and nutritious. Therefore, why has the
LCA arena been so dramatically diverted with food such
that it reports products in terms of kilogram amounts or
individual portion sizes at best instead of diets or meals?
An important part of determining what the future sustain-
able plate of food is will be the impact of how retailers
respond to sustainable drivers in the food industry. Current
indicators suggest that retailers are responding to a number
of issues that promote sustainability and corporate respon-
sibility. This is certainly not unexpected because food
retailers have been reporting environmental indicators for
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many years, and some have strived to obtain an overall
sustainability index for all of their organisational efforts to
develop sustainable food products. Notable systems have
historically been based on providing assurance and trace-
ability in supply chains. These are important attributes of
any supply chain, but they are specifically important for
food products because they are a prerequisite for provid-
ing robust food safety measures.

Assurance and traceability schemes developed by or
with retailers have provided environmental reporting,
established sustainability criteria for food supply chains,
and changed supply chain practices. These include the
following;:

1. LEAF Marque: The Linking Environment and Farming
systemicapproachstarted inthe 1990s and hasremained
under the leadership of Caroline Drummond as Chief
Executive since it was established. The first LEAF audits
applied an environmental management system (EMS)
approach to assessing farm sustainability. The approach
has been a stunning success, and it has extended to a
retailer assurance scheme approach where the LEAF
Marque label on food products is associated with a
farm audit and sustainability criteria.”

2. Marks and Spencer, Plan A : There are several food
retailer assurance schemes that use sustainability
criteria. A notable scheme has been developed by the
Marks and Spencer company, who have clearly linked
assurance to sustainability criteria.

3. Walmart, Sustainability Index: This assurance scheme
has linked sustainability with traceability across supply
chains. This type of approach has exposed complexi-
ties, and the goal of obtaining an index that describes
all sustainability actions across an organisation remains
to be met.

4. Roundtable on Sustainable Palm Oil (RSPO): This
scheme is focused on a specific ingredient that is used
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intensively by food and FMCG supply chains, palm
oil. RSPO is a global, multi-stakeholder initiative on
sustainable palm oil. The principal objective of
the RSPO is ‘to promote the growth and use of sus-
tainable palm oil through co-operation within the
supply chain and open dialogue between its stake-
holders.” RSPO work to ‘Principles and Criteria for
Sustainable Palm Oil Production” that suppliers must
follow. The certified sustainable palm oil (RSPO oil) is
traceable through the supply chain by certification of
each processing facility along the supply chain that
processes or uses the certified oil. This is important
because palm oil is produced in areas of the world
where changes in land use associated with palm oil
production can be related to the clearing of rainforests
if RSPO standards are not met, and these changes
would not be visible to consumers if RSPO standards
did not exist (Figure 5.1). Palm oil represents another
case of an ingredient that is utilised in many food
products and FMCGs, assuring the supply chain
for it is complex and requires a multi-stakeholder
approach.

Global Good Agricultural Practice (Global GAP): The
value of assurance schemes in the food supply chain
needs to be global, and the Global GAPs for agricul-
tural products support this goal. The Global GAPs
began in 1997 as EUREPGAP, an initiative by retailers
belonging to the Euro-Retailer Produce Working
Group. British retailers working together with super-
markets in continental Europe become aware of con-
sumers’ growing concerns regarding product safety,
environmental impact, and the health, safety, and
welfare of workers and animals. The Global GAPs
provide a ‘Chain of Custody” (CoC) Standard across
the crop, livestock, and aquaculture product supply
chain so that assurance and traceability are developed
to enhance trust between functions of the supply chain
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Figure 5.1. Global palm oil imports 1961-2012. The increasing
palm oil imports are not only associated with biodiesel pro-
duction, as significant increases have occurred before biofu-
els were promoted as liquid fuels that provided carbon neutral
options. Palm oil is used to manufacture several household
products, such as detergents and cosmetics, as well as food
ingredients, and to provide a feedstock for biodiesel
production.

Source: These data were adapted from FAO. FAOSTAT (2009).
Trade, crops, and livestock products data set. http://faostat.
fao.org/ (accessed 24 April 2014).

and due transparency is observed by consumers. The
Global GAP CoC Standard identifies the status of prod-
ucts from farm to retailer.

6. The Marine Stewardship Council (MSC): One of the
first food assurance schemes developed, it is an inde-
pendent non-profit organisation that provides sustain-
able fishing standards for fisheries. The MSC was
founded in 1997 by the World Wide Fund for Nature
(WWF) and the food manufacturer Unilever; it became
fully independent in 1999. The MSC notably relate the



Challenges and Solutions 159

5.2

sustainable use of fishery resources to meal choices
and provide a significant body of literature concerned
with recipes and how to prepare fish and sea food
produce. The MSC standard works to the principles of
maintaining sustainable fish stocks in certified fisher-
ies, minimising environmental impact of fishing opera-
tions, and using effective management by meeting
local, national and international laws.

A significant theme for many schemes that result in label-
ling standards are the links of technical and sustainability
information to meals and servings of food the consumer
experiences. The Livewell diet developed with WWF has
been developed to promote the consumption choices
associated with a healthy and a sustainable diet. The
Livewell example demonstrates this by promoting a diet
that generally has 10-15% fewer livestock products and
more vegetable protein associated with the meals it is
made up of. Reducing livestock products in meals is likely
to be a critical change in the look of future plates of food
because the consumption of livestock products is extremely
variable globally. Protein content of meals may remain at
high levels in nations where livestock products are
reduced, but the protein sources in a meal may change to
include more vegetable proteins or industrially fermented
proteins.

