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ABSTRACT

Demand for both food and water are projected teegmse substantially in the next
four decades. Water scarcity is also projectedntrease in scale and complexity.
Climate change is projected to increase tempemgtspatio-temporal variability in
rainfall, frequency and severity of droughts and sater stresses to crops. Due to the
crucial role of water in crop growth and yield fation, prolonged or severe soil water
deficits in crop producing areas can result in tarfigal yield penalties. The potential of
food trade to help address food insecurity as altre$ insufficient water availability for
crop production has been rationalized in the vinugter concept. The aim of this thesis
was to improve the evidence base for understandimd) evaluating the relationships
between future water availability for crop prodoatiand food trade (or virtual water
flows), and the utility of the virtual water cond¢efo inform policy and management
decisions on water-food security.

The UK and barley were used as a model countrycaog, respectively. Three
crop growth simulation models (AquaCrop, CropWatl AlaSim) were evaluated for
their abilities to estimate the water use of 10dyagenotypes. Subsequently, the effect of
projected climate change on UK barley yields in #@80s, 2040s and 2050s was
simulated using the high, medium and low emisst®narios data from the UK Climate
Projections 2009 (UKCPO09). Projections of total W#ed barley supply and demand
were performed to quantify potential virtual watiews and to analyze the implications

for food security and policy.
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The results show that the predicted water use deypaliffered between the
models but not among the genotypes. Predicted sebswater use of the barley
genotypes ranged from 241.4 to 319.2 mm. Baseti@nobt mean square error (RMSE)
and the index of agreement (D-Stat) values, CropMédibrmed poorly while AquaCrop
and WaSim performed excellently. Barley yields ungeojected climate change
increased substantially over baseline yields inU#l regions. Projected mean barley
yields for the UK ranged from 6.04 tons’h@030s) to 7.77 tons Hg2050s). In spite of
the projected increase in yields, the UK facesrigieof large deficits in feed barley and
meat supply from the 2030s to the 2050s due tonabowtion of population growth,
increased per capita meat demand and reductionanith area allocated to barley
production. Finally, current water scarcity consepere found to be incompatible with
water availability and consumption in crop prodgcereas, a situation that diminishes
the usefulness of the virtual water concept foriqyol To address this deficiency, a
framework for making water scarcity compatible witlop production was proposed.

In conclusion, the poor performance of CropWat imaglications for its wider
use in quantifying global virtual water flows assed with crop trade. Eventhough UK
barley yields are projected to increase under ptege climate change, the projected
deficits in feed barley and meat supply threatendestabilize future UK food security.
The UK can rely on import to offset the large disicn feed barley and meat supply but
can use the proposed framework to reduce the affeits imports on water scarcity in
the exporting countries. The proposed frameworkrawgs understanding and evaluation
of the role and usefulness of the virtual watercem in water-food security policy and

management decisions.



CHAPTER 1

INTRODUCTION

Water is an essential resource for crop productoosystem services and socio-
economic development. Apart from its direct constiomp for domestic and health
purposes, water is crucial to the systems thatedife and economy such as industrial
production, energy production, transportation, fqgodduction, environmental control,
and sustenance of ecosystem services and valuéle &¢hess to both water and food is a
fundamental human right (Dubreuille, 2006; UN, 194Be production of food is directly
and intricately locked up with sufficient water dshility. This thesis explores the
relationships between future water availability twop production and the role of food
trade in ensuring food security in a changing cteandhis Chapter introduces the general

background and context, the aims and objectivestlam structure of the thesis.

1.1 Background and Context

1.1.1 Critical Role of Water in Food Production

For crops, water plays a crucial role in photosgat$, translocation of assimilates,
acquisition and utilization of mineral nutrientg,dination and turgidity of cells (Pinheiro
& Chaves, 2011; Barnaba&s al., 2008; Passioura, 2006; 2002; Gardner & Gardir883;

Boyer, 1982). Water and carbon dioxide (@re the two main raw materials used in
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photosynthesis, the key process by which biomassprizduced by crops. For
photosynthesis to occur, stomata must open to @in@d@, from the atmosphere to the
chloroplasts while water is transpired along theeaoute both to deliver solutes to the
shoot and to cool the leaves. Transpiration ac&oiomt99% of water abstracted from soil
by crop roots while the remaining 1% is used inabhetic activities (Hess, 2010; Shahin,
2003). The formation and realization of yield paignin crops are regulated by the
interaction of light, nutrient and water availatids (Rajalaet al, 2011). In cereals, for
example, water is often the primary regulator c#lgiformation (Rajaleet al, 2011;
Barnabast al, 2008; Araut al, 2002). The availability of sufficient water fhe root
zone is therefore crucially important to drive pisynthesis, biomass production and
yield formation (Rajaleet al., 2011; Barnaba®t al, 2008; Boyer & Westgate, 2004;
Rockstrom, 2003; Araust al., 2002).

Globally, agriculture has the largest share of lasd (Foleyet al, 2011), with
rain-fed agriculture covering about 80% of culteéiand and contributing about 60% of
yield (Foley et al, 2011; De Fraiture & Wichelns, 2010; Thenkabeil al, 2010;
Rockstrom, 2003). Seasonal or intra-seasonal vsitess is the most frequent abiotic
stress that limits crop yields in most rain-fed cagcosystems (Rajalat al, 2011;
Barnabaset al, 2008; Boyer & Westgate, 2004; Araasal, 2002; Boyer, 1982). The
duration and timing of water stress, especiallgrédical growth stages, such as anthesis
and grain-filling in cereals, can have a profoufféat on yield. Prolonged periods of soll
water deficit can lead to premature senescenceapscand substantial yield penalties
(Anjum et al, 2011a; Rajalat al, 2011; Barnabast al, 2008). This suggests that the

production of food depends on the timely avail&pitif water in sufficient quantities.



1.1.2 Water Is Becoming Scarce

It is now widely acknowledged that water is becagniscarce due to
overexploitation, pollution, inefficient managemerand increasing demand and
competition among water use sectors (Vorésmettgl, 2010; Chapagain & Orr, 2009;
Rijsberman, 2006). Water scarcity will remain a engghallenge to human security and
development in general through the'2entury (WRI, 2003). Available evidence suggests
that water scarcity is expanding geographically endery likely to increase in severity
and complexity in the future if current abstractaord management practices continue (De
Fraiture & Wichelns, 2010; Kummet al, 2010; Vérosmartet al, 2010; Falkenmarkt
al., 2009; Falkenmark & Molden, 2008; Molden, 2008ng & Zehnder, 2007; Islawt
al., 2006; Arnell, 2004; Falkenmark, 1997). In Ewepppproximately 113 million people
live in water-stressed areas and water scarcityndeeasing steadily, especially in the
southern, Mediterranean region (EEA, 2010). It besn projected that, by 2050, a third
of the global population will live in water-scarceuntries (Falkenmarét al, 2009; Yang
& Zehnder, 2007).

Projections indicate that climate change, poputatigrowth, urbanization,
economic development and certain legislative imsents (e.g. EU Water Framework
Directive, WFD 2000) will interact in complex waymnd across multiple scales to
complicate or exacerbate future water scarcity €gight, 2011; Hanjra & Qureshi, 2010;
Hugheset al, 2010; Strzepek & Boehlert, 2010; Batgsal, 2008; Marcotullioet al,
2008; IPCC, 2007). In particular, climate chang# intcrease temperature and variability
in precipitation, with adverse implications for watvailability and requirement for crop

production (IPCC, 2007). Irrigation is the mainpesse to crop-water deficit. If irrigation
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is properly applied, yields of irrigated crops dan exceed those of rain-fed production
(Hanjra & Qureshi, 2010; Ali & Talukder, 2008). ization already accounts for 70% of
global water withdrawal (or over 80% in semi-arigdaarid agro-ecosystems), making
crop production the most water intensive humarvegt(De Fraiture & Wichelns, 2010;

Faramarziet al, 2010a; Liuet al, 2009; Molden, 2007; Rockstrom, 2003). Irrigation
however, can put agriculture and crop productiodirect competition with other water-
use sectors, particularly when water is in shoppyu The complexity and spatio-
temporal dynamics of water scarcity suggest a fieedtudies on the risk and extent of

water stresses in predominantly rain-fed crop pcodpareas under future climates.

1.1.3 Water Scarcity Undermines Food Security

Food security can be defined from several persgestiepending on the purpose,
context or scale of application (Gort@t al, 2009; Pinstrup-Andersen, 2009; Rocha,
2007). The most widely used definition of food s#gus: “food security exists when all
people, at all times, have physical and economaess to sufficient, safe and nutritious
food that meets their dietary needs and food pegiees for an active and healthy life”
(FAO, 2006a).The dimensions of food security are availabilitgcess, utilization and
stability of the first three dimensions (FAO, 20Dda this thesis, food security is defined
as the the risk of adequate food not being availablE€hakraborty & Newton, 2011;
Newtonet al, 2011).

The inexorable dependence of food production oremavailability implies that

water scarcity constitutes a direct threat to famturity. The global population is
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projected to increase from 7.2 billion at the eh@@l3 to 9.2 billion in 2050 and increase
by a further 0.2 billion between 2050 and 2100 (UNR006). Thus, demand for food and
water will increase sharply up to 2050 (Spring, 20®rojections suggest that global food
production needs to increase by 50-70% over 20084@1s to meet the projected demand
in 2050, with cereal and meat production needinig¢oease by nearly 1 billion and 200
million tons respectively (Alexandratos & Bruinsni2012; Spring, 2009; FAO, 2009).
The implications of these projections are that @dtural water demand will increase
substantially. Water stress in rain-fed agro-ecesys is projected to become widespread,
more frequent, and increase in severity due toatiknthange (Dai, 2011). However, as
water scarcity increases, it is likely that watdll we treated as a commodity and the
principle of efficient allocation of resources wilkely shift water away from primary
sectors (such as agriculture) that have low returnnvestment to more economically
productive sectors such as industry (Dinar & Moigh@97). Given this context, the hard
guestion remains how to ensure food productionufficsent quantities in a manner that is
ecologically and economically efficient, sustairegl@dnd does not disturb supplies to other
water-use sectors. There is, therefore, a neeslsisa the viability of current rain-fed crop

production systems under future climatic conditions

1.2 The Role of Virtual Water in Ensuring Water-Foad Security

There is an urgent need to find options for mamita both water and food
security simultaneously under possible future watarce conditions. Two key

qualifications of such options should be the apitd illuminate understanding of the
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inevitable tradeoffs required in the nexus of wated food security, and the ability to
effectively link the agro-ecological and socio-egoric conditions that underpin the food
system to policy and management decisions. Vimuaer is one of such options. Virtual
water refers to the volume of water used in pradye unit food commodity that is traded
(Allan, 2003; 2001; 1999; 1997). The strength afual water as a potential policy tool
derives from the proposition that water-scarce aiegican maintain food security by
importing water-intensive food commodities from aradbundant regions and thereby
save water that can be allocated to alternative @&ban, 2003; 2001). In contrast to
engineered solutions that only move water to pedple virtual water proposition is an
agro-economic solution that highlights the potdntif food trade to move food and
‘hidden water’ to people at the same time (Alla@B02; 1997). In this connection, virtual
water also highlights the neglected fact that there food system is a ‘business’ that
subsists on economic rationality and, thereforedftrade should be seen as part of the
solution.

The virtual water proposition is a useful adaptyption because water scarcity is a
localized phenomenon due to differences in the icpamporal distribution of
precipitation and management of local interventionthe hydrological cycle (Yanet al.,
2006; Allan, 2003; Yang & Zehnder, 2002). The irfgaof climate change on water
availability and crop production will also be spdlyi and temporally uneven (Batetsal,
2008; IPCC, 2007). Thus, disregarding the uncer&gnin projections of future
precipitation patterns (IPCC, 2007), there are, threde will be, regions of relative water
abundance (such as temperate Europe) or relatitex wearcity (such as Middle East and

North Africa or Mediterranean Europe). All thingseibbg equal, the interlocked
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relationship between water availability and fooadarction implies that water-scarce
regions are most vulnerable to food insecurity, avhihas potentially far-reaching

consequences for socio-political stability and siégwacross multiple scales. It has been
shown that effective use of virtual water can augini@od security significantly and result
in water savings in water-scarce regions (Chapadgai®rr 2009; El-Sadek, 2009;

Chapagairet al, 2006; Allan, 2001; 1997).

Food trade has played a key role in the circulatibfood across the globe and the
development of other key resources, such as laddvater, and contributed substantially
to socio-economic development and political stabi(Defra, 2008; de Fraituret al.,
2007). In monetary terms, global food exports hiaeeeased from US$ 224,000 million
to US$ 913,000 million between 1980 and 2007 (WZ@Q9). Projections of future food
demand and supply show that food trade will inaeeaghstantially and play an increasing
role in food security in the next few decades, tompetition for food on the global
market is also likely to intensify (Aldayet al, 2010a; Parry, 2007; Pargt al, 2004).
For example, Hongyun & Liange (2007) estimated thd&% increase in China’s food
imports will correspond with a 10% reduction in doavailability on the global market.

Virtual water offers an opportunity for national carglobal analysis of food
security situations in the context of climate chegd water scarcity to inform adaptive
food production and trade decisions and policies. observed by Brichieri-Colombi
(2004), water resources planning and management should &aves primary object the
maximization of some human welfare function in thee of constraints related to
resource scarcity and a commitment to minimizingatige social, ecological and

economic impacts Thus, in the context of potential future wateacity and the need to
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increase food production substantially to satisfyndnd, food trade or virtual water flows
should be integral to the suite of options for adding future water and food security
issues across varying spatio-temporal scales (Bedvah, 2009; Dabrowsket al, 2009a;
Roth & Warner, 2007). There is therefore a needrderstand the future drivers and
directions of virtual water flows for specific cr@@and countries. There is also the need
for more studies to improve understanding of theaathges and disadvantages of
integrating virtual water in water-food securitylipg and how this can be achieved in
different contexts of ecological, political, so@cenomic and water availability that
underpin food production, trade and consumptioncf\#ins, 2010a; 2010b; Neubert &
Horlemann, 2008; Browmt al, 2009; Allan, 2003). Specifically, there is theedefor
empirical studies to improve the evidence base uzintifying virtual water flows and

demonstrating the utility of virtual water for poji

1.3 Rationale, Scope, Aims and Objectives

1.3.1 Rationale and Scope

Climate change projections raise the need for cmmto assess their future food
production and trade situations. According to Huahgl (2011), the effects of climate
change on agricultural production and trade patteemains unclear. However, the
projected increase in variability in precipitatigsulting from climate change is likely to
cause spatio-temporal shifts in water availabiéihd, consequently, crop production and
yields (IPCC, 2007) particularly of cereals, whiare the dominant staple food crops,

largely grown in rain-fed agricultural systems, amd sensitive to water stresses at critical



9

growth stages (Anjunet al, 2011a; De Fraiture & Wichelns, 2010). These geanare
likely to affect the direction and volumes of traflews of particularly grains and
livestock products (Huangt al, 2010; 2011). In the UK, apart from the signifita
longitudinal and latitudinal variability in rainfalclimate change is projected to cause
drier summers and wetter winters (Jenlehal, 2009; Murphyet al, 2009), with adverse
implications for both winter- and spring-grown csopnd challenging water management
especially in England and Wales where water sgarsfiues are prominent (Charlton &
Arnell, 2011). Policies addressing climate changggation and adaptation, energy, land
use and agricultural water use will also affectifatcost of production and trade flows of
food commodities. Market forces and economic ingestwill also influence farmers’
decisions on what crops to produce, technologiesltpt, the quantity of production and,
ultimately, food security (Huanet al, 2011).

Cereals (mainly wheat and barley) account for 509K land use for arable crop
production (Defra, 2011). In terms of area and tjtiamarvested, barley is the most
important arable crop in Scotland and second omlwheat in the UK (Defra, 2011).
Barley plays significant socio-economic roles ire tmalting industry and animal feed
production (Defra, 2011). It is therefore importamtUK’s food security. There is little
information on the effect of climate change on fo&re production of barley, the
associated virtual water flows and the consequefwe®od security. Currently, the UK
is self-sufficient and a net exporter of barleyigsa(Defra, 2011; FAOSTAT, 2009).
Given the importance of barley to the UK, it is on@ant to assess how climate change
will affect future UK barley production, self-suffency, trade flows and consequences for

the production of animal food products. This thésaises on the effect of climate change
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on the viability of barley as a rain-fed crop asrdise UK, from the 2030s to 2050s, as a
basis for exploring the role of virtual water inteafood security and policy. This thesis
is, therefore, different from previous studies ofual water flows or the water footprint
of the UK (e.g. Fengt al, 2010; Yuet al, 2010; Chapagain & Orr, 2008).

In the context of virtual water, the focus on UK appropriate as it has
characteristics amenable to exploring differenteatp of the virtual water concept. The
UK is a relatively wet country with a high agriaufal capability (Knoxet al, 2010;
Weatherhead, 2008; 2006). Its cereal productioanitrely rain-fed (Knoxet al, 2010;
Weatherhead, 2008; 2006). In addition, the UK &rang trading nation which has relied
extensively on food import to satisfy its food neesihce its industrial revolution (Defra,
2008). Even though exigencies after the two wordtsaboosted domestic production to
increase self-sufficiency, the restoration of glopaace and stability, coupled with
economic motivations, gradually shifted the UK toslgincreasing food imports (Defra,
2008). Currently, two-thirds of the UK water foatgris external (Chapagain & Orr,
2008) and imported food could constitute over 5024t total food supply by 2030
(Foresight, 2011). Even during the food crisis @02 (due to low global grain supply and
high prices), the values of UK'’s food import angent were US$ 54 billion and US$23
billion respectively (WTO, 2009). This made the theé world's &' largest food trading
country by monetary value, with a large import t@@t ratio. Moreover, the UK has
expressed security concerns over both domestigra@chational water scarcity. In 2006,
British Defence Secretary, John Reid, indicated tBatish armed forces should be
combat-ready for anticipated water wars in the cgnyjears (The Independent, 2006). In

business circles, both PepsiCo and Unilever reeeghithe adverse implications of
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growing water scarcity for business in their 20&parts and committed themselves to
reducing the impact of applied water of their farsneperating in water-stressed areas
(PepsiCo, 2010; BBC News, 2010). The Water Act 808lso aims to increase water

allocation to domestic use, and reduce agriculwedkr abstraction. These characteristics
make the UK a suitable model country for explorthg relevance of the virtual water

concept for water-food security under future cands.

By focusing on a single crop and a single couritrig, thesis seeks to contribute to
the development of the evidence base for quangfynd evaluating virtual water for
water-food security. The conflation of several @@nd countries in a single study, which
has been the convention in most virtual water stjdinasks important inter-crop, inter-
national and intra-national differences regardirager use, food use and the role of virtual
water in food security. To understand the role iofual water in a country’s water-food
security better, a detailed study based on a sijogleew) important crops to that country
from production to distribution to end uses, visis-relevant sectoral policies and
structural issues, is necessary. It is by this @ggr that the link between domestic
production and international trade, as well asfdators that underpin this link, can be
understood.

In order to ease tracking or quantification of eiffint stocks and flows, the main
sources of water used in crop production has biessified into green and blue (Hadt
al., 2010; Chapagain & Orr, 2009; Rockstrom, 20030130 Green water refers to the
fraction of precipitation that is stored in the ansated zone of soil and is used by crops
in evapotranspiration, while blue water refersudace and groundwater that is available

to crops only through irrigation (Ho#t al, 2010; Chapagain and Orr, 2009). Green water
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constitutes 80% of water use in global crop prodacand virtual water flows and it is
expected to play a major role in future food prdaug virtual water flows and water-food
security (Chapagain & Hoekstra, 2011; Haft al, 2010; Rockstromet al, 2009;
Chapagairet al, 2006; Rockstrom, 2003; 2001). Yet, water useanf-fed crops, and
green water consumption in general, is rarely meas(Hess, 2010) as it is considered
economically unimportant due to its low opporturityst (Yanget al 2006). This thesis
focuses on future availability of green water farlby production in the UK. Because
barley is currently a rain-fed crop in the UK, tliiesis does not consider irrigation. The
focus on green water also enables analysis of ithgations of current water scarcity
concepts for crop production.

Finally, the thesis contributes to addressing th&cekncies of virtual water for
policy use that arise from certain conceptual amalygical weaknesses (Wichelns 2010a;
2010b). A substantial part of the virtual wateergture has been devoted to coarse
guantifications of virtual water flows and watervises based on several crops and
countries at the same time (e.g. El-Sadek, 201ditodnet al, 2010; Dabrowsket al,
2009b; Yang & Zehnder, 2007; Chapagainal, 2006; Yanget al, 2006; Hoekstra &
Hung, 2002). Progress in the virtual water and wédteotprint literature can be
summarized as (a) efforts to improve estimatesidéial water flows and savings by
employing sophisticated methods and increasingntimber of crops and or countries, (b)
methodological expansion to quantify the scale afew pollution in exporting countries,
and (c) raising awareness about the hidden effaots dependence of consumers in
importing countries on the resources in exportiagrtries (Wichelns, 2010a). Similarly,

the key debate on the relevance of virtual waterpiicy has revolved and stagnated
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around answering the question whether relative matelowments dictate the structure
and pattern of food trade, and whether estimate@rnsavings are accurate and useful
(Wichelns, 2010a; 2010b; Neubert & Horlemann, 20@)nsequently, trade theories or
economic principles have been applied or promoted aeans to explain the structure
and direction of virtual water flows (Wichelns,1Za; 2010b; Novet al, 2009 Neubert

& Horlemann, 2008; Roth & Warner, 2007; Ramirez{gjal & Rogers, 2004; Wichelns,
2004; 2001; Allan, 2003; Lant, 2003; Earle, 200%uch efforts have yielded mostly
unsatisfactory results, making some authors sugtpedt the virtual water concept is
inaccurate and irrelevant for policy use (e.g. Aksi2010; Ramirez-vallejo & Rogers,
2010). Conceptual and policy issues regarding acguand usefulness of estimated water
savings have been discussed by Wichelns (2010a)b20The application of trade
theories is beyond the scope of this thesis. Howehies thesis aims to advance the debate
and improve understanding and evaluation of the wdl virtual water in water-food
security and policy by clarifying the conceptudit®nships among the basic components
(water scarcity, food trade and food security) e virtual water proposition. This thesis
therefore seeks to strengthen the conceptual leskagnongst the components of virtual
water as a basis for understanding and evaluatiegeievance of virtual water flows for

water-food security and policy.

1.3.2 Aims and Objectives

The overall purpose of this thesis is to improvee thvidence base for

understanding and evaluating the relationshipsha ¢ontinuum of future crop-water
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availability, crop production and crop commoditgde (virtual water), and evaluating the
utility of virtual water for water-food security drpolicy. Specifically, the thesis aims to
use the UK as a model country and barley as a nwdel to improve understanding of
the role of green water availability and the feeadkbeelationships among water scarcity,
virtual water and food security in the context ofjpcted changes in climate, land use and
population. The information from this research vetintribute to scientific opinion that
will feed into UK’s food security policy and reslhice to climate change. Even though the
UK and barley are used as a model country and r@gpectively, the findings and issues
identified will have much wider applications. Theesific objectives of the thesis are:
 To evaluate and select appropriate water-drivemp-growth simulation
model for estimating the water use and effect ofewatresses on barley
yield in a northern temperate environment.

» To assess the effect of temporal availability afeygr water under projected
climate change on UK regional barley yields in @@30s, 2040s and
2050s.

* To quantify future UK national barley demand angy balances, trade
position and potential virtual water flows assoetatvith barley trade.

* To use the findings as a basis to explore and ataltlne utility of virtual

water for water-food security and policy.
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1.4 Thesis Structure

The current Chapter has presented the contexanedé, aims and objectives of the
thesis. Chapter 2 is a literature review on thevaht themes of this thesis: water scarcity
and food security relationships, climate changel aptions for ensuring food security
under water scarce conditions. The methods andtsestithe thesis are presented in
Chapters 3 to 6, each focusing respectively onuati@n of crop-growth simulation
models, climate change effects on barley yieldsuréu barley demand and supply
balances, and evaluating the utility of virtual grain water-food security and policy.

Chapter 7 presents a synthesis of the results@mdusions of the thesis.
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CHAPTER 2

LITERATURE REVIEW

This Chapter is organized around the three maiméserelevant to the thesis. The
first theme presents the interlocked relationstepveen water and food production, the
scale of water requirement for future food productiand the risk of global water
scarcity. The limitations of current water scaraityncepts for crop production and the
complications of climate change on water availbifor food security (as defined in
Section 1.1.3) are also presented. The second trexplores the opportunities and
challenges of key options for adapting food seguiot water scarcity. The third theme
presents virtual water as a potential complemerttzolyfor ensuring food security under
water-scarce conditions, reviews work on virtualtavaand explores the issues that

potentially need to be addressed to make virtuéman acceptable policy tool.

2.1 Crop Production Depends on Water Availability

Water is crucial for photosynthesis and nutrientakp by crops. Crops invest
about 99% of water they take up into satisfyingpteanspiration (ET) requirements and
the remaining 1% into metabolic activities (Hes31@ Shahin, 2003). Water constitutes
about 70-90% of the fresh weight of actively grogvpplants (Gardner & Gardner, 1983).
The formation and realization of yield potentialciops are regulated by the interaction of
light, nutrient and water availability (Rajad¢d al, 2011). In cereals, for example, water is
the primary regulator of yield formation (Rajatal, 2011; Barnabast al, 2008; Araus

et al, 2002) . Hence, achieving yield potential depemlshe availability of water in the
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root zone. Water-deficit stress occurs in all agrosystems and is the key limiting factor
for crop productivity in most agro-ecosystems, (Béraset al, 2008; Araust al, 2002;
Gardner & Gardner, 1983; Boyer, 1982), especiallyemi-arid and arid environments
where the evaporative demand of the atmosphereedgcthe water available for crop
evapotranspiration (Hofét al, 2010; Faramarzet al, 2010a Rockstromet al, 2010;
Allen et al, 2006). Water stress in crops refers to a caith which the water potential
and turgor are decreased sufficiently, due to fitsaht supply of water, such that normal
physiological functions are inhibited (Dai, 2011arBabast al, 2008; Boyer, 1982).

Owing to the role of water in plant physiology abbmass production, crops
respond morphologically, physiologically and biocheally to water stress (Anjuret al.,
2011a; Barnabast al, 2008; Arauset al, 2002). When plants are exposed to water
stress, stand establishment, plant height, leaf iaex, and number of leaves are reduced
and leaf senescence is accelerated (Kdtaal., 2001). These eventually restrict biomass
accumulation and yield as radiation and nutriergtwe are impaired (Anjunet al.,
2011a; Kamaraet al., 2003). Physiologically, water stress triggers rshoot signals
that induce stomatal closure, which minimizes fertivater loss (Kamarat al, 2003;
Arauset al, 2002; Kharet al.,, 2001). Abscisic acid (ABA) is the primary sigralcause
of stomata closure although other factors can alsatribute (Anjumet al, 2011a;
Pinheiro & Chaves, 2011; Araes al., 2002; Boyer 1982). Stomatal closure, togethén wi
leaf senescence, limits photosynthetic capacity eand reduce yield dramatically if
prolonged (Anjumet al., 2011a; Kamarat al, 2003; Khanret al, 2001). Anjumet al.
(2011b) studied physiological response of maizedter stress and reported reductions in

net photosynthesis (33.22%), transpiration rate8@%), stomatal conductance (25.54%),



18

water use efficiency (50.87%) and intercellular 06.86%) relative to a well-watered
control. Biochemically, water stress increases pctidn of reactive oxygen species
(ROS) which cause oxidative damage to lipids, pnsteDNA and ultimately cause
cellular death (Anjumet al, 201la; Faroocet al, 2009). The timing, duration and
intensity of water stress can reduce overall creggpmance and yield even though the
extent might vary with species or genotypes, stdgievelopment, and the type of organs
or cells affected (Barnaba&s al, 2008).

The dependence of crop production on the timelylabisity of sufficient water in
the root zone makes food security vulnerable to risk of water scarcity. Due to
uncertainties in adaptive responses to anticipgteblal change, it is not easy to answer
the questiorhow much water will be required to maintain fooadg#y at any point in
future? This is further complicated by the fact that fetuwwater requirement for food
security will not be dictatednly by hydro-climates and agronomic managemerttices,

but also by dietary composition and lifestyles (fHa& Qureshi, 2010).

2.2 Water Availability for Future Food Security

2.2.1 Water Requirement for Future Food Security

Based on current estimates of water used to sati&ydietary requirement per
person, it is possible to estimate future food megoent and consequently water
requirement for food security (Rockstréehal, 1999). Normally, a daily dietary energy
intake of 2700 kcal of food is considered suffitiéar a moderately active person (FAO,

2009; Molden, 2007). Rockstroet al (1999) estimated a global average of 126@ap*
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yeai water was required to produce an adequate digtteirmid-90s. In 2050, however,
1300 ni cap® yeai* water will be required to produce a projected agerdiet of 3000
kcal cap' din developing countries (assuming 20% meat contevitle 1600 m cap*
year" will be needed to produce a diet of 3300 kcalcdp (assuming no change in
current food consumption levels, with 30% meat eot)t in industrialized countries
(Falkenmark & Rockstrom, 2004; Rockstrém, 2003)isTdives a global average of 1340
m® cap® year' to produce adequate diets in 2050. The estimdtzhigwater required to
produce an adequate diet increases crop wateireegent from the current 6800 Rm
year (with irrigation accounting for 1800 khyeaf') to a staggering 12,600 Rryear”
by 2050 (Rockstrém, 2003). The additional 5800 kear" that will be required is more
than threefold the volume of water currently usedirrigation (Rockstrom, 2003).
Similarly, using a value of 3000 kcal ¢ap, de Fraitureet al. (2007) estimated that
additional 5600 krhyear" of water will be required in 2050, with irrigati@ecounting for
800 kn? year'. They estimated that there will be a potentialevaupply gap of about
3300 kn year!, with devastating consequences for stability ofiffsecurity.

Additionally, to achieve a doubling of food prodoct by 2050 (FAO, 2009),
current global irrigated area will have to increagealmost twofold (Tilmaret al, 2001)
and irrigation water supply by about 35% (Spring02). Rockstromteal. (2009) estimate
that, at current irrigation efficiencies, about @511,000 km water will be required
annually to achieve the required doubling of foaddoaiction by 2050. It is noteworthy
that the full extent of potential dietary shift western diets’ (rich in meat and dairy
products) in developing countries, due to econommprovements, is not known

accurately (Hanjra & Qureshi, 2010). This shift, @seady observed in China, for
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example, will have substantial effect on the ouesalter requirement for food production
in the coming years (Hanjra & Qureshi, 2010). Patiden of meat and other animal food
products makes significantly higher demands on masources than the production of
food-crop products (Chapagain & Hoekstra, 2008; gagainet al, 2006; Beckett &

Oltjen, 1993). The question therefore remains wérethere will be sufficient water to

satisfy this huge water requirement across thedyamhd whether this volume of water
can be made available for food security withoututlsing the tenuous balance of water

supply to people, industry and ecosystem services.

2.2.2 Risk of Global Water Scarcity

Several definitions of water scarcity exist thdlee differences in the context and
scale of application. According to Rijsberman (200&n individual who is unable to
access safe and affordable water to meet suchnarbasic requirements as drinking,
washing, livelihood, hygiene, etc. is said tovbeter insecurgand an area iwater scarce
when a significant proportion of the population &mee water insecure for a prolonged
period of time. Rockstrorat al (2009) distinguish between water stress or watiertage
(a temporary condition in which access to wat@oisstrained) and water scarcity (a long-
term condition in which supply lags behind demar@her authors have used the term
‘water poverty’, defined aa situation where a nation or region cannot affthe cost of
supplying clean water to all people at all tim@=eitelson & Chenoweth, 2002). The
European Environment Agency (EEA, 2010) definesewatarcity as the incidence of

insufficient water resources to satisfy long-teverage requirements. That is, long term
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water imbalances, combining low water availabilityth a level of water demand
exceeding the supply capacity of the natural systénis definition is adopted in this
thesis. Water scarcity is already a global prob#m could become acute in the next few
decades (WRI, 2003).

Presently, 1.2 billion people in developing cowegrialone lack access to safe
drinking water and about 2.6 billion people lackeqdate water for basic sanitation
(Vorosmarty et al, 2010; Bartram, 2008; UNDP, 2006). Inadequateesgcto safe
drinking water and sanitation accounts for 2.18iamldeaths annually on a global scale,
out of which 75% are children under five years @dusset al., 2002). It is also estimated
that about 1.7 billion people depend on water-scaatchments where water supply is
less than 1000 ™ncap' (WRI, 2003). At the end of the P0Ocentury, global water
withdrawal was more than twice the rate of popatatgrowth, resulting in several
countries experiencing water stresses (see Figle IRis likely that the pattern of water
stress in Figure 2-1 will continue into the futuhee to rising demand for water from all

water use sectors, with adverse implications fodfeecurity.
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Water Stress Indicator: Withdrawal-to-Availability Ratio [CR]

No Stress Low Stress Mid Stress High Stress Very High Stress
LI
0 0.1 0.2 04 08

Figure 2-1: Global water stress indicated by the withdrawadvailability ratio (or the
criticality ratio) for 1995, modelled using the WeBap 2.0 model. Figure taken from Alcagto
al. (2000).

Global change factors such as population growtgnization and socio-economic
development are likely to accelerate and amplifytewascarcity through intensive
competition among water use sectors. Reports oordutvater demand based on
population projections alone indicate that, by 20&%out 3.5 billion people (48% of the
world population) will likely live in overexploitediver basins and 2.4 billion people
under severe water-scarce conditions (WRI, 2003). 2B50 a third of the global
population could live in water-scarce countries I{Eamark et al, 2009; Yang &
Zehnder, 2007). The number of urban dwellers igepted to increase rapidly for the next
four decades, accounting for two-thirds of the glgtopulation in 2050, with the greatest
changes occurring in developing countries (Mardiotudt al, 2008; UNDP, 2006). As a
result, municipal water use could rise from 2572000 to 536 billion min 2050 for
non-OECD countries (>100% increase), compared tmenrease from 162 to 178 billion

m® (10%) in OECD countries (Hughes al, 2010). The pattern of increase in industrial
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water allocation is projected to be similar to nuypél water use for OECD and non-
OECD countries (Strzepek & Boehlert, 2010). In Earothe share of the energy sector is
likely to be substantial. For example, as of 2ahe, energy sector accounted for 45% of
water allocation across Europe, having overtakegation water use which has reduced
to 22% of the total (EEA, 2010). Increases in th@ume of water required for
environmental flows (i.e. minimum volume of watexquired to sustain the normal
functioning of the aquatic ecosystem) through legjize instruments (e.g. the EU Water
Framework Directive) can substantially limit wateithdrawals. Environmental flows can
be as high as 30-50% of baseflows in some aquatisystems (Revenga & Smakhtin,
2003). Indeed, some river basins and countriesideresl as not suffering water scarcity
become water-scarce candidates when environmdotal requirements are considered
(De Fraitureet al., 2008; Revenga & Smakhtin, 2003). It has been tedothat, even
without climate change, increases in environmeifdgal requirements could have reduced
water availability for agriculture by 9.7% of gldbraean agricultural water withdrawal in
2000 (Strzepek & Boehlert, 2010). Thus, there issaderable risk of increasing water
scarcity in the next few decades, with a potentmareduce water allocation to food

production (Ohlsson, 2000).

2.2.3 Limitations of Water Scarcity Perspectives té-ood Security

2.2.3.1 Water Scarcity Perspectives

As reflected by the various definitions of watearsity, perspectives on water

scarcity differ depending on the context and thatispgemporal scale considered. These
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differences are captured by the conceptions ot#luses or types of water scarcity and the
attendant indicators. Molle and Mollinga (2003)tidiguish between natural and induced
water scarcity, where natural water scarcity is tdueature or biophysical factors limiting
water availability as can be found in desert od aieas, while induced water scarcity
occurs from human activities that reduce availgbilbr constrain access to water.
Vorosmartyet al. (2005) used the same distinction when they refetoeclimate- and
human-induced water scarcity. Ohlsson (2000) disishes three types of water scarcity:
demand-induced, supply-induced and structurallyoed water scarcity. They defined
demand-induced water scarcity as a situation wheraand exceeds supply or natural
renewal capacity of the system due to, for examptzease in population or requirement
of other water use sectors. Supply-induced watarcgy occurs where water supply falls
below a threshold or a long-term average requirérdaa to drought, lowering of water
table, water depletion and deterioration of watgaliy. Structural water scarcity is where
access to water is constrained by low economic aigpa@r other social, political,
institutional and technical factors. Rijsbermaf(@) suggested two main types of water
scarcity: economic and physical water scarcity. 9@ water scarcity refers to a situation
in which there is higher water demand to suppliord&conomic scarcity or social water
scarcity relates to constrained access to suffigieavailable water as a result of
inadequate infrastructure and low investment pakint water resources development.
Thus, economic water scarcity reflects a limitedrexnic capacity to mobilize available
water. In all, water scarcity is caused by natuvsal biophysical factors that limit
availability (e.g. precipitation and reservoir cheteristics) and human factors (e.g. poor

water infrastructure, flow control, costs, institutal constraints, high demand, etc.) that
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constrain ability to mobilize or access sufficiewater (Rockstromet al, 2009;
Rijsberman, 2006).

There are three common threads running througtethesspectives. First, water
scarcity denotes a condition in which available evat insufficient to meet average
requirement or demand. Second, water scarcityngdd to water available for human use
and, third, social access to water is the main @amdience, water scarcity is indicated in
three main ways: (1) The withdrawal to availabiliitio indicator, which compares total
water withdrawal with the renewal capacity or taghilable water of the system and an
area is normally considered water-scarce if itdnaastio of 0.4 (or 40%) and above (Oki &
Kanae, 2006; Vorosmartgt al, 2005; 2000; Alcamet al, 2003; 1997; Raskiet al,
1997). (2) The per capita water availability indara which is the ratio of available water
resources to a given population that depend onnidtter resource under consideration.
This indicator therefore measures the amount ofewgtotentially available to an
individual in a given population. Here, water sdgrexists if per capita water availability
is 1000 ni yeaf* or less compared to the sufficient amount of 1,A0cap® year*
(Rockstrom, et al, 2009; Rockstrom, 2003; Salameh, 2000; Shiklomanb998;
Falkenmarket al, 1989). This indicator is widely used becauss intuitive and easy to
measure. (3) A hybrid indicator combining the sgytas and minimizing the weaknesses
inherent in the previous indicators. Here, the ptaJsavailable water is combined with a
form of social adaptive capacity (society’s capacda optimally develop, exploit and
manage water resources) to generate an index @fr\gatrcity. Examples include the

social water scarcity index (Ohlsson, 2000), waieverty index (Sullivaret al, 2003;
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Feitelson & Chenoweth, 2002), and the watershethisiability index (Chaves & Alipaz,

2007).