Supply Chain Challenges: Integrating the

LCA Approaches in Agriculture, Manufacturing,
and Retail

It is clear that a sustainable diet is part of the food security
challenge if humankind is to deliver a food system suffi-
cient for a projected 9 billion people in 2050 that uses lower
energy inputs and produces lower waste within current
land use limits.> Too often policy analysis of the food
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system recommends changes in agricultural production
system and decreased consumption as the only means to
meet this 2050 challenge.* This results in an oversight of
supply chain functions in policy, where there is a require-
ment to assess impact from production through to con-
sumption. Thisviewissupported by research demonstrating
consumption cannot be managed by consumer communi-
cation alone and supply chain solutions are urgently
required.” Life cycle approaches to identify agricultural
practices as a control point in supply must be integrated
with food consumption. Established LCA methods provide
assessments of the food system that have been overlooked
in tackling the global challenge of doubling calorific and
protein outputs. The LCA allows the definition of green-
house gas (GHG) emission impacts as the global warming
potential (GWP) and land use impacts, and it is time to use
this thinking across supply chains.

Agricultural production successes will not continue to
alleviate food supply chain stresses even though major
food crops have achieved typical yield per unit area yield
increases of 2-5% per year.® These trends are not a source
of confidence even though increasing crop yields remain a
valid target for policy development, because of the chal-
lenge of assessing ecosystem and food supply chain crite-
ria with LCA methods.” The yield and ecosystem service
components of agriculture are often analysed independ-
ently of the impact of genetic improvement and agronomic
management, which has been shown to be an oversight
in policy development® Thus, an ecosystem service
assessment approach to reporting yield is required, and
LCA techniques provide this with regard to food supply
chain functions. Ecosystem services have been considered
part of the agricultural system since 1926, when Transeau
tirst produced his treatise on embodied energy of maize
crops when it was considered that the energy available to
the agricultural system was boundless.” This systemic
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approach has been tested and refined, leading to accurate
determination of farming energy balances and carbon
footprint of European agriculture.'” LCA methodologies
are providing an option to policymakers who require a
system-wide analysis of efficiency and ecosystem services
associated with food supply chains and product life
cycles."

The life cycle approach not only identifies hot-spots of
impact in supply chains, it can show where conservation
of resources in supply chains is possible."”” These develop
trade-off relationships that would not be found using the
yield assessment alone. These trade-offs are also impor-
tant in the production of wetland rice, for example, where
emissions of methane from production are traded with
the maintenance of rice wetlands, which are an important
global GHG sink.” Livestock systems provide a specific
challenge to LCA methods because of the extreme diver-
sity in production type, which includes grazing, housed,
and integrated systems for animal husbandry. Despite
variable production and methane emissions, the livestock
production system can be defined by LCA, and the GWP
or carbon footprint data for livestock products can be
used to develop sustainable dietary scenarios. Animal
feed conversion efficiencies to edible protein conversion
efficiencies range from 5% for beef to 40% for milk in US
production systems." Thus, although livestock products
make up 39.2% of global protein consumption, feed con-
version efficiencies mean that LCA data are critical to
develop policy that accounts for their ecosystem impact.
The LCA approach shows beef production to be the more
intensive user of land resources, with pork, chicken, eggs
and milk having LCA-derived land use of less than 1t/
ha. Grazing systems are critical to ecosystem services and
global permanent pasture accounts for 3356 x 10°ha
which is far greater than any other crop (FAOSTAT 2009
data).
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The LCA approach identifies beef production as an
important system for future improvement of both GWP
and land use impact. Grazing systems are critical to the
future development of the world food system, and LCA
is beginning to account for livestock production impacts
(see EBLEX" and Dairy Co'® roadmaps). Ecosystem serv-
ices associated with biodiversity in grazing systems are
well tested, and there is further scope to assess those asso-
ciated with soil and water management.”” Thus, the effi-
cient use of feeds and forages in grazing systems is critical
to developing sustainable livestock production where it is
well documented that the demand for livestock protein
will increase.' This is why we must assess impact across
food supply chains using LCA and FAO statistics, that
show that the amount of livestock protein consumed as
beef, pork, poultry, and fish globally is 43.80 million t/
year, and average consumption trends for livestock protein
have increased to 31g of livestock protein per day for
each person globally (FAOSTAT data). Accounting for
protein balance in this way hides huge variation and mil-
lions of individuals experience protein deficiency owing
to a failure to optimise production, energy balance and
waste across supply chains. LCA approaches will con-
tinue to provide insight into livestock supply chain func-
tions, and it is the beginning of greater accountability that
will be applied to other attributes, such as social respon-
sibility, where LCA can be used to present changes in
dietary consumption in supply chains. This requires
linking LCA with census data so that impacts can be pro-
jected to population scale. The result must not be austere
dietary policy because the culture of food and tastes are
changing dramatically with the increased global produc-
tion of garlic (37.3%), chillies (24.0%), and spinach (47.8%)
in 2000-2010, being an indicator of this taste transition
(FAOSTAT 2010 data). Taste and sensory factors are as
important as production and will be a component of much
future planning for the global food system.
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In future, LCA application in policy development will
map the spatial impact of consumption in urban environ-
ments. Martindale” has reported the mapping of food
consumption in urban areas using GIS, LCA outputs, and
census data. Examples of the scenarios developed include
the consumption of a more sustainable diet containing
5% less meat and 10% more fresh fruit and vegetables as
prescribed by World Wide Fund for Nature and the
United Kingdom’s Rowett Institute research (see the
Livewell Diet)” is mapped across a population of a
million urban residents of the South Yorkshire Region in
the United Kingdom (Office of National Statistics, 2011).”
The GWP data used for foods is now well tested and
established, and the GIS-LCA hybrid approach we have
developed allows the mapping of established LCA data
with demographic data trends.! Thus, LCA can be used
to measure the efficiency of production and consumption
for individual products, supply chains, and urban food
systems.