2.2.3.2 Limitations of Current Water Scarcity Perspectives for Food Security

Current definitions and related indicators of watearcity are focused on water
availability for human populations and the socioremics of water supply. They do not
reflect an interest in integrating the hydrologicgtle and water use in all sectors in the
context of a unified sustainable water managenmamédwork (Brichieri-Colombi, 2004).
The question therefore remains whether existingewsatarcity perspectives adequately
capture water availability and use in agro-ecosyste

Water for crop production originates from two maources: precipitation and
irrigation. The fraction of precipitation that istained in the unsaturated root zone for
crop use has been classified as ‘green water’,ewmater introduced to the root zone
through irrigation, using surface and groundwatexrs been classified as ‘blue water’
(Hoff et al, 2010; Chapagain & Orr, 200®ockstromet al, 2009; Rockstrom, 2003;
2001). These definitions arguably omit or maskube of water harvested from rainfall by
direct interception or by collecting runoff for grgoroduction (Wisseet al, 2010).
Globally, two-thirds of precipitation recharges tipeeen water pool while the remaining
third recharges the blue water pool (Heffal, 2010). A number of studies indicate that
green water use in global crop production is aldout- to five-fold greater than blue

water use (e.g. Aldayet al, 2010a; Hanasalet al, 2010; Hoffet al, 2010; Liu & Yang,
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2010; Liuet al, 2009; Rockstronet al, 2009). Unfortunately, green water use in agro-
ecosystems is rarely measured (Hess, 2010).

Current water scarcity perspectives have limited i crop production as they
pay more attention to blue water supply and anes,tbnly relevant for food security in
the context of irrigation where competition amonatev use sectors is escalated. Current
water scarcity perspectives neglect the role aridevaf green water in food production
(Aldayaet al, 2010a; Hoffet al, 2010). Perhaps, this is because green watdrligl®
value for direct human use (Yaegal, 2006) but it is certainly critical for understting
the effect of water scarcity on food security, gstsm services and blue water dynamics
across varying scales (Rockstroet al, 2009; 2007). Accounting for green water
availability in agro-ecosystems substantially miedifthe perceived threat of water
scarcity to food security and shows the importasicenproving green water productivity
to increase the resilience of current and futubal food security (Hofeet al, 2010;
Rockstromet al, 2009; Falkenmark, 1997). It is therefore impott@ expand the current
conception of water scarcity to include green watet to take an ecosystem-wide view in
relation to the hydrological cycle. This is impartdo direct attention to the imperative to
incorporate green water into water resources manageframeworks in the context of
adaptation planning to climate change and futucel feecurity needs (Brichieri-Colombi,
2004). Moreover, with respect to crops, water stargould not be limited to the mere
physical presence of water in the root zone, bst #he ability of crops to abstract the
water. Thus, in terms of the water scarcity andlfeecurity relationship, there is the need
to expand the concept of water scarcity from thespoective of meteorological drought to

agricultural or physiological drought (Dai, 2011hish is more relevant to the seasonal
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and intra-seasonal water availability and use lmpsrBarnabast al., 2008). Hence, in
order to be relevant for food security, conceptsvater scarcity should incorporate the

soil-water-crop continuum over space and time.

2.3 Climate Change Complicates Water Availability 6r Food Security

Climate is the long-term pattern of weather ofacpland is normally described by
the average seasonal occurrence of temperatur@racgpitation over a 30-year period.
Fluctuations in the average weather pattern overtstime scales constitute climate
variability. Climate change ia change in the state of the climate that can leatifiled
(e.g. using statistical tests) by changes in tharmend/or the variability of its properties,
and that persists for an extended period, typicalgcades or longe(IPCC, 2007).
According to the UNFCCC (1994), “adverse effectclohate change” refers to harmful
impacts of climate change on ecosystems, socioegsmnsystems and human and animal
welfare. According to the™and %' Assessment Reports (IPCC, 2007; 2013), warming of
the climate system is “unequivocal” and is largélye to human activities. Since 1850, 11
out of the 12 warmest years occurred between 18852806 (IPCC, 2007). The IPCC

(2007; 2013) has explained the scientific basismedented evidence of global climate.

2.3.1 Projected Changes in Temperature and Precigition

Projections suggest that the global temperaturerisg between 1.8 and 4.0 °C
(under the low, B1, and the high, A1FI emissionsnseios, respectively) by the end of

this century (IPCC, 2007). Generally, warmer terapges are projected and the greatest
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increases in temperatures will occur over land andiigher latitudes in the Northern
hemisphere and least over the Southern Ocean netarcéica (Miragliaet al., 2009;
Meehlet al.,2007). Outputs from the Special Report Emissioen&do (SRES) indicate
that the climate will continue warming by 0.2 °Q pecade for the next two decades or
0.1 °C per decade even if radiative forcing remaiosstant at the 2000 level; and
projections of warming up to 2050 are not affedtgdlifferent SRES scenarios (Meetl
al., 2007). Moreover, warming in the first half of tbhentury is irreversible due to prior
emissions and will not be affected by mitigatiordigies (Solomonet al., 2007). In the
mid and high latitudes, frequent hot days and sigind heat waves are projected. Frost
days are also expected to decrease. Europe wikrexme increases in annual mean
temperature greater than the global mean. Sumntewarter warming will be highest in
the Mediterranean and northern Europe respectivelyile maximum summer
temperatures in southern and central Europe agbyltk go up (Christensest al.,2007).
Regarding precipitation, high latitudes and moishomid tropical areas are very
likely to experience increases in mean precipitatighile precipitation in the subtropics
and mid-latitudes are likely to decrease by upG& 2y the end of the century (Solomon
et al, 2007). The frequency of heavy precipitation esentll increase and create
problems of flush flooding (IPCC, 2007). In the sopics and mid-latitudes, there will be
higher variability in precipitation events and sfgrant potential for drought during
summer. It is very likely that mean annual preeipin will decrease in southern Europe
(especially in the Mediterranean region) and ineeen northern Europe (Bates al.,
2008). However, central Europe is likely to expecie higher winter but lower summer

mean precipitation (Christensehal, 2007), with greater variability and a high potaht
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for summer drought risk in central to southern PperdChristensemt al, 2007; EEA,

2005).

2.3.2 Implications of Projected Climate Change foWater Availability

The projected changes in precipitation and tempezatvill alter the long-term
mean water supply and demand (Strzepek & Boel#léftQ; Batest al.,2008; Solomon
et al., 2007). Spatio-temporal shifts and quantitativengjes in precipitation, together
with intense and more frequent extreme eventsaffiict the quantity and quality of water
available. Runoff is the major avenue to renevanggion’s freshwater supplies. Runoff
is likely to increase in regions where increasedcipitation is projected (e.g. high
latitudes and the moist tropics) but will be impeaiin mid-latitudes and some areas of the
dry tropics (Batet al., 2008). Figure 2-2 shows a projected effect of atenchange on

water availability.
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Figure2-2: Projected change (%) in global water availability2D50 from that of the
baseline period (1961-1990) under the IPCC Al eonisscenario. Figure taken from UNEP
GRID-A Vital Water Graphics 2, www.grida.no/publitms/vg/water2/page/3294.aspx
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Warmer temperatures will increase evapotranspima{iéT), dry up soils and
reduce runoff. Simulations of the effects of climathange on European summer soil
water content and ET between 2070 and 2080 shdvarm s:iorth-south gradient (Figure
2-3). Apart from northern Europe which is projectedhave up to 2% increase in solil
water content by 2080, a larger area of Europedgegpted to have decreases of up to 7%,
with the highest being in Mediterranean areas.eRtefl ET shows a similar pattern, with
positive changes of 0.1-0.5 mrit éh northern Europe and negative changes of therord
of 0.5 mm d in southern Europe (Calanegal, 2006). Soil water content is projected to
decrease in the UK but ET is projected to increas¢éhe south-east of England and

decrease slightly in western Scotland and Northetand.
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Figure2-3: Projected changes in European summer mean soit a@téent (%) in the 2080s
(upper right) relative to that of the baseline per{1961-1990, upper left) and projected changes in
European summer mean ET (mff) ¢h the 2080s (lower right) relative to that oéthaseline period (lower
left). Figure taken from Calane al (2006).
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Shifts in precipitation patterns can have adverfects on crop production
especially when peak water availability does nahcde with peak water demand by
crops (Bateset al.,, 2008). Agro-ecosystems are sensitive to changeseisonal
precipitation and its distribution, soil water stge, ET and runoff. Higher ET requirement
and reduced precipitation can potentially increas irrigation requirement. It is
projected that climate change can increase glodirngation requirements by as much
as 45% by 2080 at current irrigation efficiency dyd20% with significantly improved
irrigation efficiency (Fischeet al., 2007). Warmer climate will also increase crop wate
demand per unit area and, therefore, irrigatiorewetquirement substantially (Olesen &
Bindi, 2002). Frequent and prolonged drought cameiase physical water scarcity and
irrigation requirement, while frequent flooding et® can lower water quality, and
severely overwhelm water management systems (Dail;Bate<t al.,2008), or reduce
crop yields through waterlogging which can causexanin plant roots and mineral
toxicities by altering the redox state of the sedlution. Increased variability in
precipitation will also raise the imperative forigation in rain-fed cropping systems.
Finally, warmer temperatures can also increase etitign for water by increasing
demand in most water use sectors, particularlydtimaestic and energy sectors (Strzepek
& Boehlert, 2010).

Apart from altering water balances, climate chamgjé also affect crop yields,
both directly and indirectly. Projected increasesimospheric COconcentration could
stimulate increased stomatal conductance i ctps and thereby increase yields,

particularly in mid- and high-latitude regions wademperatures approach optimum for
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crop growth (DaMattat al., 2010). However, this potential gain can be oftsgtother
climate change effects such as warming and higremsitress. The relatively higher
capacity of G crops to concentrate G@nd limit photorespiration makes them more
productive than €crops (DaMattaet al, 2010; Easterlingt al., 2007). Because higher
photorespiration tends to restrict €&ssimilation and gains from photosynthesis, tiere
a caveat that warmer temperatures can potentiatlyease photorespiration and offset
gains from elevated atmospheric £€oncentration (Easterlingt al., 2007). Further,
higher CQ uptake is invariably associated with higher tramgipn (Kimball &
Bernacchi, 2006). Under warmer conditions and deszd water supply, stomatal closure
induced by water stress can potentially elevateded canopy temperature and thereby
reduce photosynthesis (Hanjra & Qureshi, 2010; Kilin& Bernacchi, 2006). Further,
DaMatta et al. (2010) argue that since the effects of elevatemospheric CQ
concentration and warmer temperature are not kniowoe additive, it is probable that
warmer temperatures can neutralize the potentimsgaom elevated atmospheric €O
concentration.

The source-sink relationship is an important deteamt of dry matter production
in crops (Dingkuhret al, 2007; Venkateswarlu & Visperas, 1987). The seusfers to
the potential capacity of the crop to synthesizedfgor the organs or sites where food
materials are synthesized), while the sink refaysits capacity to use or store
photosynthetic products (Dingkuhet al, 2007; Venkateswarlu & Visperas, 1987).
Ainsworth & Rogers (2007) have suggested that éhatively weak sink capacity ofs;C
crops can cause carbohydrates saturation in sougess which will ultimately constrain

further CQ assimilation and photosynthesis. In all, there aneertainties regarding
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estimates of cost and benefit of elevated atmospkxDd, for increased crop yields as the
mechanisms of plant respiratory responses tg &@chment vis-a-vis warmer and water
stress conditions remain unresolved (Hanjra & Qiré010).

Finally, under warmer temperatures, heat-stresssbamnten crop phenology and
reduce radiation capture, upset net carbon balandece seed set and pollen viability,
cause grain sterility and yield losses (DaMadtaal., 2010; Porter & Semenov, 2005).
Crops can senesce earlier and quicker than normadéruwarmer and water deficit
conditions, with adverse effects on yield (Barnabiaal., 2008). Photosynthetic capacity
is also sensitive to warmer temperatures due tohtret lability of Rubisco and the
limitation of electron transport in chloroplastsiidworth & Rogers, 2007). Ainsworth &
Rogers (2007) report that, at 35 °C and above, opbgpiration increases over
photosynthesis resulting in lower net carbon g#ins reported that a combination of
warmer temperatures and reduced precipitation caoredse South Asian wheat
production by 50% by 2050, which is equivalent # @f global crop production (De
Fraiture et al., 2008). Cline (2007) suggests that developing amsitcan potentially
suffer a 10-25% overall decline in agricultural gwotion due to climate change.
However, with sufficient water supply, warmer temgiares could be beneficial to crop
production. For example, it is projected that arréase in temperature between 1 and 3 °C
could increase crop yields in high latitudes andsitropical areas (Solomoet al.,

2007).
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2.4 Maintaining Food Security under Water-Scarce Cnditions: Key Options

Traditional options for maintaining food securityciude expanding croplands,
using croplands more intensively, and bridging wxisyield gaps (Gerbens-Leenes &
Nonhebel, 2004). These depend on there being muffizvater availability to support crop
production. In the context of future food securitmder water scarcity conditions,
however, two key options can be considered. Tlst iitvolves mechanisms to improve
crop water use efficiency (WUE) or water produdtiiWP) without incurring high yield
penalties (Passioura, 2006). The second optioolies measures to use available food
efficiently in order to improve water use efficignalong the chain from post-harvest to
food consumption. This goal can be achieved thraaffgrt to reduce food waste or losses
from farm-to-fork (Smith, 2012; Gerbens-Leem¢sl, 2010). According to Smith (2012),
measures to reduce food waste or losses shouldrbplemented with efforts to manage
food demand and reduce diversion of food from dicensumption to non-food uses such
as raw material for biofuel, animal feed and otinelustrial and medicinal products. An
important option that has not hitherto received dftention it deserves is virtual water
which can be used as a complementary tool to retheceffect of water scarcity on food

security.

2.4.1 Improving Water Use Efficiency and Drought Td¢erance

The imperative to increase crop WUE not only arif@sn increasing water
scarcity but also the fact that over a third of ldwed in the world is located in semi-arid

and arid hydro-climatic environments (Ali & Talukd&008). According to Morissoet
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al. (2008), however, all agro-ecosystems are phygicdtly and physically ‘water-

limited’ for plant growth to some extent. Hencejsitnot helpful to make a distinction
between ‘wet’ and ‘water-limited’ environments whémnking about addressing the
urgent question of improving crop WUE or WP. Ittierefore important, in the face of
projected water scarcity, to take a global viewWdUE improvement to assure food
security (Zwaret al, 2010).

Crop WUE has different meanings in different cotdgeand scales (Ali &
Talukder, 2008; Parrgt al, 2005). For example, in an economic applicatwhlE can be
equated to the ratio of the monetary value of griefd to the volume of water input. To
the crop physiologist, WUE might refer to the ranioCO, gain per unit water transpired
(i.e. leaf-scale efficiency, the so-called instaetaus WUE, WUE,y) or net CQ
assimilation relative to stomatal conductance ¢ihvealled intrinsic WUEWUE) (Ali &
Talukder, 2008; Morissoat al, 2008; Tambusst al, 2007). However, in the context of
water scarcity and food security, WUE has beenuredtby the phrasenore crop per
drop’, which is a call to produce more food with the saon reducedwater input. This
coincides with the agronomic or whole crop-levelkelg-related) WUE. Consequently,
WUE in this context refers to the ratio of the gief harvested product to the volume or
depth of water applied in irrigation or lost in @e&ranspiration (Ali & Talukder, 2008;
Morissonet al, 2008; Tambusst al, 2007; Zwart & Bastiaanssen, 2004).

The need to improve crop WUE is already a topisslé in agriculture and
substantial research effort has been devoted tsubject ( Ali & Talukder, 2008; Condon
et al, 2004; Rockstrom, 2003; Araes al, 2002). Increasing WUE requires favourable

manipulation of environmental, physiological aneejic factors that moderate crop water
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consumption without decreasing yield. The employimeh these manipulations to
improve crop WUE can be regarded as successfuirdet main interlinked goals are
achieved (Morissoet al.,, 2008; Passioura 2006; Condetral 2004): (i) increased water
availability for transpiration over unproductive t@alosses, (ii) increased effectiveness of
CO, assimilation and biomass production per unit faason (i.e. increased
transpiration efficiency) and (iii) high partitiog of biomass towards the harvested
product (i.e. greater harvest index).

Studies on WUE of crops support the widely heltiebehat there is scope and
opportunity for improving it, especially in tropicar developing countries where the
interactions of high atmospheric evaporative demaratiability in rainfall and low
external inputs increase crop water requiremeneduce yields (Tambusst al, 2007;
Condonet al, 2004). Cereals are the most water-intensive aidely cultivated crops.
The WUE of well-managed cereal crops, free fronease® and pests and without nutrient
or water stress, is approximately 2 kg graiff mater (Passioura, 2006). Globally, the
range of published WUE values from field experinseate large for wheat (0.6 — 1.7 kg
grain md), rice (0.6 — 1.6 kg grain ) and maize (1.1 — 2.7 kg grain’jpwith averages
of 1.09, 1.09 and 1.80 kg grainrespectively (Zwart & Bastiaanssen, 2004). Zveart
al. (2010) used remote sensing and modeling apprmadetermine WUE of wheat on a
global scale. They reported an average of 0.86rkingn®, with a maximum value of
1.80 kg grain ni under irrigated conditionghe highest WUE values of rain-fed wheat
(kg grain m®) were found in temperate Europe in countries aichreland (1.45), France
(1.42), UK (1.36) and Germany (1.35). Using moreerg¢ data, however, Liet al,

(2007a) made similar observations but reported WidEes of wheat (kg grain ™ as



38
1.89 (Ireland), 1.80 (UK), 1.47 (Germany) and 1(EBance). The WUE of wheat in a

number of major producing countries is below 1 kaigm® (Figure 2-4). The WUE of
cereals in developing countries are lower comptoetose in developed countries (Ali &
Talukder, 2008). The large range of WUE valuesacatis a potential for improvement,
particularly in agro-ecosystems where other steesaeeh as limited nutrients supply
exacerbate the effect of water deficits on yieldi ATalukder, 2008). However, vapour
pressure deficit is inversely related to WUE butrdases with latitude (Zwadt al.,
2004). It is therefore expected that crop productarated in higher latitudes will have
higher WUE and is highly favourable to increasimgpcWUE in the future (Zwarkt al.,

2004; Arauset al, 2002).
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Figure2-4: Water productivity (WP) of wheat in ten major prathg countries, simulated
with the WATPRO model and GEPIC model. WATPRO dakeen from Zwaret al
(2010) and GEPIC data from Lat al (2007a).
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2.4.1.1 Measures, Opportunities and Challenges to | mproving Crop WUE

2.4.1.1.1 Agronomic Options

Agronomic practices are aimed at managing crop renments to optimize
resource capture and use and, ultimately, to aehiegh yields. All things being equal,
improved agronomic practices could have substapbaitive effect on improving crop
WUE in future (Passioura, 2006). Several agrongmnactices can be employed to shift
evaporative losses to transpiration, save watet ratain more available water in the root
zone for crop consumption (Rockstr@nal, 2007; Passioura, 2006; Paatyal, 2005).
Examples include the employment of precision itiga quality seed, seed priming,
timeliness and appropriate depth of sowing, as wasllappropriate plant population
density. These measures substantially influencellisge emergence, establishment,
canopy development and competitiveness against svieedesource capture (Passioura,
2006; Parryet al, 2005). Sustainable intensificatioms now being promoted, in both
research and policy arenas, as a potentially @f2cbute to increasing food production
(Smith, 2012; Firbankt al, 2008); and this also raises the question of ies®lefficiency.
However, the efficacy of sustainable intensificatin increasing productivity and its full
implications for water resources, biodiversity, &gsiem services and overall
environmental sustainability remain to be identif&mith, 2012; Firbanlet al, 2008;
Matsonet al., 1997).

Soil and water conservation practices, combined witil fertility and organic
matter management will improve water availabilihddaVUE by improving soil structure,

infiltration and water retention in the root zonags well as reducing erosion and
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evaporation by modifying surface energy (Hatfietdal, 2001). A review by Hatfielet

al. (2001) clarifies the soil management practices the extent to which they contribute
to WUE. Examples of such practices include mulchagpropriate tillage, organic matter
management and soil fertility management. As Hiatfes al (2001) indicate, there is
huge scope for improvement in soil management thighview to improving crop WUE.
For example, conservation tillage holds much prenfos WUE and yield improvement in
Europe, but more work remains to be done to sthemgthe evidence for wider adoption
(Holland, 2004). Equally important is the managetmeh irrigation scheduling, the
volume of water applied and technical efficiencyirtgprove irrigation effectiveness (Al
& Talukder, 2008). Deficit irrigation (applicatioof water below the amount required to
satisfy a crop’s maximum ET needs) and water héngsre gaining practical and
research attention (Wisset al, 2010; Fereres & Soriano, 2007). This is becadgheir
demonstrated superior ability to save water andrawg WUE over conventional full
irrigation (Wisseret al, 2010; Fereres & Soriano, 2007). However, to ceduncertainties
and risks (such as yield penalties) associated aefltit irrigation, it has been suggested
that thresholds of yield response to deficit irtiga by different crops in different agro-
ecosystems need to be established (Fereres & $p&807; Tambusst al, 2007). This
might also highlight the need to revise traditiogaldelines on irrigation in response to
changing soil water availability (Ali & TalukderPR8). Access to non-conventional water
(such as desalinated seawater and highly brackisace and groundwater) and marginal
quality water resources (such as domestic, mudicpa industrial wastewater and
agricultural drainage) will help increase water ility for crop production (Qadiet

al., 2007).
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As observed by Passioura (2006), soil-crop-watenagament is a primary lever
for improving soil water availability for crop usend crop WUE under future water
scarcity conditions. For example, Rockstrosh al. (2007) show that by shifting
evaporative losses to transpiration in developiogntries, cereal yields can be increased
from the current 1.5 — 2 t Hato 3.5 — 4 t hd by 2030 — 2050, with corresponding
reductions in water requirement for food productiyn28% (1,150 krhyear') in 2030
and 45% (2,300 kiyear") in 2050. Thus, not only will such measures, ibpietd, lead to
improvement in WUE but also significantly bridgeetlyield gap in under-performing

agro-ecosystems (Falkenmaatkal, 2009; Rockstroret al, 2007; 1999).

2.4.1.1.2 Physiological and Breeding Options

Selecting for traits or manipulating physiologiqaiocesses that influence crop
water consumption, biomass production and vyieldsgmes both opportunities and
challenges for improving crop WUE and yield simo#ausly (Arauset al, 2002). The
WUE at the leaf-scale (WWk can be improved by either increasing photosyithet
capacity or lowering transpiration (and for thattimg stomatal conductance) or both
simultaneously (Morissoet al, 2008). Due to the relationship between photdssis
and stomatal conductance (see explanation undeurdri@-5), achieving higher
photosynthetic capacity and WUE remains a hugedongechallenge (Tambusst al,
2007; Parryet al, 2005; Arauset al, 2002). To achieve genotype @4, Figure 2-5),
more work is required to improve understanding le# genetic basis for the required

anatomical and physiological alterations (Morissbal, 2008; Tambus®t al, 2007).
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Figure 2-5: A generalized relationship between photosynthesisséomatal conductance.
Converting a genotype G1 into G2 will increase phghthesis but decrease WUE. Conversely,
converting a genotype G1 into G3 will increase Wbt decrease photosynthesis. Achieving
higher photosynthesis and WUE requires shiftingveul towards curve B. This can only be
achieved through (a) G@oncentrating mechanisms, (b) increased mesopbgtluctance to CO
or (c) increased Rubisco specificity factor. Figtaken from Parrgt al (2005).

Results on the effect of the relationship betweangpiration efficiency, stomata
conductance and growth rate are mixed (Tambassal, 2007; Parryet al, 2005).
Nevertheless, it has been reported that increasanspiration efficiency correlates with
reductions in stomatal conductance, leading to cedwrowth rate and potential yield
reductions (Parryet al, 2005). This indicates (as observed also in Eg5) that
selecting or breeding for high leaf-level WUE coblel counterproductive due to potential
yield penalties and, thus, a scope for further wiorkranslate improved relationships to
increased vyield (Parret al, 2005). There is the need, therefore, to detegman
acceptable tradeoff between WUE and yield penBi#gsioura (2006) warns that breeding

for high yields under water-scarce conditions cobkl risky due to the high input
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requirement for fertilizer and water. Where sewdn@ught is frequent, yields can also be
reduced substantially, or there might even be twiab failure, regardless of gains made
through breeding.

Moreover, leaf-level WUE (WUE) does not translate to whole crop-level or
yield-level WUE (WUE;eiq) and this connection should be explored furtheorissonet
al., 2008). For example, carbon isotope discrimima(io'°C) has been shown to be a key
potential breeding target to be manipulated foraasing transpiration efficiency. Low -
A™®C is associated with high GQ@ssimilation and transpiration ratio (Morissenal,
2008; Condoret al, 2004; Arauset al, 2002). Unfortunately, this relationship observed
in leaves or individual plants in pot studies does translate into field-scale or yield
WUE (Condoret al, 2004). Reasons that have been advanced foatiabie relationship
betweenA™®C and vyield include differences in flowering datpfant height and, most
importantly, that the lowA**C-high transpiration efficiency relationship is @nservative
trait in cereals in terms of water use and, pdgsdrowth rate (Condoet al, 2004). To
improve yield-level WUE, breeding for early vigoto reduce surface evaporation is a
better target for Mediterranean type of environraavitere seasonal rainfall distribution is
skewed to early growth stage (Conderal, 2004). On the other hand, breeding for high
transpiration efficiency is appropriate for envinoents where good rainfall events
coincide with the reproductive phase (Tambusisial, 2007; Condoret al, 2004).
Overall, matching cultivars and crop phenology éesglly flowering time) to ecological
and water supply conditions will have huge impattmp WUE and attaining acceptable

yields (Ali & Talukder, 2008; Morissort al, 2008; Passioura, 2006). In all, there is
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always a trade a tradeoff between crop WUE andymtbdty due to the stomata being the

gateway for atmospheric G@onductance and transpiration.

Furthermore, the discovery that the gene called ERE plays a role in both
transpiration and photosynthesis constitutes a lggp®rtunity for exploring molecular
tools to improve WUE and photosynthesis simultasgo(Masleet al, 2005). Advances
in genetic and genomics tools (e.g., quantitatiadét toci [QTL] mapping, microarray
techniques for genotyping and transcriptional asedyand the generation of transgenic
crops) will be of enormous help in screening langenbers of breeding lines for relevant
traits (Fleuryet al., 2010). From a breeding perspective, increasaiest index, quicker
development and improved canopy structure, as age#larly flowering have been linked
to improved WUE;eiq in modern cultivars (Morissoet al, 2008; Tambusst al, 2007).
Further improvements in cultivars are requirechia future to modify crop morphological
and physiological characteristics that allow dehyidn avoidance or tolerance in the
context of climate change (Barnabés al, 2008). Particularly, early vigour, optimal
flowering time, transpiration efficiency and highriiest index will be worth considering
in tandem, taking into account local ecological afichatic conditions. This requires a
multi-disciplinary approach. It remains unclearwewer, if cultivar improvements in
WUE and dehydration avoidance or tolerance will stabtially reduce the need for
irrigation without incurring yield penalties undprojected warmer climates with higher

variability in precipitation.
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2.4.2 Reducing Food Waste and Losses

“Food waste is composed of raw or cooked food nadseaind includes food loss
before, during or after meal preparation in the Behold, as well as food discarded in the
process of manufacturing, distribution, retail afmbd service activities. It comprises
materials such as vegetable peelings, meat trimspiagd spoiled or excess ingredients
or prepared food as well as bones, carcasses agdrst (European Commission, 2010).
Food loss, on the other hand, is the qualitativguamtitative decrease in edible food mass
in the supply chain preceding the retail and coresulevels (i.e. from farm to processing
stages) (Parfitet al, 2010). Thus, food waste occurs at the retail @msumer levels
(Gustavssoret al, 2011; Parfittet al, 2010). Globally, the magnitude of food loss and

waste from farm to fork is staggering (Figure 2-6).
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Figure 2-6: Schematic representation of global per capita fpaiuction, conversions
and losses along the chain from farm to fork. Fegaken from Lundqvist al (2008).
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Although post-harvest losses are high, food wastieearetail and household levels
are higher, and losses to animal feed are higlrégtie 2-6). At the global scale, food
waste and losses can account for as much as 30@68étrayet al, 2010) or 50% of total
food produced (Lundgvisdt al, 2008). Even neglecting ‘planned’ allocation tinffood
uses, Gustavssaat al. (2011) suggests annual food losses and waste dartmas much
as 1.3 billion tons of total food produced. In loweome countries, food losses are greater
than food waste. The reverse is true for high ine@ountries, such as USA and the UK
(Gustavssoret al, 2011; Godfrayet al, 2010). On average, 95 — 115 kg Caar" of
food is wasted in industrialized countries, cortedswith 6 — 11 kg capyear' in low
income countries (Gustavssehal, 2011). For example, about 7.2 million tonne$oaid
are wasted annually in the UK, with 4.4 million t&@s classified as ‘avoidable’ food
waste (WRAP, 2011). Regionally, total food losse&l waste are greatest in North
America and Europe and lowest in South and Sough-Esia (Buzby & Hyman, 2012;
Nahmanet al, 2012; FAO, 2011; Gustavssehal, 2011; WRI, 1999). For example, in
the EU-27, over 89 million tonnes of food is wastathually (European Commission,
2010).

Food loss or waste represents a waste of moneg@arde resources invested in
producing, transforming and transporting food altimg supply chain to consumer level.
Food waste also raises the moral or ethical questmf over-consumption, negative
attitudes, such as undervaluing food, and diversibiood to non-food uses such as
biofuel and animal feed (Parfiét al, 2010; Lundgviset al, 2008; FAO, 2006b). It has
been suggested that shifting food losses and vtagteor households can reduce global

food insecurity and greenhouse gas emissions gigntfy (Buzby & Hyman, 2012;
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Nahmanet al, 2012; WRAP, 2012; European Commission, 2010fitPaat al, 2010;

Lundqvistet al, 2008). Thus, in the context of anticipated watearcity, food demand
and pressures on food production, reducing foodelesand waste represents a huge

opportunity for reducing future food insecurity.

2.5 Virtual Water: The Missing Piece

An equally important option worthy of considerationthe discourse on paths to
food security under future water-scarce conditigrthe virtual water concept. Introduced
by Allan (1999; 1997), virtual water refers to th@ume of water used in producing a unit
food commodity that is traded. This definition ingsl that for virtual water to exist, trade
must bridge food production and consumption betwigen spatially distinct economies
(e.g. national or regional). Earlier, Allan had dighe term “embedded water” (Allan,
2003), derived from a suggestion by an Israeli enust in the 80s that it was not
‘economically sensible’ for arid Israel to expodasce water embedded in oranges and
avocados. In his own words (Allan, 2003), the telembedded water was under-
whelming in its impact’ but the response of the water policy communityhi® ‘virtual
watermetaphor’ was overwhelming.

The role of virtual water in ensuring food securityder water-scarce conditions
derives from the proposition that through the int@ibon of water-intensive crop
commodities from a water-rich country, a water-seaconomy can save water and offset
food insecurity (Daliret al, 2012; El-Sadek, 2011; Alday al, 2010b; Hoekstra, 2010;

Chapagain & Hoekstra, 2008; Chapagainal, 2006; Yanget al, 2006; Hoekstra &
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Hung, 2005; 2002; Allan, 2003; 2001; 1997). It e®n shown that virtual water is a

useful tool for arid and semi-arid regions (ElI-Sqd2011; Faramarat al, 2010b; Allan,
2001) or Mediterranean countries (Yang & Zehnd®02) to save water and maintain
food security.

Food trade is an old practice. Trade in food comtrexihas played a crucial role
in ensuring global food security by increasing ewuit, physical, nutritional and socio-
cultural access to a wide range of foods (Defr®92@008). Food trade can contribute to
efficient use of global resources such as landemwanergy and technology by distributing
surplus food from producing countries to counttiest have deficits (Chapagain & Orr,
2009; Defra, 2009; 2008; Chapaga&nal, 2006). While water scarcity might not be a
new phenomenon (Kummet al, 2010), the projected increase in its scale amaptexity
suggests a need for new responses. Thereforee iootitext of projected climate change
or anticipated water scarcity, it is important toprove understanding on the potential
usefulness of the virtual water concept, as a cemehtary tool, in informing policy and

management decisions on water and food securtheifuture.

2.5.1 Virtual Water Content, Flows and Savings

2.5.1.1 Egtimating Virtual Water Content of Crops

For primary crop commodities, virtual water contétWC) is the ratio of total
crop evapotranspiration (ETc) to yield. The VWC Ie®n referred to variously as the
specific water demand (SWD) (Hoekstra & Hung, 20@802), water use intensity

(Hoekstra, 1998), virtual water value (Zimmer & Rah, 2003) and unit water
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requirement (Okiet al, 2003). However, the calculation procedure is same. In the
virtual water literature, the VWC (fton*) of a given crog is calculated as (Chapagain
& Orr, 2009; Yanget al, 2006; Hoekstra & Hung, 2002):

> ETc

VWC, =22 Equation 2- 1
Yc

whereY denotes yield (tons H} ET. denotes crop evapotranspiration (mm day
under specified conditions; andlenotes the number of days in the growing pe Bad:

ETc = ETo(Kc) Equation 2- 2

where ETo denotes reference evapotranspiration; Kodlenotes a crop-specific
coefficient (Shahin, 2003; Alleet al, 1998).

This means VWC of crops excludes the minute amofintater retained in the
plant cells during growth or in the harvested pad(Hess, 2010), water used in
background processes such as dissolution of chérmmandments applied to soil or
plants (Berger & Finkbeiner, 2010; Ridoutt & Pfist2010), and water used in farm
operations such as cleaning implements, washinguge or used by workers (Hess,
2010).

Reference evapotranspiration (ETo) refers to thefdéin a hypothetical, short,
well-watered, uniformly growing reference crop (eatfalfa or grass) that is disease-free
and growing in a large field with non-limiting sd@rtility and reaching full production
potential (Shahin, 2003; Alleat al, 1998; Doorenbos & Pruitt, 1977). It represehis t
evaporative demand of the atmosphere at a givatitwcand time, independent of crop
type or management (Sumner & Jacobs, 2005; Shab@3; Allenet al, 1998). The crop-

specific coefficient (Kc) relates to the crop’siseater depletion potential (Allest al.,
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1998). Allenet al. (1998) provide a procedure for estimating ETo Kodas well as give
Kc values for a number of crops.

Thus, the energy balance approach is widely usepgiantify crop VWC which is
justified by the fact that direct measurement ofuak crop water use (ETc) can be
laborious, expensive and difficult to scale up antherefore rarely done (Hess, 2010; Al
& Talukder, 2008). In the energy balance approastather or climate data is used to
compute ETo, which is then used together with Kedsomate the ETc of a given crop-
type at a particular place and time and under §pamnditions of production (which may
not be optimal). Commonly used energy balance nustlame grouped into temperature-
based methods, radiation-based methods and conadnimaethods (Shahin, 2003). Most
popular and commonly used temperature-based metimofisde the Blaney-Criddle,
Hargreaves and Thornthwaite equations (Yawetaal, 2011; Shahin, 2003; Doorenbos &
Pruitt, 1977). The Blaney-Criddle equation is stdleful for estimating ETo particularly
where there is limited meteorological data (Yawsoml, 2011). Even though a number
of radiation-based methods have been developey, ate not commonly used as it is
cumbersome to meet their data and computationaliresgents and they tend to
overestimate ETo (Shahin, 2003). A popular radiebased method is the Jensen-Haise
method (Shahin, 2003). The combination methods chtigi combine energy and
aerodynamic terms and are mostly modifications qfiaions that were originally
developed to estimate evaporation from free waieiase. Popular examples include the
Priestley-Taylor equation, FAO-Penman and the FA&hrRan-Monteith (FAO P-M)
methods (Tabaret al, 2011; Sumner & Jacobs, 2005; Shahin, 2003; Adieal, 2006;

1998). The Penman-Monteith method is the standemakt popular and widely used
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method for estimating ETo due to its excellent periance against other methods (Tabari
et al, 2011; Hess, 2010; Sumner & Jacobs, 2005; Shadisg; Allenet al, 2006; 1998).
It is expressed as (Allest al.,1998):
ET, = 0408\(R, - G) +[900w, (e, —€,) /(T)] = [A + y(1+ 034u,)]  Equation 2- 3
where4 is the slope of the saturation vapour pressureecar a given temperature

T (kPa°C™); RnandG are respectively net radiation and soil heat fiensity (MJ rf
day™); Y denotes the psychrometric constant (kP'al),"G:l2 denotes wind speed at 2 m

height (m &); e ande, are respectively saturation and actual vapourspres(kPa)gs —
€, is the saturation vapour pressure deficit (kPa)denotes absolute temperature in
degrees Kelvin.

Alternatively, ETc can be estimated by the watelabee approach which is
laborious and difficult to scale up over large sgascales. Here, ETc is estimated as
(Shahin, 2003):

ETc=(l + Pe) - (R+ D) + ASM+ (GWH) Equation 2- 4

wherel andPe denote irrigation and effective precipitation resjively; R andD
denote surface runoff and drainage respectivE®N denotes change in soil water content
and GWr denotes groundwater recharge. Wheand R are reduced to zero, the water
balance equation becomes:

ETc=Pe+ASM-D £ (GWr) Equation 2- 5

In this special case equatiofe represents effective rainfall plus irrigation. $hi
equation is applicable under conditions where th#ewtable is very low and far below

the root zone and soil moisture content is detegthigravimetrically or volumetrically at
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specific time intervals before and after water inpguternatively, ETc can be estimated as

the depthD, mm) of soil water depleted from the root zoneagésen, 1956):

b=y Ge=8)ph e)ps

Equation 2- 6

where 65 denotes water content at field capacity (#p)s the measured soil water
content (%);ps is the apparent specific gravity of soil; amds the thickness of soil layer
(mm). Due to differences in agronomic practicespatultivars, method used to estimate
ETo, and spatio-temporal variations in environmeotaditions, the VWC of the same

crop can vary considerably over space and time.