The scenario presented for South Yorkshire in the
United Kingdom showed that around 0.9 million tonnes
of GHG produced each year are associated with the
dietary consumption of 1.14 million people.”” This total
figure relates to the UK national GHG inventory for the
whole food supply chain of 61 million food consumers in
the United Kingdom, which is reported to produce 178
million tonnes of GHG, where 50-60 million tonnes of
the inventory is associated with consumption and waste
(an additional 20 million t/year) activity.” The national
GHG inventory approach provides a robust test for our
GIS-LCA scenario, building a model using the UK
national GHG inventory of 549 million tonnes of GHG.*
The GIS-LCA approach is important because the sustain-
able criteria for supply chains vary spatially and the
impact of consumption of products in a city will be
dependant on demographic data, behavioural change,
and population size.
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5.3 Visualising the Data from the Food System
Using GIS-LCA

Food supply systems are complex, with many attributes of
food production integrating with waste, cooking, and
safety behaviours that all require measurement if sensible
policy is to guide sustainable development of food systems.
While a difficult data acquisition task, GIS-LCA can map
the attributes robustly according to the intensity of con-
sumption space. The use of LCA is crucial to account for
food supply chain impacts and to develop trade-offs
between production, consumption, and impact so that sus-
tainable options can be derived. There is a requirement for
policy to interface consumption trends with those of taste
so that future impacts such as non-meat to meat and other
transitions in populations can be identified earlier and
GIS-LCA-based methods can make projections of environ-
mental impact. There is also a requirement to communi-
cate trade-offs and mapping consumption data; providing
mapped LCA scenarios represents an opportunity to plan
policy for urban populations and their relationships with
food supply chains. Mapping methods will also support
the international accreditation systems for carbon labelling
of individual food products.” While these accreditations
are important sources of standardisation, mapping the
impact of food consumption by populations provides an
important future communication of carbon footprinting
and LCA methodology in sustainability policy.

The food system includes producers, manufacturers,
distributors, retailers, and consumers. While this segmen-
tation model of the food system is straightforward, it is
composed of several supply chains, and the number of
these makes projecting the functioning of the food system
incredibly complex. As an example of these complexities
of scale, the European food system serves some 480 million
people each day with safe and nutritious food and drink.”
The food system is not just defined by volumes of
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transactions, because the current food needs of customers
are becoming more complex, with environmental impact,
social responsibility, functional foods, nutraceuticals,
obesity, and food miles, among many other issues, driving
new products and improved business development.”
These factors are continually stimulating the demand for
innovation in the food system.”® Consumer purchase
choices are increasingly associated with health, ethical,
labelling, and environmental concerns; they are balanced
with more traditional choices concerned with product
variety, convenience, and out-of-home consumption. A
representation of the food system can be provided by
surveys that provide a complex continuum of consumer
intentions and purchase reality.”” For example, consumer
intentions to buy ethical products are often in conflict
with requirements of economical price and wide product
choice. Developing communications for improved shopper
understanding of the resource and social responsibility
history (and potential future) of products will be of dis-
tinct competitive advantage in the food and beverage
retail environment. Purchase decisions currently sum up
these choices and can often show distinct gaps in con-
sumer knowledge of food supply chains.” Identifying
knowledge gaps in supply information will provide oppor-
tunities to implement more efficient consumer communi-
cations that are able to influence decisions for purchase
based on evidence. This is critical because understanding
supply chains can clarify environmental impact and ‘food
miles’ issues associated with food and drink products.”
The impacts of these issues in the food system have been
defined by a number of models,* and the successful imple-
mentation of food supply chain sustainability and innova-
tion will follow three goals; these are highlighted as the
following:

1. The ability to utilise new and established technologies
in the agri-food arena.
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2. Sensing the regulatory and business environment to
deliver products that optimise the use of energy in the
supply chain.

3. Innovative multidisciplinary communications that
provide smarter communications for consumers with
health and ethical information about the food and
drink they consume.

Health- and well-being-focused innovations have trans-
formed how consumers purchase foods, and global pro-
duction statistics are beginning to show emergent trends
that focus on consumer demands for quality, nutrition,
taste, and pleasure.” A broad example of this is evident in
global production increases of agricultural products that
have already been highlighted for taste transitions with
spinach (337%), garlic (230%), and chillies (223%), but
noted here for between 1990 and 2005. They suggest a
dramatic change in the requirement of not only calories
and protein, but also flavour, nutrition, and taste. Food
staples, such as wheat (2%) and sugar crops (21%), have
more conserved production increases over the same time
period.

Furthermore, staple ingredients, such as sugar, provide
a case example of how information regarding health, ethics,
and environment can change consumer perception of
products. The European sugar manufacturing and retail-
ing sectors have experienced significant change because of
ethical purchasing responding to differences in the Euro-
pean sugar production framework and the world produc-
tion of cane sugar. The issues associated with sugar trade
have been largely unknown to the consumer until issues
such as ‘Everything but Arms™ and the emergence of
organic sugar (from cane and beet) became of increased
importance in purchase choice. Furthermore, consumer
awareness that overconsumption of sugar is often linked
to health and obesity issues and it has produced consider-
able activities resulting in the increased use of slower
release sugars (lower glycaemic indices), lower calorie
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sweeteners, and ‘balanced’ consumer nutrition policies.”
It is clear health will continue to drive much innovation
because it is clearly associated with enhanced pleasure and
quality of life. We are also currently seeing the palm oil
sector reviewing corporate social responsibility (CSR)
systems in supply chains in response to consumer-led
pressures. In a similar way, the coffee supply chain has
recently experienced high-profile scrutiny of CSR issues.®