2.5.1.2 Virtual Water Flows and Balancesin Food Trade

Between any two economies, the virtual water flosr & particular food
commodity is calculated as (Chapagain & Hoeksttd,12 2008; Chapagain & Orr, 2009;
Yanget al, 2006; Hoekstra & Hung, 2005):

VWF [g i, c, t] = Qe i, c, t] x VWCe, ¢, t] Equation 2- 7

whereVWEF denotes virtual water flow (fryear) from an exporting countrg to
an importing country in yeart due to the quantitf). (tons year) of trade and virtual
water contenV/ WG, of commaodityc in the exporting country. The net virtual watemnlo
(NVWH, or virtual water balance, is the difference lew the total virtual water import
and export for any given commodity and time peridde water saved by an importing
nation is conceptually equivalent to the volumewgdter that would have been used
domestically to produce the quantity of the foodnomodity imported (Chapagain &

Hoekstra, 2011; 2008). This has been referred tthesretical virtual water (Hoekstra,
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2003) or virtual water savings (e.g. Chapagain &k#tra, 2008; Chapagaét al, 2006;

Yanget al.,2006) or exogenous water (Haddadin, 2003). Yetngl. (2006) suggest that
virtual water savings should be considered to existn NVWF is positive and the water
productivity or availability of the importing regigs) for the same commodity is lower
than that of the exporting region(s). Otherwisetenésses occur.

Hoekstra & Hung (2002) estimated global virtual evdftows associated with food
commodity trade in 2000 to be 1031 &year', with crops accounting for 695 Gryear*
while trade in livestock and livestock products@euted for 336 Grhyear'. Hoekstra &
Hung (2005) estimated the total global virtual watews for 33 crops for the period
1995-1999 to be 694 Ghyeaf’, with the top ten crops (Figure 2-7) accounting fo
92.12%. Wheat and soybean were the largest cotdrguo the global virtual water
flows, accounting for 30% and 17%, respectivelyg&ding water savings, Chapagain
al. (2006) estimated that trade in cereals for threodel 999-2001 resulted in global water
savings of 222 krhyear' (Figure 2-8). Subsequent to these pioneering wahese have
been several estimates of virtual water flows aadngs at different spatio-temporal
scales for different commodities, reflecting divemnhethodological efforts to improve
spatio-temporal resolution, water use accountinp @apture impacts on water resources
(e.g. Dalinet al, 2012; El-Sadek, 2011; Faramaetial, 2010b; Mekonnen & Hoekstra,
2010a; 2010b; Siebert & Doll, 2010; Dabrowskial, 2009a; 2009b; Dietzenbacher &
Velazquez, 2007; Yangt al, 2006). All the global scale studies indicatet tkize
proportion of green water far exceeds blue wateglabal virtual water flows, indicating

that global trade in primary food crops could heffset blue water scarcity.



54

1100 -~
1000 -
900 -
800 -
700 -
600 -
500 -
400 -
300 -
200 -
100 A

Virtual water flows

e A & a2 X A & < & &

¢ & & & & ¥ ¥ & & K

S & & %o@}‘ & &
g S

Figure2-7: Contributions of top 10 crops to global virtual aflows (Gn) for the
period 1995 — 1999. Data taken from Hoekstra & H(2G5).
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Figure2- 8: Global average water savings (kyear') from cereal trade (1999-2001).
Data taken from Chapagadén al. (2006).

For the UK, Yuet al (2010) studied the regional and total water faatp of 28
sectors in South-East, North-East England and tke Agjriculture was found to be the
most water-intensive sector, consuming approxima&D4, 2131 and 2116°water per
£1000 of output for the whole UK, the South-Eagiior and the North-East region,

respectively. They reported that 55% of UK natiowalter footprint was external. In a
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similar study for 28 sectors, Femg al. (2010) observed that agriculture was the most
water-intensive sector, with a total production evootprint of 86 Grhyear', of which

77 Gn? yeaf* was internal. Approximately 74% of UK’s total watfeotprint (86 G
year') was external. It was found that the food prodseistor is the largest consumer of
external water and 55% of its water consumptiogioates from non-OECD countries
while 28% comes from EU-OECD countries. These fewliss show that the UK depends
heavily on external virtual water and there is gé@ more research to understand the
role of virtual water in UK food security, espetyah the context of climate change and

anticipated increase in global water scarcity.

2.5.2 Incorporating Virtual Water into Policy: Opportunities and Challenges

A debate on the usefulness of virtual water foiqyois still ongoing. Neubert &
Horlemann (2008) have discussed the key argumasssimptions and requirements of
the opposing sides of the debate. The pro-virtuailewargument is that importation of
water-intensive food commaodities is motivated bytewadeficit and that water savings
resulting from food import helps mitigate the efeof water scarcity (e.g. Chapagain
al., 2006; Yanget al, 2006; Hoekstra & Hung, 2005; Allan, 2003; 199997). Some
studies using the Middle East and North Africa (MENregion or Mediterranean
countries (e.g. Novet al, 2009; Yanget al, 2003; Haddadin, 2003; Hakimian, 2003;
Yang & Zehnder, 2002) have been used to suppost dhjument. Hence, given the
projected changes in climate, demographics, foodagkel and supply, virtual water will

play an important role in food trade strategieswater deficit countries in the future.
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Here, strategies based on virtual water will beiiasce against water and food insecurity
due to occasional and progressive drought or worgearidity in a manner that is
effective, politically silent and economically isible (Allan, 2003; 2001; 1999; 1997).
Hence, adjustments in international trade and mesogovernance, as well as national
water resources management are necessary to mengiiszuptions, unfair competition
and risks (Hoekstra, 2009; 2006). It is also arguedt virtual water reveals
interdependencies between nations and consumensaaun@l resources such as water and
thereby promotes ethical consumption, diplomacy padce (Chapagaiat al, 2006;
Hoekstra, 2006).

The opposing argument is that virtual water hadyaical value but not sufficient
instrumental value for policy due to certain cortaapor theoretical limitations and that
policy proposals based on virtual water can evemdtentially dangerous (Wichelns,
2010a; 2010b; Frontier Economics, 2008). This amums based on claims that the
virtual water concept is inconsistent with the stuwe and pattern of virtual water flows,
the supposed water savings are inaccurate anckviam for reducing water deficits,
virtual water estimates are not linked to any emwinental target to guide policy or
management decisions, lack of consideration ofcpgofailures and opportunities to
improve water resources development and produgtias well as socio-economic and
political impacts on importing nations (Ansink,120) Ridoutt & Pfister, 2010; Wichelns,
2010a; 2010b; Frontier Economics, 2008). There aguments that the relevance of
virtual water for policy can be enhanced by conside comparative advantage or
opportunity cost of water in food production (Wibthe 2010a; 2010b; 2004; 2001; Lant,

2003; Earle, 2001), or by considering other envimental, socio-economic and political
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factors (Aldayaet al, 2010b; Wichelns, 2010a; 2010b; Kumar & Singl)®20.ant, 2003;

Earle, 2001). As suggested by Frontier Economi@0&}® research in this direction,
instead of estimates of virtual water flows, carpiave the utility of virtual water for
policy.

The idea that international commodity trade is adirect trade of factors of
production and that relative endowments in suctofadictate the structure and pattern of
trade is rooted in the Heckscher-Ohlin theorem raflé which builds on classical
Ricardian comparative advantage (Hakimian, 200&caBse the virtual water concept
seems to be about differences in water resourcevandnts and indirect trading of a
productive resource (water) between trading natidgns believed that the structure and
pattern of virtual water flows can be explainedhitite Heckscher-Ohlin theory (Ansink,
2010; Wichelns, 2010a; 2010b; Hakimian, 2003; Alla1®99). The two central
assumptions of the Heckscher-Ohlin theory are thatountries differ in their relative
abundance of productive resources (e.g. water, labdur and capital) which determines
factor prices and comparative advantages; anddifii¢rent proportions of these input
factors are used to produce goods (Krugman & Oldstfe©91). Countries are therefore
expected to import goods which require intensive afstheir scarce resources to produce
andviceversa(Ansink, 2010; Hakimian, 2003).

Classical applications of the Heckscher-Ohlin tgedo trade in industrial
commodities have often revealed the opposite, uatsiin called the ‘Leontief Paradox’
(Hakimian, 2003; Krugman & Obstfeld, 1991). Simijarn the virtual water literature,
the application of comparative advantage (basetkmative water resources endowment)

has largely exhibited the Leontief Paradox wherdewsdch nations import water-
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intensive food commodities even from water-defaountries, or where no relation was
found between water deficit and food import (e.gel&ll et al, 2011; Ansink, 2010;
Ramirez-vallejo & Rogers, 2010; Vermnefial, 2009; Kumar & Singh, 2005; Lant, 2003;
Earle, 2001). These studies attributed the straat@ivirtual water flows largely to factors
other than water endowment, such as arable labhdutaand trade liberalization policies.
These findings are not surprising. From the catauta of virtual water flows, it is natural
that large food importers and exporters will haargé virtual water imports and export
respectively and trade structure is not dictatetiredp by water resources but also by
political, economic and socio-cultural considenasiqYoukhana & Laube, 2009; Neubert
& Horlemann, 2008; Roth & Warner, 2007; Kumar & @ 2005; Hakimian, 2003;
Warner, 2003). Crop productivity differences amanagling nations might also contribute
as observed in certain studies (Dabrowskial, 2009b; Neubert & Horlemann, 2008;
Yang & Zehnder, 2007).

It has also been argued that the global water gavand distribution of water
scarcity associated with virtual water are questid® and irrelevant as global virtual
water flows is a fraction of the total water usedcdrop production and there is no
guarantee that the supposed water saved will bieedpp agriculture (Wichelns, 2010a;
Frontier Economics, 2008). What is important toendghough, is that water endowment
alone cannot explain the structure of food tradedam contribute to understanding the
patterns in certain jurisdictions (Hakimian, 2008)akimian (2003) reported that his
results, while supporting the virtual water hypaisgwere sensitive to the definition and
measurement of water used in the analysis. He tegpdhat using ‘total annual water

withdrawal’ yielded a result consistent with thetwal water proposition, whereas using
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‘internal renewable water resources’ or ‘annualiadiural withdrawals’ gave poor
results. This raises the need for (1) better assmdsof water endowment and (2)
compatibility between the definition of water sagr@and crop water use.

The need to study the implications of adopting walt water as a policy
prescription for national security, economic gromemployment, institutional adjustments
and poverty reduction in different countries hasrbsuggested (Wichelns, 2010b; 2003;
2001). There are even arguments evoking the pallitisk of losing sovereignty through
high reliance on food import (Wichelns, 2010a; Varat al, 2009; Kumar & Singh,
2005; Lant, 2003; Earle, 2001). These are genubmearns worthy of consideration for
optimal water management and food security decssidre food crisis (2007-2009)
revealed the volatility of the global food marketdathe dangers inherent in a widely
connected global food system (Essex, 2010). Thascre-ignited the old debate about
self-sufficiency, food security and food dependetimypugh trade. Joachim von Braun
(Director General, IFPRI) stated that World confronted with more scarcity of food needs
to trade more — not less — to spread opportunitady” (von Braun, 2008). In the UK,
while there were calls for a return to the selffisigncy paradigm, Peter Kendall
(President of National Farmers Union) suggestet ‘loed security cannot be uniquely
tackled at the national level, but that should potclude British farming from playing a
crucial part in addressing this global issuéDefra, 2008). On the contrary, Russia
banned grains export in 2009 due to severe drosglgesting that countries can reduce
food export during periods of domestic low prodactor food scarcity.

There are important elements missing in the debtatthe utility of virtual water

for policy. The question is ‘what policy?’ Is it vex policy, food security policy or water-
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food security policy? A shift in focus might helpetdebate. Food is imported primarily to
augment domestic food capacity to achieve food riggciHence, food import will be
more consistent with food security goals. Moreowegfer is only one of the factors of
crop production and the true economic cost of bater and food is not transferred to the
consumer (Allan, 2003) and thus distort the foodkaand trade (Hakimian, 2003).
Hence, a hydrocentric view is not sufficient forteraand food security policy (Brichieri-
Colombi, 2004). Virtual water links water consunoptiin crop production, on the
agronomy side, to food trade and consumption, a ¢bonomy side (Neubert &
Horlemann, 2008; Allan, 2003; Yang & Zehnder, 200)e role of virtual water in food
security can therefore be better assessed throwgimained analysis of the agricultural
and economic structure, resource endowment and &mmdirity needs of a country
(Aldaya et al, 2010b). Food production serves multiple purposesluding cultural,
political, and socio-economic purposes (Neubert &léimann, 2008). Each country will
therefore strive to produce as much food as thespopes and resources will allow;
hence, food production and trade might not alwaykensense in only one domain.
Consequently, caution should be exercised whemgjiprescriptions on food production
and consumption based on water endowment or vivtagér analysis alone as this might
easily lead to a theoretical overstretch.

As noted by Roth & Warner (2007), for nations faedth acute food insecurity
induced by water scarcity, virtual water is a keynponent of a wider palette of policy
choices. No policy prescription, however, will b#eetive if it is based on a single
strategy such as virtual water (Aldagtal, 2010b; Roth & Warner, 2007). Therefore, the

extent to which a policy directed at water and feedurity should directly incorporate
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virtual water ‘trade’ is a matter of national cimstances. An informed answer would
consider a range of factors, including dynamicgvafter availability and uses, agricultural
capacity and structure, asymmetries in power atetniational commodity trade, political
and economic structure, market signals and riskatunty of food supply chains and
environmental costs. There is the need, thereffne,more studies on the role and
usefulness of the virtual water concept in ensunvater-food security in different

jurisdictions.
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CHAPTER 3

EVALUATION OF MODELS FOR ESTIMATING WATER USE OF
BARLEY

3.1 Introduction

Estimates of crop water use are central to quangfyirtual water flows through
crop commodity trade. In-field monitoring or diresteasurement of daily crop water
consumption over the crop growing season and oaggel spatio-temporal scales is
extremely difficult.As a result, dynamic models for simulating cropvgitohave become
a preferred tool for indirectly and rapidly estimagt crop water use as they are also
scalable over space and time (Todorosical, 2009). Such models are also useful in
assessing the occurrence and effects of intra-sehseter stress on crop growth and
yield to support irrigation and agronomic managemdacisions (Brouwer & van
Ittersum, 2010; Hess, 2010). Compared to irrigategps, however, the water use of crops
under rain-fed conditions (green water use, ChapagaDrr, 2009) is only occasionally
measured (Hess, 2010) and normally for academipgses. Estimating crop water use
under rain-fed conditions is important not only &exe green water dominates global crop
production and virtual water flows (Aldays al, 2010a; Hanasalat al, 2010; Hoffet
al., 2010; Liu & Yang, 2010; Rockstromet al, 2009; Chapagaiet al, 2006; Yanget al,
2006) but also because green water use of cropstafpotential groundwater recharge
(Holmanet al, 2011; 2009).

Several models are available for simulating theattyics of crop growth and/or

soil water content, as well as the effects of ctemzhange on these parameters (Humink
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al., 2011; Rivington & Koo, 2011; UNFCCC, 2008; Stegu2003; van Ittersunet al,

2003). These models differ in their complexitiesl @ata requirements depending chiefly
on whether their core crop growth sub-model is tyadriven by carbon, radiation or
water (Huninket al, 2011; Steduto, 2003; van ltters@mal, 2003; De Witet al, 1970).
Carbon-driven models (e.g. WOFOST, SWACROP and CRR®) are the most
complex and have the most extensive data requiresm€nop growth in these models is
mainly driven by photosynthetic assimilation oflmam from the atmosphere. Radiation-
oriented models (e.g. CERES, CropSyst and EPIChaxre in complexity and in these
models crop growth is driven by intercepted scéatiation and radiation use efficiency of
the crop. By contrast, water-driven models or agdoblogical models (e.g. AquaCrop
and CropWat) present a far less complex architectund fewer data requirements. In
these models, crop growth is largely driven or tediby soil water balance (SWB) which
is linked to transpiration through a water produityi function that can be normalized for
different climates (Stedute@t al, 2009; Todorovicet al, 2009). Because of their
simplicity, and because they are based on soil mditeamics, water-driven models are
the most widely used models in studies of crop made and the effects of water stress on
yields (van Ittersunet al, 2003). While radiation or carbon-driven models t& better
for simulating crop yields due to the canopy-atn@sp interaction in yield formation,
van Ittersumret al. (2003) suggested that water-driven models pertoetter and are more
suitable for irrigation and water-use assessmehén tcarbon- and radiation-driven
models.

In the virtual water literature, CropWat is commpuoked to estimate crop virtual

water content and consequently virtual water flaven at a global scale (Hess, 2010;
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Chapagain & Orr, 2009; Chapagaihal, 2006). For a model to be applicable to several
crops under different management and environmetadlitions, its ability to predict a
target parameter accurately should be proven tlhrauglti-site and multi-year testing
(Raeset al, 2009; Todoroviet al, 2009; Steduto, 2003). Some studies have shoatn th
compared to other models, CropWat performs poatlypredicting crop water use in
certain environments. For example, Hess (2010) rtegothat WaSim is better than
CropWat for estimating pasture water use under iEimglonditions. Georget al. (2000)
reported that, compared to the Irrigation ScheduliModel, CropWat slightly
underestimated the ETc of beans in Davis, CalitofhiSA). Kanget al. (2009) reported
that CropWat, just like CERES-Wheat and MODWhtgdioted daily ETc of winter wheat
in China and USA poorly. Therefore, in the interegtimproving the accuracy of the
estimates of crop virtual water content and flothieye is the need to compare the abilities
of CropWat and other water-driven models for pradgcrop water use and the effects of
soil water stress on yields. Previously, CropWa heen compared with WaSim (Hess,
2010) and AquaCrop has been compared with otherelmosuch as CropSyst and
WOFOST (Todorovieet al, 2009). No study, however, has yet compared thidies of
AquaCrop, CropWat and WaSim for simulating crop ewaise. AquaCrop is the latest
FAO crop water productivity model, with capacity fdimate change simulations (Ragts
al., 2009). It has been used to simulate the growittld and response to soil water
dynamics of different crops and in different loocas, including West and South Africa,
Near East and Asia, with satisfactory results (@@t al, 2011). WaSim has been
shown to be suitable for English environmental ¢omas (Hess, 2010) and, therefore, the

UK. The objective of this chapter is to compare ahdities of AquaCrop, CropWat and
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WaSim to predict the water use and effect of wsteass on yields of 10 barley genotypes

grown in the field in Scotland.

3.2 Description of the Models

3.2.1 AquaCrop

AquaCrop, released in 2009, is a crop water pradtctmodel for simulating
biomass and vyield response to soil water dynaniRzeget al, 2009; Steduteet al,
2009). The model is targeted at a broad rangeestia varying scales. It can be used as a
planning tool or to assist in management decisitinacorporates current knowledge of
crop physiological responses to predict attainajgkdd of a crop based on water
availability. It is designed to offer a balancevbetn accuracy, simplicity and robustness.
The architecture and algorithms of AquaCrop havenbeported by Raest al. (2009)
while the conceptual framework, underlying prinegl and distinctive components and
features have been reported by Stedutal. (2009).