5.4 Technology Enablers and Opportunities

Developing supply chain approaches to stimulate food
innovation requires the analysis of product life cycle from
the farm to the fork (or more accurately, the farm to the
home). Ultimately, supply is determined by activities that
are pre-farm gate in supply chains. The food system is
dynamic, and consumer concerns change according to the
availability of food. For example, rapid changes in the
distribution of food and beverage processing infrastruc-
ture have accompanied improvements in primary produc-
tion on farms.” The limits in regional agricultural product
supply have been ameliorated by efficient logistical infra-
structure, consumer demand, preservation, and packaging
of food.” These developments have hidden the full cost of
not producing food regionally for consumers. We are now
beginning to account for these limits in agronomic capacity
with the emergence of assurance and environmental label-
ling schemes for food.” Current food security concerns
suggest increased synergy between agriculture, food man-
ufacture, and novel technologies are required in the future
food system. This is becoming evident by the emergence
of technologies for recipe-ready (eliminating processing
and preservation),*”* lower allergenic,” and more efficient
food materials® for production. Such technologies have a
central role in closing knowledge gaps and increasing
nutritive quality and subsequently the health of billions of
people. Retailer, consumer, and regulator acceptance of
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novel technologies will be critical to the market entry of
innovative technologies. Indeed, sensing the regulatory
environment in the first instance will be essential to the
successful market entry of innovative and novel technolo-
gies. Further understanding of how shoppers perceive
food availability will be an important driver to responding
to consumer concerns that surround novel technologies.

Communication portals and databases that provide
research and evidence resources for food innovation, nutri-
tion, environment, and health issues will be critical to the
development of consumer communications. There is a
requirement for communications to be framed within a
theme, such as ethical purchase and need for the means of
framing to be based on evidence. Ethical values associated
with food products are closely related to issues of health
for the consumer and CSR for food companies. For example,
there is no doubt poor nutrition is a major cause of ill
health and premature death in many developing and
developed countries. The ‘obesity epidemic’ seems in con-
flict with the increased use of functional foods in diets and
the emergence of health- and well-being-led innovations
in the food and beverage industry. Such situations have
tiers of the regulatory, policy, and research expertise in the
public health arena thoroughly confused about how bal-
anced diet and nutrition should or could be communicated
to consumers. Clearly, the interactions between lifestyle,
diet, and public health issues are not as simple as many
commentators have thought, and understanding the
obesity epidemic in emerging economies and developed
nations is not straightforward. Communicating the impor-
tance of balanced diets is clearly a cornerstone of robust
public health communication.

New recipe development and new product develop-
ment (NPD) is a significant area for much innovation.
Innovations need not be new and may solve long-term
issues that relate to product quality in manufacture,
cooking, storage, and distribution, and subsequently result
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in customer experience. As an example, regulator and
allergenicity issues are currently driving innovative imple-
mentation of modified atmosphere packaging solutions.
For example, the preservation of fresh produce without
using sulfur dioxide and sulfites as preservatives has pro-
vided significant impact in the fresh produce sectors.*
Sulfites are used as preservatives and have been associated
with allergenicity; regulatory changes have moved to
remove sulfites from foods. This has led to manufacturers
considering the use of packaging solutions and modified
atmosphere packaging that excludes oxygen. The modi-
fied atmosphere packing inhibits the action of phen-
yalanine lyase enzymes that cause browning of fresh foods
in oxygen-containing atmospheres.

Thus, companies must integrate current food security
policy initiatives into process and manufacturing design
and guide many future activities that deliver sustainability
and drive future policy. Companies can develop CSR
systems that provide fairness by aligning their business
operations with policy guidance and use traceability data
to define the social responsibility associated with products.
Responsibility will not only include lowering environmen-
tal impacts, but also consider human rights, welfare, and
nutritional outcomes. Responsibility associated with nutri-
tion is a current policy focus because of the rising levels of
obesity in developed and developing nations.

The World Wild Fund for Nature has developed the
Livewell Diet with the Rowett Institute, which has been
highlighted previously, and the approach taken will
become an important source of change in the food system.
The diet is based on sustainable criteria and independent
research carried out by the author shows that the 7-day
diet has a reduced carbon footprint based on data derived
from Wallén, Brandt, and Wennersten.! The reduction
in carbon footprint as compared with the current diet
in the United Kingdom reported by the National Diet
and Nutrition Survey is between 5% and 10% lower per
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person per day. These represent small lifestyle changes
that processors and manufacturers can stimulate using
portion and product design options. However, initial
research shows the waste food generated from more sus-
tainable diets is greater than current food waste. These
scenarios place important considerations on planning for
sustainability. It is critical that sustainability planning by
the processing and manufacturing sectors is integrated
with changes in the way in which consumers utilise and
dispose of food. This again represents opportunities for
processors to consider the value of preservation and freez-
ing options to enhance the sustainability criteria of food
products.

The process of benchmarking sustainability criteria
across food supply chains and populations will provide
applications for food processors and manufacturersbecause
it is clear that the sustainability of a supply chain cannot
be assessed by carbon equivalent emissions, water use, or
waste production alone. A far broader assessment of sus-
tainability is required that relates social responsibility,
carbon, water, and waste to the consumption behaviour of
individuals and populations. Many farm and food assur-
ance schemes attempt to consolidate sustainability criteria
for products, but there are still significant opportunities to
assess and communicate sustainability criteria for indi-
viduals and benchmark these to typical population trends.

The development of new products that target the health-
iness and well-being markets has increased significantly
since the 1990s when the UK government’s Foresight group
for food and non-food crops supply chain management
identified health as being a major factor in the future food
industry. However, the link to whole meals was not
robustly made and left to recipe publications and popu-
larisation of culinary skills and food preparation. This
scant attention to whole meals and diets by the processing
and manufacturing industry will not provide sustainable
outcomes for food supply and needs to change. There have
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been significant areas of recipe development that have
impacted on the food manufacturing and processing
sectors. For example, traditional recipe planning used by
manufacturers in NPD has made use of cheaper ingredi-
ents, such as fat and salt, to reduce the unit cost of product.
However, health policy developments, such as the UK
Food Standards Agency ‘Five-a-Day’ programme, have
changed the approach of many manufacturers to NPD.
For example, in the United Kingdom, commercial
and government-led policy pressures have resulted to an
increase in the utilisation of vegetables for ‘bulking-out’
(and cost reduction), the attainment of product marketing
claims based upon the ‘Five-a-Day’ initiative, and a
decrease in the salt content of recipes.

The reduction of salt has been area of much process
innovation even though the impetus for salt reduction has
been guided by regulators raising the issue of who drives
the requirement for changes in recipes so that they align
with healthier outcomes. The UK Food Standards Agency
emphasised the requirement to reduce salt consumption
to 6 g of salt or 2.40g of sodium per adult per day. The UK
government has reported that in 2008, sodium intake,
excluding table salt and allowing 10% for wastage, was
estimated to be an average of 2.78¢g/person/day from
household purchases plus food eaten outside the home.
This is a reduction of 2.2% on 2007 and a 14% decrease
since 2001-2002. Thus, the food manufacturing and
processing sector has responded to a national health indi-
cator. This is emphasised by the use of umami flavours that
have been derived from seaweed or yeast products as
alternative flavour enhancers and have provided innova-
tive product formulation in the food processing sectors.
These scenarios need to be integrated into whole meals for
sustainable health outcomes.

Consumer data regarding the use of foods in households
represents a distinct gap in our understanding of how
consumers interact with foods and data on the experience
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of taste and satiety are an essential part of developing new
products and changing how they are manufactured.
Flavour and fragrance composition is recognised as a
highly complex and technical aspect of formulating foods,
but our understanding of how satiety is controlled will
impact on how we manage the planning of resulting food
product design for sustainable processing. This is an area
where nanotechnology is providing new understanding of
encapsulation and delivery of nutrients in the body. Under-
standing consumer experience of taste will provide insights
into how nutrition and satiety interacts with consumption.
The food industry can respond with novel approaches of
formulating products; as an example, that use optimised
micronutrient content in foods as a potential means of
reducing consumption of energy-dense and nutritionally
poor foods that enhance appetite and overeating. The
opportunities for understanding taste, satiety, and con-
sumer behaviour should be considered together with those
of materials and the texture of foods by processors for
innovative outcomes. These criteria are currently being
considered with regard to products across the food indus-
try to further develop CSR strategies.
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The Future and Our
Conclusion

6.1 The Future Food System

Visionaries in the corporate world who strive for their
businesses to meet sustainability goals tend to associate
them with risk reduction, while those who do not imple-
ment sustainable management tend to be deterred by risk.
What should be always considered is that projections are
nearly always wrong, in that they are projections, and this
goes for population projections and business projections.
The longer the time period the projections run for, the more
likely they are to deviate; these basic rules are important
to consider because projections may only be viewed as
guides to future trends. Risks in business are all too often
associated with failure, and herein are the problems with
meeting sustainable goals. These are illustrated by Yvon
Chouinard, CEO of the Patagonia Company, who deter-
mined human values of enjoyment and focused on com-
ponents of awhole system to achieve sustainable outcomes.'
These are achieved by balancing the production capacity
to consumer requirements and the consumption impacts
with the available options of recycling, reusing, and repair-
ing products.” Measurements of success are classified in a
dualistic way using quantitative and qualitative analysis
that is now described, and the goal is to use both forms of
analysis to reduce risks of implementing sustainability in
businesses.
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Technical systems, such as LCA, that quantify sustain-
ability attributes, such as embodied greenhouse gas emis-
sions, enable labelling and evidence-based statements to
be made regarding products. The technical measurement
systems can also redirect strategy because LCA approaches
can identify processes that result in lower embodied energy
during a product lifecycle. In the case of Patagonia, LCA
was utilised to show that polyester fibres were less impact-
ing than cotton fibres with regard to embodied energy,
greenhouse gas emissions, and water use. This measure-
ment guided Patagonia in making design and resource
decisions for the future. However, LCA and labelling activ-
ities of a business can only go so far in providing a measure
of sustainability. They cannot form the only basis for an
overall scorecard of sustainability.

Qualitative values within organisations are critical to
attaining sustainable goals and measuring these presents
numerous problems. The approach of visionary CEOs to
date has been to develop integrated or step-by-step
approaches to achieving an overall goal. The steps are
based on the human values of enjoyment, fun, and respect.
Results are impressive; such approaches work and trust is
a core value across the supply chain and organisations
involved with it. These caveats are explained in greater
detail in Yvon Chouinard’s book, Let My People Go Surfing,
which notable ecological researchers have lauded as a
handbook for responsible corporations. Approaches to
sustainable business need to be bold, and they are excep-
tionally risky because they will move away from standard
practices. What is critical is the perceived value of trust
within an organisation. Valuing and quantifying trust may
not be an impossible or complex task. Evolutionary biolo-
gists have quantified altruistic and selfish behaviours;
indeed, these methodologies have transformed modern
biology. Scientists can even quantify altruistic and selfish
traits to specific genetic attributes. Behavioural models of
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altruistic nature have been applied in the financial sectors,
but we have yet to test them within the sustainability
arena. I believe that business leaders have developed
methods of achieving sustainability through trust, and sci-
entists now have an opportunity to formalise these trust
values using evolutionary behavioural models.