The soil sub-model is designed as a dispersedmsyseemitting the user to define
up to five layers of varying textures and depththmsoil profile. This sub-model contains
default values of hydraulic properties (e.g. saadahydraulic conductivity, saturated
water content, field capacity and wilting pointgngrated using a pedotransfer function,
for all the soil textural classes defined in theD4Ssoil texture triangle. However, user-
defined soil type and or values of hydraulic charastics are also permitted. The
available soil water in the root zone is trackearfrwater input by performing a daily

water balance that includes the processes of rumafiftration, redistribution, deep
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percolation, capillary rise, uptake, evaporatiod &manspiration. In performing soil water
balance, AquaCrop separates soil evaporation from ttanspiration.

The crop-growth sub-model relies on the consereatbehavior of water
productivity. Thus, biomass production in AquaCiepa function of water productivity
and crop transpiration relative to the extent ofaggy cover. The canopy cover (expressed
as a fraction of green canopy ground cover) isiatuas it determines the scale of
transpiration and biomass production through ifsa@sion, ageing, stomatal conductance
and senescence. Under unstressed conditions, caxpaysion from emergence to full
cover follows an exponential growth function whillke phase from full canopy to
senescence follows a decay function. Subsequehillit@anopy cover, the canopy can
have a variable duration period prior to senescelmtermediary processes of biomass
accumulation are not simulated but syntheticallyonporated into a single coefficient
defined as biomass water productivity (WP), whiemormalized for reference ET (ETo)
and CQ concentration of the bulk atmosphere. This normasibn makes the model
applicable to varied locations and seasons, inctudilimate change scenarios. Even
though the final yield is a product of biomass &advest index (HI), AquaCrop separates
final yield into biomass and HI and, thus, allowdistinction of environmental effects on
biomass production and harvest index (Reteal, 2009; Geertgt al, 2009). The crop-
growth sub-model has five main components and aeélalynamic responses to
environmental conditions (phenology, canopy coveoting depth, biomass production
and harvest index). Crop responses to water stsg through three main conservative,
plant-based parameters: reduced rate of canopy nsixpa stomatal control of

transpiration, and accelerated canopy senescencga(®anet al, 2011; Raest al,
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2009). Through these pathways, the WP and HI apestadl. Other water stresses (e.qg.
waterlogging) can also affect the WP and HI. Thesst functions of the crop responses
are considered conservative with respect to manageaor geographical location, but the
onset and intensity of stresses are strongly depgrnmh management, time, climate and
soil conditions (Raest al, 2009). Simulations can be run in either growilegree days
or calendar days depending on data availability asel preference. A recent literature
review on the performance of AquaCrop shows thata&yop is able to simulate crop
water use, biomass production and yield and crgparses to soil water deficits

satisfactorily (Stedutet al, 2011).

3.2.2 CropWat

The FAO CropWat model (Smith, 1992) was developsdaasimple tool for
estimating crop water requirement (CWR), generaimigation schedules and water
supply schemes for different agronomic managemeenaios (Stancaliet al, 2010).
CWR is simulated as the product of ETo and crodficoent (Kc) relative to effective
rainfall over four crop development stagestial, development, midand late-seasons
(Doorenbos & Pruitt, 1977). The initial period isttyeen sowing to 10% canopy cover
and the development stage is the period from 10RGma cover to maximum canopy
cover (normally initiation of flowering). Mid-seasacovers the period from maximum
canopy cover to start of maturity (beginning ofiageyellowing or senescence). The late
season is marked by the start of maturity to han@fferent Kc input values are required

for the different growth stages. However, withigigaen growth stage, the daily Kc values
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applied can be a proportion of the input valuegsponse to the extent of soil wetness or
dryness. Maximum Kc is assumed to be reached atribeof mid-season (Doorenbos &
Pruitt, 1977). CropWat has been used in variouslissuon CWR and irrigation
optimization with varied results (e.g. Kargal, 2009; Mimi & Jamous, 2010; Smith &
Kivumbi, 2002; Georgeet al, 2000). The common use of CropWat in the virtwater
literature might be due to the availability of gené{c values and length of development
stages of several crops, the accompanying climetee generation software (Climwat), the
minimal data and calibration requirements and #iative ease of use (Smith & Kivumbi,

2002).

3.2.3 WaSim

WaSim is a one-dimensional soil water balance satrarh model developed by
HR Wallingford and Cranfield University (UK). A geral description of WaSim is given
by Hess & Counsell (2000) and details of the matieicture, sub-models and algorithms
are published in the technical manual (Hessal, 2012). WaSim is designed to simulate
daily soil water balance in response to agronomianagement practices and
environmental conditions, such as weather, soilaop growth (Hess & Counsell, 2000).
In WaSim, soil water is stored between an uppenbdaty (the soil surface) and a lower
boundary (the impermeable layer) divided into fiecempartments. The first two
compartments (0-0.15 m and 0.15 m - root depthjtitoiee plant available soil water. Soil
water depletion through ET occurs mainly in the kyper and subsoil water abstraction

occurs when water in the topsoil is depleted. Emadelled separately for crop cover,
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bare soil and mulch. Crop cover fraction is lingariterpolated between the dates of
emergence, 20% canopy cover, maximum cover, matamd harvest, while senescence is
captured as a linear reduction in canopy cover éetwmaximum cover and zero cover at
maturity (Hess & Counsell, 2000). Even though WaSuas originally designed for
educational training in drainage, irrigation andinsty management (Hess & Counsell,
2000), it has been used in simulating subsurfaamage system performance (Hirekhan,
2007), water use of pasture (Hess, 2010), totalnaetric irrigation water requirements
(Knox et al, 1997), catchment runoff (Hest al, 2010) and groundwater recharge

(Holmanet al, 2009) with satisfactory results.

3.3 Materials and Methods

3.3.1 Site Description and Crop Husbandry

A field experiment was conducted at The James Idutistitute (Dundee, 56.27N,
3.40W) in 2011. The soil of the site belongs to Badrownie series, a Stagnic Cambisol
in the FAO classification, with a sandy loam tegtderived from red sandstone sediments
(Bell and Hipkin, 1988; McKenziet al, 2009). The soil is freely drained, with satudate
water content of 45.8%, field capacity of 23%, panent wilting point of 9.5% and total
available soil moisture of 135 mm/m. The pH (Ca@inges from 5.1 in the surface to 5.6
in the subsoil.

The soil was ploughed and harrowed to a depth 4. The field was divided
into 10 plots (each 6 m long, 10 m wide), with staice of 2 m between plots. Each plot

was divided into five rows, each row measuring ®ng and 1.2 m wide with a distance
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of 1 m between rows. Each row was further dividewb i6 subplots of 1 m length for
different root restriction treatments. Ten sprirggley genotypes (B83-12/21/5, Bowman,
Derkado, Golden Promise, Morex, NJSS106, Optiajiiph, Westminster, and Zephyr)
were assigned randomly to the rows of a plot. Themmotypes were selected because
seeds were available at The James Hutton Insttntethey were on the list of spring
barley genotypes recommended by the Home Growna@Gerauthority (HGCA). Seed
was sown on 8 April 2011 in the 6 m long rows to a target deysit 365 plants M. A
single fertilizer application was made at sowingaate of 110 kg FaN, 20 kg h&d P,Os
and 70 kg ha K,O. Weeds were controlled chemically. Harvestingktptace on 1%

September 2011. The data collected for this stuelgvirom the control subplots.

3.3.2 Data Collection

3.3.2.1 Weather Data

Weather data (daily maximum and minimum temperatgenshine hours,
humidity, rainfall and wind speed) were collectedni an onsite meteorological station
(UK Station No. 339299) located 50 m from the ekpent plot at an altitude of 30 m
above sea level. The weather data were used to utempmlaily reference
evapotranspiration (ETo), using the FAO Penman-itmtequation (Allen et al., 1998)
in the FAO ETo Calculator software (Raes, 2009e Tomputed ETo data were exported

as a text file and converted to compatible fornhatshe crop models.
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3.3.2.2 Canopy Cover and Canopy Temperature

The growth stages and durations of developmentajest of the crops were
monitored in the field using the Zadoks Scale amel HGCA Barley Growth Guide
(HGCA, 2006). Canopy cover was calculated fromtdigirue colour images taken with
an 8.2 megapixels SONY CYBERSHOT digital cameraNS®@', TOKYO), operating in
the visible region of the electromagnetic spectrior.each genotype, three subplots were
selected for imaging at a 3-day interval exceptwheather conditions did not permit.
For each subplot, two images were taken each fline.images were taken by pointing
the lens of the camera perpendicularly to the carmpface of a subplot. The images
were always taken when the sun was overhead toreertkat canopy shadows were
visible. The edges of a subplot were marked ouh ieur bamboo sticks fixed at the
corners of the subplot but are sometimes visiblthéimage. The images were imported
in FIJI ImageJ software, cropped to cut out eddeeefand then converted to binary
format (usingProcess>Binary>Make Binajy with a pixel inclusion probability threshold
of 55%. A histogram of the binary image was sa¥@dure 3-1a, b) in order to obtain the
count of pixels representing the background saMglpvalue of 0) and the vegetation
fraction (pixel value of 255). Per cent canopy ed@¥e CC) was calculated as:

% CC = V7g x 100 Equation 3-1

whereVgis the total count of pixels representing vegetagadT is the total number of

pixels.
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Flgure 3-1b; Correspondlng bmary |mage of Figur- 1a

The calculated canopy cover values were used isithelations using AquaCrop
and WaSim. Results of canopy cover calculated ughig method do not differ

significantly from those obtained by other methadsh as the ocular estimation, digital
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square grid and polygon methods (Avsar and Ayyildip10), or the USDA point
sampling method (Crawley, 2011). Also, Campidb al (2008) reported that canopy
cover calculated using this method in ImageJ showddhear relationship with light
interception measured with line quantum sensoolat $ioon.

Canopy temperature was retrieved from thermal imagfethe canopy captured
with a ThermaCAM™ P25 thermal camera (FLIR SYSTEMSyeden), with the
following settings: emissivity (0.97), humidity (60%), ambient temperaturg20 °C),
distance(1.6 m), Trefl (28), Tatm (20) andFOV (23). The camera was used in autofocus
mode but each image was frozen first before savimgges were captured every other
day. On each day, unless the weather conditionsa@liggermit, two imaging events were
undertaken, one in the late morning (between 18r@@011:00 a.m.) and the second in the
afternoon (between 13:30 and 14:30 p.m.). The pharee and number of subplots are
similar to those described for canopy cover imagiftiermal imaging was done fron 1
June to 15 August, 2011.

The thermal images were imported into ThermaCAMeResher Pro 2.8 software
(FLIR SYSTEMS, Sweden) to generate canopy temperataiues. Temperature statistics
of each image were derived by drawing a rectanchoarof fixed size over the centre of
the image. No major processing or image enhancemasniapplied. However, when high
soil temperature pixels were present at the edgeanoimage, they were considered as
artefacts (or noise) and therefore removed. This warmally due to the effects of
uncovered soil surface between subplots. When gixatls exist across the image or
cover a substantial part of the image, they weckided in the analysis because they were

due to openings in the canopy.
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3.3.2.3 Soil Water Content

Volumetric soil water contenty, m®> m™) was measured at 4-hour intervals from
24" April to 9" August 2011, using ML2X Theta-Probes connecte®lté dataloggers
(Delta-T Ltd., Cambridge, UK) placed at a depdh ¢f 30 cm. The average of each 24-
hour volumetric soil water content measurement gaas/erted to an equivalent depth of
water O, mm) using equation 3-2 (White, 2006):

D = 1000(6vd) Equation 3-2

3.3.3 Simulation and Validation of Water Use of Bdey Genotypes

3.3.3.1 Simulation of Water Use of Barley Genotypes

Water use of the 10 barley genotypes was simulatig AquaCrop (version
3.1+), CropWat (version 8.0) and WaSim (version.1/® Robust calibration and
parameterization of crop models require multi-yead multi-site studies for greater
accuracy. However, conservative parameters frorh satibration studies can be applied
in other simulation studies, with minimal local ibahtion, to assess the performance and
applicability of the model under different enviroaental conditions (Stedutet al, 2011).

In all the simulations, maximum rooting depth waswaned to be reached at the same
time as maximum canopy cover (Allehal, 1998) and a value of 0.70 m was used. Initial
soil water content was set to field capacity as waiter content was not measured at
sowing. Surface runoff was assumed to be insigmificas the plot has an almost flat

surface. Default drainage characteristic valueseg#ad by the models, based on input
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values of key soil hydraulic properties values. (s&turated water content, field capacity,
permanent wilting point), were used.

With simulations using AquaCrop, the choice of @mative parameter values
(Table 3-1) was based on reported barley calibmaitidormation (Arayaet al, 2010a;
Raeset al, 2011), with minimal adjustments based on pernscoenmunications with
scientists at The James Hutton Institute. Becausp\Wat and WaSim simulations are in
calendar mode, AquaCrop parameters reported hereirarcalendar days to ease
comparison with the other models. Information orowjng degree days for key

parameters is reported in Chapter 4.

Table3-1 Conservative parameter values adopted in sinamgtiising AquaCrop.

Symbol | Parameter Description | Value
1. Crop Phenology
1.1 Development of green canopy cover (CC)

CG, Initial canopy cover (%) 3.6
Time from sowing to emergence (days) 15

CGC Canopy growth coefficient (fraction per daydgy”) 10

CC, Maximum canopy cover (%) 85

CDC Canopy decline coefficient (fraction per daydagy™) 8

1.2 Development of root zone

Zn Minimum effective rooting depth (m) 0.30

ZX Maximum effective rooting depth (m) 0.70
Shape factor describing root zone expansion 1.5

2. Crop Transpiration

KCrrx Crop coefficient at maximum CC 1.15
Decline of crop coefficient (% d&ydue to ageing 0.15

Effect of canopy shelter on surface evaporatidate | 50
season stage (%)
3. Biomass production and yield formation

3.1 Crop water productivity
WP* Water productivity normalized for ERnd CQ (g m®) | 15
Water productivity normalized for EBnd CQduring | 100
yield formation (as % WP* before yield formation)

3.2 Harvest index
Hlo Reference harvest index 0.49
Upper threshold for water stress during flowerdmgHI | 0.82
Possible increase (%) of HI due to water strefsrbe | 12 (strong)
flowering
Coefficient describing positive effect of resteidt Moderate
vegetative growth during yield formation on Hl
Coefficient describing negative effect of stomatal Moderate
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closure during yield formation on Hl
Excess of potential fruits Moderate
Allowable maximum increase (%) of specified Hl 15

4. Stresses

4.1 Soil water stress

Pexp lower Lower threshold of water stress for triggeringiloited | 0.60
canopy expansion

Pexp.upper Upper threshold for canopy expansion (canopy 0.27
expansion seizes)
Shape factor for water stress coefficient for ggno 35
expansion

Pt Upper threshold for stomata closure 0.60
Shape factor for water stress coefficient for sttah 3.0
control

Pser Upper threshold for early senescence due to wsatess| 0.60
Shape factor for water stress coefficient for ggno 3.5
senescence

Prol Upper threshold of soil water depletion for fadof 0.80
pollination
Vol.% at anaerobiotic point (with reference to 15
saturation)

Table3-2 Duration (in days) of crop developmental stagessimulations using AquaCrop. D
from crop monitoring in 2011.

Genotypi Sowing | Sowing to Sowing to | Harvest | Flowering
to max. start of start of index period
canopy canopy flowering | build-up

cover senescence
B83-12/21/¢ 71 11¢F 83 44 12
Bowmar 56 90 68 34 12
Derkadc 68 12C 79 52 11
G. Promist 68 10z 78 34 10
Morex 62 12C 72 58 10
NJSS16 58 11F 69 57 11
Optic 69 12C 79 51 10
Triumpt 68 11E 81 47 13
Westminste 68 11t 80 47 12
Zephy! 68 122 80 54 12

With simulations using CropWat, the default FAO ued for barley for Kc,
rooting depth, depletion and yield response fractizvere used (Alleet al. 1998; Smith
1992). Values for Kc were 0.30, 1.15 and 0.25 foitial, mid and late season,

respectively. For rooting depth, the values wei@ Cand 0.70 m fornitial and mid-
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seasons, respectively. For depletion fraction, vhkies were 0.55, 0.55 and 0.65 for
initial, mid and late season, respectively, and for yield response ifati values were
0.20, 0.60, 0.50, 0.40 and 1.00 foitial, developmentmid, late seasons and total yield
response factor, respectively. The durations gb clevelopmental stages are presented in

Table 3-3.

Table3-3 Duration (in days) of crop developmental stagessforulations using CropWat. Di
from crop monitoring in 2011.

Genotype Initial Development Mid-season Late season
B83-12/21/¢ 31 40 44 45
Bowmar 23 33 34 70
Derkadc 31 37 52 40
G. Promist 25 43 34 58
Morex 31 31 58 40
NJS<10€ 31 27 57 45
Optic 3C 39 51 40
Triumpt 28 40 47 45
Westminste 3C 38 47 45
Zephyi 28 40 54 38

WaSim has not been calibrated for any particulapciTherefore, conservative
crop parameters used here (e.g. maximum Kc) wesedban values used for simulations
using CropWat. A value of 1.15 for maximum Kc, dueaof 0.5 for p-fraction (equivalent
to the depletion fraction) and a value of 1 folgiesponse factor were used. Durations of

crop developmental stages for simulations using Wa®e presented in Table 3-4.
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Table3-4: Duration (in days) of crop developmental stagessiarulations using WaSim. D:
from crop monitoring in 2011.

Genotype 20% Cover Full Cover Maturity
B83-12/21/¢ 53 71 11C
Bowman 36 56 85
Derkado 3C 68 11¢&
G. Promist 40 68 97
Morex 53 62 11E
NJSE£10¢€ 53 58 11C
Optic 5C 69 11¢&
Triumph 46 68 11C
Westminste! 5C 68 11C
Zephyr 46 68 117

3.3.3.2 Validation of Simulated Water Use of Barley Genotypes

To validate the simulations, the measured soil wedatent (SWC) was compared
with the predicted soil water balance (SWB) in thp-soil for AquaCrop and WaSim or
the difference between available water and depletidhe root zone for CropWat. This is
reasonable as the crops would be expected to e&sploisoil water only when the top-saoil
water is depleted and, therefore, evapotranspiratém be restricted to the top-soil under
adequate soil water supply conditions (Passioud@6p Furthermore, McKenziet al.
(2009) showed that the barley genotypes studiechdidequire sub-soil water, provided
rainfall was adequate. AquaCrop allows the useatdiine depth of soil layers but these
are predetermined as 0 — 15 cm, 15 — 30 cm andcpBd WaSim. Thus, depth of 0-30
cm and 30-60 cm for first two soil layers were defl for simulations using AquaCrop. In
CropWat, however, the SWB is simulated only intielato root depth and the solil is not
layered. Hence, for CropWat, the measured soil webatent was compared with the

difference between available soil water and deptein the root zone. In addition, yields
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predicted by AquaCrop were compared with observeldly for the years 2009, 2010 and
2011. Yields from 2009 and 2010 were obtained fppavious experiments.

The performances of AguaCrop, CropWat and WaSimevessessed using the
normalized root mean square error (RMSE; Loaguer&e@, 1991) and D-Statistic (D-

Stat), also known as index of agreement (Wilmo82)9

Equation 3-3

P;—0,)2] _ 100
RMSE (%) = X, [[P=2] x 22

n m

Y (Pi—0))?
Y (IPi—m| + |0;-m])?

D —Stat=1—

Equation 3-4
whereP; is the predicted valu€); is the observed (measured) value, and the mean of
the observed variable.