An awareness of data capture and utilisation is critical;
it will continue to change the way we work, and it will be
the lifeblood of the new models of supply. The volumes of
data required to predict and understand consumption are
becoming attainable as a consequence of open sources,
wireless communications, and online digital arenas. These
represent an important development in humankind’s
ability to utilise data in the last decade. The data concern-
ing consumption of products in populations provide
important insights into how impacts are manifested in
society. Corporates and consumers in the future will
demand a requirement to measure the impact of consump-
tion in populations with regard to their social, economic,
and environmental values and attributes. It is impossible
to appraise the sustainability attributes without making
and assessment of supply chains for producing and con-
suming products.

Traditionally, supply chain data have been processed for
labelling schemes that prescribe particular qualities on
environment or fairness to a specific product. For produc-
ers, this has been delivered as the stewardship and assur-
ance schemes; for manufacturers, it has been focused on
health and safety, and retailers have provided a melting
pot where each of these labels have been presented to the
consumer to see what is perceived as most important by
them. There have been notable successes, but it is a chaotic
system of assessment that is not suitable to the future
supply chain function where data are collected in real time
all the time. The failures of the labelling system for sustain-
ability are illustrated strongly by corporations led by
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visionary goals of creating a sustainability index for their
organisation and products. When this has been attempted,
it has failed but is it possible to do?

The increased ability to capture production and con-
sumption data can be integrated with supply chain analy-
sis methods to provide opportunity for the future corporate
to exert decisions associated with measureable trust and
tairness. The producers, manufacturers, retailers, and con-
sumers segments of supply chains have traditionally had
defined start and stop roles or points, but open-source
information has made this type of segmented approach
increasingly integrated with a more comprehensive data
system. Models detailing the linear relationships of supply
chains are not sufficient anymore, and there are opportuni-
ties to apply more dynamic theories of supply and con-
sumption that transform our view of what is achievable
and sustainable. Control theory offers one such methodol-
ogy that is likely to be more applicable to our future world
view because it accounts for supply chains working
together and sums the impacts of components within a
supply system. Control theory presents supply chains as
branches in throughput pathways, and the flow of materi-
als through them are proportional control coefficients.
Control coefficients that are removed from equilibrium
points are control points of the system. The sum of control
of these pathways is always unity, and the control points
are critical to the working of these pathways. Thus, control
theory provides the means to analyse the operations effec-
tively, such as supply and consumption, providing a means
to measure them at specific points or definite parts of a
system where they might vary in control; these are the
critical control points. Measures of sustainability in systems
and supply chains will focus on control points of supply
and consumption; models based on control theory can be
applied to determine where an intervention to a supply
chain is likely to be most effective at improving the sus-
tainability criteria.
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A traditional view of where supply chains should be
deployed is based on standard compound interest (return
on investment) and maximum sustainable yield models.
These approaches need to be made more robust and control
theory provides a significant basis to determine how supply
chains work; models of colonisation can also provide
insights into where opportunities that are sustainable actu-
ally are. The models concerned with island biogeography
can be applied and can integrate existing views of ecosys-
tem service values. Current theories regarding connectivity
can provide assessment of how robust supply and con-
sumption dynamics are likely to be realised.

The threat of limited food security has been highlighted
globally by the perfect storm scenario of recent years,
where the attributes of environmental degradation, eco-
nomic growth, population increase, and climate change
have uniquely impacted on the world food system. This
has focused intense policy activity on sustainable produc-
tion, processing, and manufacturing of food products. The
major issue we have not fully considered for food sustain-
ability is managing responsible food consumption because
it has a most important role to play in determining the
environmental impacts of resource use as identified by key
policy and research reports. Indeed, reporting of limita-
tions within the food system has highlighted crisis situa-
tions for governments and the populations of nations. If
we are to manage food consumption sustainably, it is nec-
essary to investigate the resource flows across food supply
chains where the processing and manufacturing functions
have a critical role in delivering sustainable products. The
role of processors and manufacturers will be critical
because profitable business practices can be maintained by
sustainably reducing resource use.

Food processors and manufacturers have a critical role
in the supply chain with regard to designing products that
are integrated into sustainable diets. Currently, measured
sustainability criteria, such as the carbon footprint, are
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focused on the embodied energy and GHG emissions asso-
ciated with individual products. However, populations eat
whole meals, not individual products, and the sustainabil-
ity criteria of diets are largely unknown and untested. I
consider that the delivery of sustainable diets presents
future opportunities to processors and manufacturers. This
is because product development innovations can focus on
the delivery of whole meals, and the associated GHG,
water, and waste impacts are associated with diets where
they have previously been reported for individual food
products, not meals. Indeed, this presents a novel approach
that many processors and manufacturers have not fully
considered yet even though the food industry has devel-
oped meal guides, recipes, and recipe literature associated
with specific products delivering nutritional goals for con-
sumers. However, sustainable goals or impacts of food for
consumers are not generally promoted in dietary guides
and literature. This results in sustainability being perceived
as an interesting but immeasurable consumption goal for
many organisations and individuals. It does not have to be
like this because the industry has the tools and skills that
have been applied to improving nutritional communica-
tions that can provide a model for the promotion of
sustainability.

Our analysis has provided the position that if consumers
could measure and respond to the sustainability value of
whole meals and their diet, then they would potentially
change how they purchase and consume products for sus-
tainable outcomes. Indeed, we suggest that the future con-
sumer will hold both nutrition and sustainability criteria
of foods with equal value because the manufacturing and
retail functions will deliver these values with products.
This will mean that processors and manufacturers will
have to design products for diets that are nutritionally
robust and result in lower GHG emissions, water use, and
waste production. We believe the evidence base to do this
exists through those sources that are freely available, and
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the innovations in product development can be utilised to
deliver this dual goal of nutritional and environmental
sustainability for 9 billion consumers. For example, the
open innovation programmes developed by major food
manufacturers and publishers in recent years are indica-
tive of this emergent open-source information resource
available to food product developers and companies.