The RMSE indicates the overall model uncertaintyd anodel performance
improves as the RMSE approaches the lower limiesbd (Loague & Green, 1991). The
D-Stat is a descriptive value, bounded between @ Bnwhich indicates the extent of
agreement between the observed and predicted valuealue of 1 indicates excellent

agreement (Wilmot, 1982).

3.4 Results

3.4.1 Weather

Total and mean daily rainfall over the seasof Aril — 15" September, 2011)
was 418.9 and 17.5 mm, respectively, with a ramgen 0.0 to 36.1 mm and standard
deviation of 5.98. There was no rain on the daysafing and harvesting and it was

relatively dry during the first few days after sogi (DAS, Figure 3-2a). There was
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relatively less rainfall during crop establishmamnid canopy expansion (from sowing to
mid-June) than during anthesis, grain filling ahd kate stage or canopy senescence of the
crop (from mid-June to mid-August). However, insgeéen the peaks, several minor

rainfall events probably helped sustained the crops
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Figure 3-2a: Daily rainfall at the study site from sowing to ttiate of harvest " April —
15" September 2011).

Daily maximum temperatures over the growing seasmged from 12.3 to 23.6
°C, with a mean of 16.9 °C and a standard deviatich33 °C. Temperature did not vary
substantially during the growing season (FigurebB-Zrhe highest daily maximum
temperatures recorded were observed around sowathgaly June, as well as in the early
part of July. Daily reference evapotranspirationdlE over the crop growing season
ranged from 1.0 to 4.2 mm, with a mean of 2.16 mch @ standard deviation of 0.68 mm.
Just as with temperature, daily ETo was higher betwearly June and early July
compared to other times (Figure 3-2b). Daily ETar@ased gradually from 5 DAS to late

July but decreased thereafter until harvest. Aparh the few peaks in early June and
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July, due to higher temperatures, daily ETo did venty substantially over the growing

season.
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Figure 3-2b: Mean daily maximum and minimum temperatures and &The study sit
from sowing to the date of harvest.

3.4.2 Daily and Seasonal Crop Water Use

The daily crop evapotranspiration (ETc) of theldamgenotypes simulated using
AquaCrop ranged between 0.4 and 4.1 mm. The geestghowed no substantial
differences in their daily water use (Figure 3-32aily ETc increased slightly from mid-
May to late July and declined thereafter, indiogitthe periods of canopy development
and senescence respectively. However, during ttee dage (from late July through
August) the decline in daily ETc of Bowman was ptethan that of the other genotypes,
followed by Golden Promise (G. Promise). Apart friims, only slight differences in daily

ETc were observed among the genotypes during casemsscence stage in the season.
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Figure 3-3c: Daily ETc of barley genotypes simulated using We.

For simulations using CropWat, the output of d&llyc was given as averages of
10-day periods from sowing to harvesting (Figur8b3- The genotypes did not show
substantial differences in daily ETc during thetiatiperiod (up to 40 DAS) and mid-
season (between 90 and 120 DAS). However, sligferdnces between genotypes were
observable during the development phase (50 toA8)@nd part of the late season (120
to 150 DAS), with Bowman showing the highest insee@and decrease in daily ETc at
these periods respectively. Daily ETc ranged betw@é2 and 2.71 mm. Similarly, the
genotypes did not show substantial differencesheirtdaily water use simulated using
WaSim (Figure 3-3c). Only slight differences inlgavater use between the genotypes
were observed from mid-May to mid-June, with Bownsaowing the greatest difference
due to its rapid vegetative growth, which was albserved in the field. At this stage,
B83-12/21/5 had the least daily ETc. Daily ETc &k the genotypes, simulated using

WaSim, ranged from 0.65 to 4.06 mm.
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Figure 3-4 shows the seasonal (cumulative) ETheflarley genotypes from the
simulations using all the three models. For simaoitest using AquaCrop, Optic had the
highest seasonal ETc of 303.1 mm, followed by Zept®302.9 mm), with Bowman
having the least value of 283.3 mm. The ETc of Bawwas substantially lower than that
of the other genotypes. With simulations using @vap, the seasonal ETc values ranged
from 241.5 to 249.8 mm for Zephyr and Bowman respely. The ETc of Zephyr was
substantially lower than that of the other genosypEor simulations using WaSim,
Derkado had the highest seasonal ETc (319.2 mrigwied by Bowman, with B83-
12/21/5 having the lowest value of 307.4 mm. Gdhgraeasonal ETc of the genotypes
simulated using WaSim are slightly higher than ¢httem simulations using AquaCrop
which are in turn higher than those simulated u§ingpWat. In all, the barley genotypes
do not vary substantially in their daily or seadoBdc simulated using AquaCrop,

CropWat or WaSim.
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Figure 3-4: Comparison ofhe seasonal ETc of the genotypes from the threeis
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Figure 3-5: Average canopy temperatures of barley genotypgessored from® June to 1"
August, 2011.

Average canopy temperatures of the barley genotgisesdid not show substantial
variations (Figure 3-5), partly confirming the slanity in pattern of water use. Even
though the high temperatures in early June wergelarreflected by the canopy
temperatures, there was also high soil backgrouoidenin those images. Canopy
temperatures also did not vary substantially overet (Figure 3-5). However, no
relationship was found between canopy temperatondeaay of the weather variables or
ETc.

The genotypes did not show substantial differemcesnopy cover (from sowing
to maximum cover) simulated using AquaCrop (Figgu@a). Differences were observable
between the genotypes from maximum canopy covdnatwest, indicating that these
differences (and for that matter ETc) depends erettient of maximum canopy cover, its
duration and rate at which the canopy declined aftaximum development was reached.

For simulations using WaSim, however, the canopg steeply from emergence to 20%
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cover and then even more steeper from 20% coveratdmum canopy cover (Figure 3-

6b). Between maximum cover and maturity, the canopyer of the genotypes neither

varied nor showed differences between the genotyfesy maturity, the canopy declined

linearly until harvest.
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Figure 3-6a: Canopy cover of ten barley genotypes simulatéuguaqueCrop

--------- Derkado
— — —NJSS106
- = = Westminster

- Bowman

—— B83-12/21/5
----- G.Promise

-.=.= Morex

- = Triumph

— - — - Optic

Zephyr

# 1 110¢/60/60

L 1102/60/20
- TT02/80/9¢
- T102/80/61
- T107/80/¢CT
- TT0Z/80/S0
L T102/L0/6C
- TT0Z/L0/CT
- T1T0Z/L0/ST
| 1102/L0/80
- TT0Z/L0/10
L TT02/90/%¢
- TT0Z/90/LT
- TT0Z/90/0T
- T1T02/90/£0
- T102/S0/LT
- 11T02Z/S0/0C
- TT0Z/S0/€T
- TT0Z/S0/90

Al 1102/0/62

L TT0Z/10/C¢
- TT02/v0/ST
| TT02/70/80

NOoINETNAN—HO

19102 Adoue)

Date

Figure 3-6b: Canopy cover of ten barley genotypes simulatétgud/aSim
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Spearman’s rank correlation (r) was used to asfessgreement between the
models on the order of the genotypes in terms @f gimulated water use. Negative but
significant rank correlation was found between AQrap and CropWat (r = -0.73, at 5%
significance level) and between CropWat and WaS$im-Q.76, at 5% significance level).
However, a positive but weak relationship (r = 0.4&s found between AquaCrop and

WaSim.

3.4.3 Performance Assessment of Models

Generally, for simulations using each of the thresdels, both the RMSE and D-
Stat of the genotypes did not vary substantialltytba general performance of the models
to predict SWB followed the order WaSim > AquaCrepCropWat (Table 3-5). For
simulations using AquaCrop, the RMSE and D-Staiafbgenotypes were approximately
8.1% and 0.65, respectively. The D-Stat value cteldmproved to approximately 0.80 if
predicted SWB values higher than100 mm (7 out af d@ta points, Figure 3-6a) were
replaced with the average of all predicted valdes. simulations using CropWat, the
RMSE values ranged from 19.56% (Morex) to 24.56%R@mise), while D-Stat ranged
from 0.14 (Bowman) to 0.25 (Morex). For simulatiamsing WaSim, the RMSE and D-
Stat values for all genotypes (except Bowmn) weppra@ximately 5.6% and 0.81
respectively (Table 3-5). The RMSE and D-Stat fawian were 2.96% and 0.94

respectively (Table 3-5).
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Table3-5 The RMSE and D-Stat as indicators of the abilitAgfiaCrop, CropWat and WaSim
to predict soil water content under ten barley ggves.

Genotype AquaCrop WasSim CropWat

RMSE | D-STAT | RMSE | D-STAT | RMSE D-STAT
(%) (%) (%)
B83-12/21/¢ | 8.104¢ | 0.649" 5.641 0.807¢ 22.508¢ | 0.193:
Bowman 8.1097 | 0.650( 2.96( 0.935¢ 24.029: | 0.142¢
Derkado 8.101¢ | 0.649: 5.61¢ 0.809: 23.260: | 0.193(
G. Promise | 8.096¢ | 0.649: 5.649¢ | 0.807¢ 24.564¢ | 0.187¢

Morex 8.118: 0.651: 5.636¢ | 0.807¢ 19.564¢ | 0.249¢
NJSS106 8.141( 0.649¢ 5.637: | 0.807¢ 23.847: | 0.183¢
Optic 8.102: 0.649( 5.635¢ | 0.808: 22.491° | 0.224¢

Triumph 8.178¢ 0.644¢ 5.632¢ | 0.808: 22.448 | 0.200:
Westminster | 8.103( 0.648¢ 5.638: | 0.808( 20.891( | 0.200¢
Zephyr 8.102: 0.649: 5.628¢ | 0.808¢ 23.348¢ | 0.208;

The agreement between the measured soil water toatel that predicted by
AquaCrop, CropWat and WaSim can be graphicallgitlated with reference to Bowman
(Figures 3-7a, 3-7b and 3-7c). As indicated by BRMSE and D-Stat (Table 3-5),
generally, WaSim predicted SWC better than AquaCvdpch in turn predicted SWC
better than CropWat (Figure 3-7). It can be sean tiire measured soil water content did

not vary substantially over time.
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Figure 3-7: Graphical illustration of the agreement betw the measured soil wat
content (— ——) and the soil water content predittg (A) AquaCrop, (B) CropWat and
(C) WaSim ( ) for Bowman during the period' 2ril to 8" August 2011.
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AquaCrop generally predicted temporal variationSWC accurately, although it
occasionally predicted far higher SWCs than wetteady observed (Figure 3-7a). The
greatest deviations can be observed in early MayJaity. CropWat showed the greatest
deviation from the measured SWC. CropWat consilstenterestimated the SWC and
also occasionally predicted far higher SWCs tharreweeasured (Figure 3-7b).
Predictions using WaSim showed the closest agreiewignthe measured SWC, although

it often slightly underestimated the SWC (Figuréc3-

3.4.4 Comparison of Actual and Predicted Yields

The ability of AquaCrop was further tested by conma yields predicted by
AquaCrop with observed yields for barley genotygeswn in 2009, 2010 and 2011
(Table 3-6). The yields predicted by AquaCrop i©2@nd 2010 were generally lower
than the observed yields. The observed yields ®92@nged from 4.71 (NJSS106) to
11.39 t ha (Derkado) while the predicted vyields ranged frorh55to 8.94 t hd, with
differences between observed and predicted yieldsdlividual genotypes ranging from -
0.44 to 2.4 tons ha Only three genotypes, out of the ten studiedpnded vyield
differences over 1.0 t Haln 2010, the observed yields ranged from 4.7551D6) to
8.60 t h&d (Westminster) and the predicted values ranged fddi to 7.69 t Ha The
differences between observed and predicted yieldméividual genotypes ranged from -
0.95 to 0.91 t H4 Bowman had the lowest observed yield (3.477%) ehile Derkado had
the highest yield (6.76 t Hain 2011, with the predicted yields ranging frord7to 6.50 t

ha'. The differences between observed and predictetiisyifor individual genotypes
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ranged from -1.61 to 0.47 t haOnly Bowman had absolute yield difference ovértbn

ha'. Thus, with the exception of B83-12/21/5, Derkaattd Westminster in 2009 and
Bowman in 2011, the absolute differences betweeldyipredicted by AquaCrop and the
observed yields were less than 1.0 tof.H2erkado and Westminster showed the highest
yields while NJSS106 was the lowest yielding gepetyin general, yields in 2009 were
highest and 2011 had the lowest yields. Spearmraniscorrelation (r) was used to assess
the agreement between the order of observed awiciwe yields for each of 2009, 2010
and 2011. A strong, positive rank correlation wasnid for the year 2009 (r = 0.90 at 1%
significance level) but negative relationships wiexend for the years 2010 (r = -0.61) and

2011 (r = -0.56).

Table3-6: Differences AY, tons h&) between observed yields (Yo, tons"handyields predicte
by AquaCrop (Yp, tons H of ten barley genotypes grown in 2009, 2010 &0l2

2009 2010 2011

Genotype Yo Yp AY Yo Yp AY Yo Yp AY

B83-12/21/5|8.29 | 7.00 | 1.29| 6.65] 6.6 0.00 6.47 6.08 0.89
Bowman - - - 6.62 | 5.95| 0.67| 3.47, 5.08 -1.61
Derkado 11.39/8.90 | 2.4 6.84| 6.75| 0.09 6.76 6.36 0.40
G. Promise | 7.80 | 6.87 | 0.93| 6.81 6.00 081 644 597 0.47
Morex 8.00 | 7.22 | 0.78| 5.55/ 6.50 -095 4.76 5.25 -049
NJSS106 471 | 5.15| -0.44 4.75] 5.0} -0.26 3.52 4.07 -0/55
Optic 752 | 7.15| 0.37| 6.000 6.51 -031 6.00 6.5%0 -0/50
Triumph 8.78 | 790 | 0.88| 6.78] 6.63 0.15 558 6.05 -047
Westminster | 10.67/8.94 | 1.73 | 860| 7.69) 091 6.64 650 0.14
Zephyr 6.56 | 6.24 | 0.32| 6.86) 6.7 0.08 531 6.11 -08
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3.5 Discussion

3.5.1 Water Availability and Crop Growth

Three water-driven crop simulation models were usesimulate the growth of 10
barley genotypes grown in 2011. In water-drivenpcgrowth simulation models, soil
water deficit is the main cause of reduction innss production and yield (Raefsal,
2009; Todorovicet al, 2009). However, in the current study, no sym@ahwater stress
were observed in barley growing in the field in 20&nd none of the simulation models
used indicated any yield reduction due to wateesstr This suggests that soil water
content was sufficient for crop growth throughcug 2011 growing season. Indeed, 2011
was the wettest year recorded for Scotland (CdatrEcology and Hydrology, 2012).

The relatively dry conditions 1-14 DAS could bepassible for the slight delay in
emergence (Figure 3-2a) but the observations oz&8emn and Ayerbe (2011) suggest that
even though short-term water deficit slows coldepgrowth in barley, the coleoptile is
able to recover and resume rapid growth when waipply is restored. They reported
further that the ability of barley coleoptile toogy, in spite of water deficit, corresponded
with a greater capacity for osmotic adjustment ewvethe later stage of development, a
trait that can be explored in breeding for drouglerance. It is probable that residual soil
water content between sowing and emergence sudtaoieoptile growth. The ability of
barley to recover quickly from temporary water-ssrehas been observed previously
(Gonzalezget al, 1999; Shone & Flood, 1983). However, water stréigring early crop
establishment can affect yield adversely whenrtilg is limited, as barley has a low

ability to compensate for poor tillering at lataage (HGCA, 2006; Gonzaleet al,
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1999). In the experiment reported here, sufficienbfall after the first two weeks of
sowing enabled the crops to grow rapidly and becestablished. Even though warmer
temperatures and high ETo occurred in late May adyeJune (Figure 3-2b), the
distribution of rainfall suggests that soil watentent would be sufficient during anthesis
and grain-filling which are the most sensitive pds to water stress (Alderfasi, 2009).
However, high water potential in the root zone afléy can potentially increase the
vegetative growth period and delay the reprodugblase (if nutrients are not limiting)
due to excessive uptake and translocation of water nutrients to shoots (Alderfasi,
2009; Shone & Flood, 1983). This might account tfeg low yields observed in 2011

compared to 2009 and 2010.

3.5.2 Crop Water Use

There are very few estimates (empirical or simualptef barley water use under
rain-fed conditions (Rotteet al 2012). In the current study, the simulated seasBiic
using the three models for all barley genotypegedrfrom 241.5 to 319.2 mm season
(Figure 3-4). These values are lower than thoserteg for Alberta, Canada (390-430 mm
seasofl, Government of Alberta, 2008), south-east Englgt®® mm seasch Chatterton
et al, 2010), northern Ethiopia (375 mm seaSofraya and Fantahun, 2010), and FAO
generic values (450-650 mm seaSoRAO, 1986). This can be attributed to differenices
the method of estimation or climate and weatherditmms which influence ETo and
consequently ETc. For example, Araya and FantaBQmQ) used lysimeters to measure

ETc which is indirectly estimated in the currenudst The peculiar wet conditions
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experienced in 2011 might also partly account fer lIbwer ETc observed in the current
study as rainfall is likely to increase the moistaontent of the air surrounding the canopy
and reduce irradiance. Obviously, the period obpgrexpansion up to maximum canopy
cover when ETc is expected to rise steadily coetidith frequent rainfall (Figure 3-2a)
and low ETo (Figure 3-2b), resulting in reduced bess variable daily ETc (Figure 3-3).

Results from the simulations using each of the risosleow that neither the daily
nor the seasonal ETc varied substantially amongémetypes studied. Similarly, canopy
temperatures of the genotypes did not vary subathnt(Figure 3-5) and canopy
temperature is known to be directly related to ELeinonen & Jones, 2004). The
observed similarity in water use of the barley ggpes can be attributed to adequate soil
water availability throughout the growing seasomisTfinding is in agreement with
Alderfasi (2009) who reported that two barley ggpes (Jesto and Sahrawe) did not
differ in their water use when soil water supplyswadequate. Normally, differences in
water use among crop genotypes are often obsenal cwonditions of soil water deficit
(Gonzalez & Ayerbe, 2011). This suggests that srddfierences in the timing of
phenological stages between the genotypes did ffextt aoverall crop water use. This
observation is in agreement with Alderfasi (2009)us, to capture or examine differences
in water use among the genotypes, experiments wuathrwater-stressed and unstressed
conditions are necessatry.

Moreover, the observed similarity in water use aghtre different genotypes can
also be due to similarities in their ability to aog water from the soil. A root restriction
experiment was performed by McKenzaeal. (2009) at the site where the current study

was conducted to examine the abilities of B83-1&2Derkado, G. Promise, Morex and
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Optic to acquire water from the subsoil. They fouhdt, even though the genotypes
differed in some above-ground parameters (such last pheight, tiller number and
normalized difference vegetation index), they damt differ in their ability to acquire
water from the topsoil or to exploit pores in atrieive mesh to acquire water from the
subsoil. Similar observations have been made bgrfddi (2009). It is likely that the use
of the same root length value for all the genotyipebe simulations for the current study
might have also contributed to the similarity in &&TNonetheless, this finding in the
current study suggests that barley genotypes giowvwemperate northern Europe might
not differ substantially in their water use if thes adequate soil water supply. Under such
condition, differences in yield become the onlytesion for selecting water-efficient

barley genotypes.