Population pressures remain dominant in food security,
and the transition from the rural producer to the future
urban consumer in the 2050 world means there has to be
an improvement in the efficiency of resource use in food
processing across whole food supply chains. It is an essen-
tial component of getting food to more people using
decreased inputs, and population projections provide a
specific challenge to the food processing and manufactur-
ing sectors. An essential component of realising these
greater efficiencies is the integration of farming, process-
ing, and manufacturing with regard to producing sustain-
able quality and quantity of food. The reduction of GHG
emissions, water use and food waste will be essential, and
the integration of smarter design and logistical planning
in supply chains is required to do this. Marketing the sus-
tainability agenda to consumers will help to ameliorate
threats to food security that are also institutional or behav-
ioural in nature.’

An understanding of the whole food system and supply
chains will be required by food processors and manufactur-
ers because consumers are changing lifestyles, expectations
and demand for specific foods.*” Nations that are undergo-
ing rapid economic development, such as Brazil, Russia,
India, and China, will experience large changes in manu-
factured food demand. This is most emphasised globally
by the transition of populations living rurally to those
living in urban environments. Urban living is associated
with changes in how meals and diets are used, and it will
change associated choice editing across all supply chains.
FAOSTAT data show increased urbanisation for the global
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population. This scenario is specifically emphasised by the
transition for China and India, where rapid urbanisation
will result in dramatic changes in food demand not only in
terms of volume of products but also in terms of the life-
style criteria associated with those products.”

The future food system will result in a requirement for
food processors and manufacturers to consider the follow-
ing three principles:

1. The design of efficient supply chains that can deliver
safe perishable foods that require efficient preservation
that is dominated by the cool chain. A future food
system must consider all preservation techniques that
can extend the shelf life of products in urban retail
environments, including ultrasound, high pressure,
and irradiation treatments of food products.

2. The design of foods that provide sustainable meal
planning, providing high nutrition and low environ-
ment impacts, is a focus for sustainable development.
This will require an assessment of portion size and fit-
for-purpose packaging so that consumers can use the
appropriate amounts of food for meals and produce
less domestic food waste.

3. Aligning processing and manufacturing practices with
policy guidance is critical for regulatory compliance.
However, the food processing and manufacturing
industries hold an important supply chain position,
where data sets required for footprinting products are
routinely collected but not fully utilised. This provides
an opportunity to lead and develop food and con-
sumer policy in the future food system.

The integration of regulatory measures and policy-making
has stimulated food manufacturing and processing com-
panies all over the world to develop sustainability strate-
gies that have specific focus on issues related to energy,
water, waste management, and the environment.” These
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plans are driven by social, legislative, economic, and politi-
cal issues that will result in food products being made with
a lower energy, carbon, and water footprints. These strate-
gies focus on the following criteria:

1.

The cost of energy and water is rising and water will
become scarce and vary in availability because of
climate change.

Legislative and financial issues may restrict water use
and impose restrictions on the amount of greenhouse
gases a product can embody in a carbon footprint.
There is also likely to be tougher legislation and/or
financial costs on effluent discharges and waste gen-
eration, and all food sectors will need to be prepared
to manage these changes.

Choice editing pressure will be imposed on the food
industry by retailers and consumers for producing
products that are environmentally friendly with low
carbon and water footprints. Therefore, understanding
how to robustly communicate processing operations to
consumers is crucial to business success.

Companies will become more aware of their social and
human rights responsibilities to their customers and
the environment, and they are likely to implement
‘fairer’, ‘greener’, and ‘leaner’ approaches in their
manufacturing operations. This is already an impor-
tant issue, with many visionary companies endorsing
policies on sustainability and integrating them into
their mission statements.

Sustainable food manufacturing has been proven to
have a positive impact on the profitability of these
visionary companies.

Furthermore, consumer demand for sustainability criteria
has increased even though most purchase decisions are
clearly focused on price and quality criteria of products.
An apparent opportunity for the food manufacturing and
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6.2

processing sector is the increased awareness of meeting
energy use targets through national reporting and trading
schemes that aim to decrease greenhouse gas emissions.
Energy consumption reporting is critical within the food
processing and manufacturing sector because energy
inputs are intensive for generation of steam, hot water, and
heat. The emergence of markets that support greenhouse
gas emission reduction has provided sector leadership and
the opportunity for companies to differentiate their prod-
ucts based on sustainability criteria associated with supply
chains. An important aspect of developing sustainable
foods remains the engagement of external and internal
stakeholders for the food supply chain.

Our Conclusion

Communication of science and technology is an essential
component of the practicable use of sustainability data asso-
ciated with food supply chains, and this is also the target for
the application of future creativity and invention in dealing
with consumers. This has clear implications for managing
knowledge; the communication of science in the media is
often achieved by non-scientists, and the media may report
accurately but not scientifically. There are naturally worlds
of differences between a newspaper and a scientific journal.
Furthermore, there is an extremely competitive grading and
assessment system for the thousands of peer-reviewed jour-
nals within the scientific community. Does this really make
any difference to what weread solong as it informs opinion,
develops ideas, and keeps us up to date? Scientists in the
media are as established as the term scientist itself, and
current exposure to scientific communication through
online and social media resources is greater than ever. A
review of recentnews stories from blog or social media feeds
will give an idea of what drives media interest, which is
constantly running 24 hours a day, every day of the year.
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The food and health sector is a vibrant source of media
frenzy, disruption, and current views on how large organi-
sations develop and market new ideas and products is of
almost constant interest. The emergence of new and ‘old’
issues, such as food security and food safety, follows on from
this. Thus, media stories need not be new, but they will
always catch public awareness and attention.

The quality of diet is an area where science enters the
media foremost, and the relationship between diet and
health is a close but overlooked one. A consideration of the
cultural attitudes towards science can provide useful
insights into how new ideas and technologies have devel-
oped. It is customary for science to distance itself from art
and social disciplines. However, major breakthroughs in
scientific study often have roots in being stimulated by
cultural or market drivers. The development of manage-
ment systems can help businesses provide statements of
environmental and social responsibility here. They have
been a significant outcome of environmental awareness.
These management systems have defined aims and out-
comes and can be applied to all industrial sectors. The use
of LCA and environmental management system (EMS)
frameworks has provided an important means for the food
industry to begin to assess the impact of supply chain
activity. The challenge is to make these analyses relevant
to consumers by relating the science to meals and diets.
These are the functional units that producers, manufactur-
ers, and retailers must work with to ensure the delivery of
sustainable products for consumers. The regulator has an
important role to play because laws and enforcement can
stimulate change; for example, the emergence of GHG
emission trading and credits for GHG reduction has trans-
formed energy use across the industrial arena. However,
it is the incentive to improve efficiency within supply
chains that provides major leaps forward because they are
source of innovations and activities that will deliver what
consumers want.
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Developing product sustainability values alongside
those of value and quality have become important to all
functions of the food supply chain. This is evident in the
assurance scheme and labelling revolutions that have
occurred across food supply chains over the last 20 years.
As an observer of this change within the agricultural and
food industry, I have found that most innovations and
steps towards developing sustainable products come from
businesses who see opportunity in developing products
that provide consumers with lifestyle choices they want,
as well as the quality and price incentives. This change
demands that businesses utilise both quantitative and
qualitative data to guide decisions: the quantitative aspects
are concerned with methodologies such as LCA, and quali-
tative aspects are largely concerned what consumers
require, want, and how they utilise products. Using a
mixed-methods approach, both quantitative and qualita-
tive, is a necessary outcome of developing a sustainable
strategy for any FMCG supply chain.

Understanding resource efficiency and the criticality of
specific materials used by food supply chains will shape
the form of the second Green Revolution that follows the
first, which solved many of the production issues that were
the cause of food insecurity in the twentieth century. We
have seen the emergence of assurance and traceability
schemes in the twentieth-first century and their establish-
ment has strengthened the values associated with foods.
There remain significant challenges to providing food secu-
rity, and it is clear that what, and how, the consumer uses
ingredients and foods is crucial to delivering sustainability
and security to the global food system. The development
of the current food system has established trade organisa-
tions and agreements that will respond to security and
criticality issues more efficiently than ever before and
provide a deeper understanding of criticality within supply
chains. Developing responsibility across the food system
will mean there is an increasing requirement to understand
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what consumers require. This will result in far more crea-
tive ways to handle consumer data, and this will require
integration of qualitative and quantitative analyses. Increas-
ingly developments that solve sustainability challenges are
being made outside of government actions and incentives
because there is a very clear business case to achieve secu-
rity and sustainability. The unit of this change is the meal
we eat three or four times a day, the recipes we prepare and
the foods we order. Small changes in obtaining the appro-
priate protein intake, reducing food waste and getting the
correct nutritional balance associated with this plate of
food will provide solutions to the challenges that currently
face us. It is hoped that this book goes some way to high-
light how these changes are going to be made, managed,
and measured by humankind’s future food system.
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Figure 1.7 CAP expenditure and reform path budget evolution; while
overall (unadjusted) budget has increased, it is worth noting the
changes in distribution of the main measures (specifically the increase
in Direct Aids and Rural Development), as well as the significant
increase in number of farm businesses, together with the enlargement
of the EU.

Source: The graph is from the DG Agriculture and Rural Development,
Agricultural Policy Analysis and Perspectives Unit © European Union
(2013). http://ec.europa.eu/agriculture/cap-post-2013/graphs/index_en
.htm (accessed 22 April 2014).

Global Food Security and Supply, First Edition. Wayne Martindale.
© 2015 John Wiley & Sons, Ltd. Published 2015 by John Wiley & Sons, Ltd.



796 : 470 : 438 180:60: 120

948 : 395 : 397
UK average wheat yields 410 462 - 434ﬁ @ .

7 188 :426: 199
160: 60 : 60
6 61:173:76
5 ﬂ 80:40:40 1 Hereward
20:0:0
4

w
w
o
w
o
o

| FunglCldes
*» ¢ Herbicides

¢ * *
2 *7 we ¢ I ﬁ Cappelle Desprez
1 Liming

Square master

0 " " " 1 " " " 1 " " " 1 " " " 1 " " " 1 " " " J
1880 1900 1920 1940 1960 1980 2000

Figure 2.1. The development of agronomic innovations and their rela-
tionship to average wheat yields in the United Kingdom. Red arrows
show the recommended N:P:K fertiliser application (the fertiliser
recommendation for wheat in kilograms per hectare) at that date, the
actual amounts of fertiliser as N:P:K applied is shown with blue
arrows (in thousand tonnes). Development of different wheat varieties
are shown with black arrows, and new agronomic techniques are
shown with green arrows. The graph demonstrates the agronomic
development of the wheat crops and the innovations that have made
dramatic grain yield increases possible.

Source: The wheat yield data were obtained from FAO. FAOSTAT
(2012). Production, crops (data set). http://faostat.fao.org/ (accessed
22 April 2014). Fertiliser data were adapted from the data presented
by Cooke (1977),* and agronomic practice data were developed by W.
Martimz?le as part of an OECD Cooperative Research Fellowship
(2001).
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