3.5.3 Statistical Performance of the Models

The direct relationship between SWB and ETc (Kireakl, 2002) makes SWB a
good route for directly estimating ETc. In thisdtuETc was estimated indirectly and
validated through a comparison of simulated SWB emgpirically measured soil water
content. The hypothesis is that a model that i ablsimulate SWB with acceptable
accuracy will likely simulate ETc with good accuyacTechnically, a Theta Probe
measures the water content of a smaller volumeibtempared to neutron probe or even
gravimetric measurement (Camgti al, 2008; Schmutz, 2007). However, assuming that
the ratio of soil:water volume is constant in thgdr under consideration (i.e. assuming

conditions of uniform distribution of water in arhogenous layer of soil), then it could be
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argued that the volume of soil measured for watemtent by the Theta Probe is
inconsequential. Moreover, the study by SchmutD72Ghowed that the sensitivity of
Theta Probe to variations in soil moisture conteeakened when the length of the sensor
rod was reduced but the accuracy of Theta Prolmeiasuring moisture content was not
affected by sediment size. Cangti al (2008) reported that Theta Probe sensor gave
accurate measurements of surface soil water come@niiediterranean environment.
Seasonal ETc predicted by WaSim were slightly highan the predictions by
AquaCrop but both were substantially higher thandbasonal ETc predicted by CropWat
(Figure 3-4). These differences can result fronfed#inces in (a) the assumptions
underlying the partitioning of water input betwelem, drainage, surface runoff and soil
storage (b) the relationships among sub-models @og growth parameters, or (c)
contrasting sensitivities to crop development stg@®tteret al 2012; Raegt al, 2009;
Todorovic et al, 2009). It can be deduced from Figure 3-3 thauaCrop is more
sensitive to the onset of senescence when watededmes sharply. This might explain
why Bowman and G. Promise had relatively lower waige as they showed aggressive
vegetative growth in the field but were also thstfto senesce and therefore had a longer
period of senescence (Figure 3-6a). CropWat is nseresitive to the lengths of the
development and late stages (Figure 3-3b). ComparddjuaCrop and WaSim, the low
ETc estimated by CropWat can be attributed to #loe that CropWat uses a fixed rate of
change in crop coefficient (Kc) with time even tghtETc actually varies over short time
scales with weather, canopy cover and wetting ayichgl of the soil surface (Hess, 2010;
Shahin, 2003). WaSim can be said to be more seasdithe transition from development

to mid-stages (i.e. between 20% canopy cover focer) but only slightly sensitive to
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the senescence stage (Figure 3-4a, 3-6b) so thamBo which had rapid canopy
development could have higher ETc. The faster carepansion and slightly higher
maximum canopy covers estimated by WaSim couldwaddor the higher ETc predicted
by WaSim than AquaCrop. Thus, WaSim largely usesrKa way similar to CropWat
(Figure 3-6b), except that WaSim applies differ&et values to different phenophases
using linear interpolation and in relation to capamver. These sensitivities might be
worth exploring in future studies but, in all, AqLrap simulates canopy expansion more
realistically than the other models.

According to Jamiesoet al (1991) the performance of a model is considered
excellent when normalized RMSE is <10%, good i§ ibetween 10 and 20%, fair if it is
between 20 and 30% and poor if it is > 30%. Theeefthe performance of WaSim and
AquaCrop can be considered excellent compared ap\W@at which was fair (Table 3-5).
However, when considering D-Stat, CropWat predic&®d/B poorly and disagrees
substantially with the observed SWC.

In AquaCrop, the pattern of soil water depletion drgps is more realistic and
largely agrees with current knowledge (Ratsal, 2009). Hence, depending on root
growth, soil water depletion can occur simultanépirsboth upper and lower layers. This
can result in overestimation of the SWB of the uplager as observed in the current
study, especially when barley is capable of retstigcwater acquisition to the upper layer
under conditions of sufficient water supply (McKenzt al, 2009). A tendency of
AquaCrop to overestimate the water balance of sarémil has been reported previously
(Farahanket al, 2009), even though in this study there wereamsts of over- and under-

estimation. Moreover, there have been instancegioh AquaCrop has been reported to
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perform better with non-water stressed conditidratwith irrigated conditions in which
water stress is imposed (e.g. Stricesf@l, 2011; Husseiet al, 2011; Pateét al, 2011,
Henget al, 2009; Faraharet al, 2009; Salemet al, 2011). Thus, the better performance
of AquaCrop in this study could be partly due te Hbsence of water stress. Few studies
have validated SWB or used it as a proxy for vailidpETc in simulation studies. The
better performance of AquaCrop is in agreement Wl findings of Husseiret al
(2011), Arayaet al. (2010a; 2010b), Farahaei al (2009) and Geertst al. (2009)
although the performance values in the currentystud lower compared to these previous
studies. In addition to simulating ETc and SWB, AGuop also provides information on
biomass production and yield. Yields predicted lmuaCrop did not deviate greatly from
the observed yields for the years 2009, 2010 ardd 26r most of the genotypes studied
(Table 3-6), although it often underestimated tleédy AquaCrop seems conservative in
estimating yields, that is, it estimates extrenmeddg poorly (overestimate low yields and
underestimate high yields, Table 3-6). However, ithege of deviations of predicted
yields from actual yields of barley in this studyngpares well with the range of deviations
of predicted yields from actual yields of barlepoeed for Ethiopia (Arayat al, 2010a).
The experiment in 2009 was conducted under relgtoger conditions (McKenziet al,
2009) compared to 2010 and 2011, and this migldiaddor the relatively higher yields
observed in 2009. This suggests that wet condittamssubstantially reduce barley yields
and influence inter-annual variations in yields.

The relatively poor performance of CropWat compareédquaCrop and WaSim
can be attributed to limitations associated with tise of the effective rainfall method and

its inability to separate water depletion at difier depths in the soil (Hess, 2010).
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CropWat uses a single soil layer and water de8dialanced when it rains. In the event of
rainfall, it is likely that topsoil will be filledfirst (even to field capacity) whereas the
subsoil might remain unsaturated or even dry. StbagpWat precludes this possibility
due to its use of a single soil layer, soil watepldtion pattern will likely be inconsistent
with measured SWB of the topsoil. Because WaSiamase-dimensional model and water
in an upper soil layer is depleted before watea isub-layer is used, rapid depletion of
water from the upper layer could result in reldineigher ETc and lowered SWB. This
might explain why WaSim predicted higher ETc anteofunderestimated SWB in the
upper soil layer. The better performance of WaSirterms of predicting SWB might also
be due to the fact that it was designed basicaliyvater balance studies while AquaCrop
is focused around crop sensitivity to water steegbrealistic pattern of water depletion by
crops. Moreover, the difference could also arisemfrthe use of default drainage
characteristic values of the models. A few studli@ge investigated the ability of WaSim
to simulate crop water use, with good agreemenwdxst simulated and observed data
(Hess, 2010; Fasinmiriet al, 2008; Abbotet al, 2001). They all concluded that WaSim
has potential for ET and water balance studiegyelneral, some crop parameters used
(such as Kc) were adapted from other sources wdachgive rise to model uncertainties
as these parameters have not been calibrated fottishc conditions. However,
considering the possibility of such uncertaintiesrelation to the performance of the
models, it can therefore be concluded that botha@yop and WaSim have potential for
simulating barley growth and water use under tharenmental conditions prevalent in

temperate northern Europe.
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In general, the findings are also in agreement vgithilar studies in other
environments. Todoroviet al. (2009) reported that AquaCrop, CropSyst and WOFOST
all predicted final biomass, yield and ET of sunfém in Southern Italy satisfactorily,
although AquaCrop was slightly better than the oth® models. Hess (2010) compared
WaSim and CropWat in simulating the water use atyr@ in England and reported that
WasSim performed better than CropWat and that Crdf®\&ffective rainfall method,
commonly used in the virtual water literature, uedéimated pasture water use and might
not be suitable for English conditions. Geoggeal. (2000) simulated soil water content
with CropWat and Irrigation Scheduling Model anawkd that even though the models
gave comparable results, CropWat slightly undereged ETc of beans. By contrast,
Kang et al. (2009) reported that neither CropWat nor CERES-&Vhsor MODWht
predicted daily ETc of winter wheat in Zenghou (@)i or Bushland (Texas, USA)

satisfactorily.

3.6 Conclusions

1. Simulations using AquaCrop, CropWat and WaSidicated that the 10 barley
genotypes studied did not differ substantiallyither their daily or seasonal ETc.

2. The seasonal ETc simulated using WaSim was egréla@n that of AquaCrop,
which was greater than that of CropWat.

3. Differences in the sensitivities of the modaiswater use at different crop
development stages might account for the obserifegtehces in seasonal ETc predicted

by each model for each genotype.
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4. Model performance evaluated with normalised RM$iE D-Statistic values
indicated that AquaCrop and WaSim performed exao#ile while CropWat's
performance was fair.

5. AquaCrop and WaSim are better for estimatindelyawater use in Scotland
than CropWat.

6. The yields predicted by AquaCrop compared satisfily with the observed
yields.

7. The results show that local level studies of tmmabdel comparisons can

improve the accuracy of quantifying crop water aseirtual water content.
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CHAPTER 4

EFFECT OF CLIMATE CHANGE ON UK BARLEY YIELDS

4.1 Introduction

Generally, precipitation in the UK decreases froesimo east and north to south
while the reverse is true for temperature (Figuwka44-1b). Long-term trends show that
Scotland is becoming wetter while England and Wales experiencing drier summers
and wetter winters (Jenkinst al, 2009; 2008). The UK Climate Projections 2009

(UKCPQ9; http://ukclimateprojections.defra.gov)upresents the most current and widely

used evidence and projections of climate changéh®tUK (Jenkingt al, 2009; Murphy
et al, 2009). By the 2050s and under the high emisstemario (HES), projected changes
in summer mean precipitation of the baseline pe(it@61-1990) for all UK regions
(Figure 4-1a) ranges from -45% to +9% (Table 4-¥a)wider range of uncertainty
(defined as the range from the lowest to highekievaf change for all three emissions
scenarios and all three probability levels — 10aB86 90%, — Murphwt al, 2009) is from
-45% to +16%. Projected changes in summer meanipiegon under the medium
emissions scenario (MES) and the HES are not sutirdty different (Table 4-1a). Winter
precipitation is projected to increase in all Ulgians (Jenkingt al, 2009; Murphyet al.,
2009). Projected changes in precipitation exhib&ater uncertainty than temperature

(Hawkins & Sutton, 2011; 2009; Murpley al, 2009).
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Table4-1a Projected changes (%) in summer mean precipitaifodK regions in the 205i
relative to the climate of the baseline period (:9890). Data taken from UKCPO09.

Probability Levels (HES) | Probability Levels (MES) | Robability Levels (LES)
Region| 10% 50% 90% 10% 50% 90% 10% 50% 90% | WR
EE -40 -18 +8 -38 -17 +6 -34 -13 +14 -40
+14
EM -38 -17 +7 -36 -16 +6 -33 -12 +13 -38
+13
NI -28 -12 +4 -27 -13 +3 -24 -9 +8 -28
+8
NEE -31 -15 +2 -30 -15 +1 -28 -12 +7 -31
+7
NES -28 -13 +2 -27 -13 +1 -26 -11 +6 -28
+6
NWE -37 -18 +2 -36 -18 +1 -34 -14 +8 -37
+8
NWS -24 -10 +3 -24 -11 +2 -21 -8 +6 -24
+6
SEE -43 -19 +9 -41 -19 +7 -37 -14 +9 -43
+16
SES -28 -13 +2 -27 -13 +1 -26 -11 +6 -28
+6
SWE -45 -20 +8 -42 -20 +7 -39 -14 +16 -45
+16
SWS -28 -13 +2 -27 -13 +1 -25 -10 +6 -28
+6
WA -38 -17 +7 -36 -17 +6 -33 -12 +13 -38
+13
WM -39 -17 +7 -37 -17 +6° -33 -12 +14 -39
+14
YH -38 -18 +3 -36 -19 +1 -34 -15 +9 -38
+9

Key: HES MES andLESare High, Medium and Low Emissions Scenarioseetigely
WR denotes Wider Rang&E denotes East of EnglanBM denotes East Midlands!l denote
Northern Ireland;NEE denotes North East EnglandES denotes North East Scotland\WE
denotes North West Englan®iWs denotes North West Scotlan8EE denoes South Ea
England; SESdenotes South East Scotlar8WE denotes South West Englarn8yVSdenote
South West ScotlandVA denotes Wales\WM denotes West Midland¥H denotes Yorkshii
and HumberProbability refers to the extent to which a projected eliim variable is support
by currently available evidence (Murphyal, 2009).
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Table4-1b: Projected change$Q@) in summer mean temperature of UK regions in 2080:
relative to the climate of the baseline period (:9890). Data taken from UKCPO09.

Probability Levels Probability Levels Probability Levels
(HES) (MES) (LES)

Region| 10% | 50% | 90% | 10% | 50% | 90% | 10% | 50% 90% WR
EE 1.2 2.S 4.8 1.2 2.5 4.C 1.C 2.4 4.C 1.C4.€
EM 1.2 2.E 4.7 1.2 2.5 4.2 1.C 2.2 3.6 1.1-4.7
NI 1.1 2.4 4.C 1.C 2.2 3.t 0.6 1.€ 3.2 0.8-4.C
NEE 1.4 2.S 4.7 1.2 2.5 4.1 1.1 2.4 3.6 1.1-4.7
NES 1.2 2.7 4.t 1.1 2.2 3.6 1.C 2.2 3.€ 1.C4.t

NWE 1.t 3.C 4.7 1.2 2.€ 4.1 1.1 2.4 3.8 1.1-4.7
NWS 1.1 2.4 3.€ 0.€ 2.C 3.4 0.€ 1.¢ 3.1 0.¢-3.€
SEE 14 3.1 5.2 1.2 2.6 4.€ 14 2.€ 4.C 1.1-5.2
SES 1.2 2.7 4.t 1.1 2.2 3.6 1.C 2.2 3.€ 1.C4.t
SWE 1.4 3.1 5.1 1.2 2.7 4.€ 1.1 2.t 4.1 1.1-5.1
SWS | 1.2 2.8 4.4 1.1 2.4 3.8 1.C 2.2 3.€ 1.C-4.4
WA 1.2 2.8 4.€ 1.2 2.5 4.1 1.C 2.2 3.7 1.C-4.€
WM 1.4 2.S 4.8 1.2 2.€ 4.4 1.C 2.2 3.6 1.C4.€
YH 1.2 2.6 4.4 1.1 2.3 3.9 0.9 2.2 3.6 0.9-4.4

By the 2050s, the projected changes in summer resaperatures for all UK
regions, relative to the climate of the baselingqoe(Figure 4-1b), range from 0%€ to
5.2 °C (Table 4-1b). Correspondingly, projected chanigesvinter mean temperatures
range from 0.6C to 3.8°C (Murphyet al, 2009). Generally, warmer and wetter winters,
hotter and drier summers with frequent hot speles @rojected (Jenkinst al, 2009;
Murphy et al, 2009). Central estimates under the medium eamssienario (MES) show
that the number of days with heavy rain eventsifadligreater than 25 mm) will increase
by a factor of between 2 and 3.5 in winter, and 2 tn summer over most of the lowland
UK in the 2080s (Jenkinst al, 2009; Murphyet al, 2009). More information on climate

change projections for the UK regions can be faardurphyet al (2009).
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Figure 4-1a: Summer mean (left) and annual (right) precipitain the UK for the
baseline period (1961-1990). Figure taken from ihexdt al (2008).
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Figure 4-1b: Summer mean (left) and maximum (right) tempeesiin the UK for th
baseline period (1961-1990). Figure taken from ihexdt al (2008).
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Globally, barley Hordeum vulgarel.) is the 4" most important cereal crop (in
terms of quantity of grain produced) with a widatsg distribution due to its tolerance of
a wide range of growing conditions (Newteh al. 2011). About 53% of barley grains
produced globally is used as feed for animals;rémeainder goes into malting and, to a
lesser extent, food for human consumption (Nevetoal, 2011). The straw is also used as
animal bedding and feed. In the UK, where cerea®ic50% of cultivated land, barley is
the second most important arable crop after whe@tlze number one crop in Scotland in
terms of area cultivated and quantity produced @e2011). In 2011, barley production
occupied 970,000 ha of cultivated land in the UHKthwa national production of 5.5
million tonnes at a value of £860 million, excluginontributions from the barley-based
industrial and commercial sectors (Defra, 2011yrént UK average yield (2000-2010) is
approximately 5.3 tons Ha Over 60% of barley produced in the UK is usedhasnal
feed while a little over 30% is used in the maltimglustry (Defra, 2011). Premium
whiskey and malt barley production confers a caltsignificance to barley in the UK.
Thus, barley production is economically, politigaéind socio-culturally important to the
UK.

Projected climate change presents both opportsnitied threats to barley
production in all countries where it is grown. larthern temperate environments such as
the UK, elevated atmospheric gQogether with moderate warming and adequate soil
water supply, is likely to be beneficial to; Cereal crops such as barley (Rogeral,
2011; DaMatteet al, 2010; Richter & Semenov, 2005; Fuhrer, 2003chSconditions
could increase photosynthetic capacity throughatexh and water use efficiency and

thereby increase biomass production and harvesixindl barley (Claesson & Nycander



107
2013; Clausert al, 2011; Robredet al, 2011; 2007; Walkt al. 2011; Manderscheielt

al., 2009; Barnabast al., 2008; Richter & Semenov, 2005; Holdet al, 2003;
Fangmeieret al, 2000; Seebg & Mortensen, 1996). Conversely, ptejeclimate change
also threatens to escalate abiotic stresses imybprbduction. Barley, like all cereals, is
particularly sensitive to soil water dynamics arimperature around establishment,
anthesis and grain filling (Anjuret al, 2011a; Semenov & Shewry, 2011). Barley is
widely known as being moderately tolerant to sadltev deficits due to its capacity for
osmotic adjustment and recovery from short-termewstress (Gonzalez & Ayerbe, 2011;
Gonzélezet al, 1999; Shone & Flood 1983). However, it is alsmsitive to anoxic
conditions (caused by waterlogging) and heat staas$ compensates poorly for reduced
tillering at early stages. Projected warming aradjfient heat waves, in combination with
reductions and greater spatio-temporal variabititprecipitation can potentially increase
the evaporative demand of the atmosphere, rapidlysdils and cause heat stress in
barley, resulting in reduced biomass production grain yield (Rotteret al, 2011;
Semenov & Shewry, 2011; Richter & Semenov, 2009)denet al (2003) reported that
even though barley production will remain viable lieland, water deficits within the
growing season in some years in the 2050s coulseceaductions in grain yield of up to
4.5 t ha'. Warmer conditions can also significantly hasteermophases and senescence of
barley and thereby reduce harvest index (Semen8h&éwry, 2011; Ainsworth & Rogers,
2007). Clearly, regardless of the magnitude, tiogepted climate change has implications
for barley production in the UK. Yet, in spite dfet importance of barley to the UK
economy, there is scant information on the possfikcts of projected climate change on

barley yields in the UK and much less at a moraibtket scale of administrative regions.
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Such information is relevant for planning adaptatithrough breeding, agronomic
adjustments, policy design and management decisibDmsrefore, the objective of this
chapter is to simulate (using the AquaCrop modwed)dffect of projected climate change

on barley yields across 14 UK administrative regionthe 2030s, 2040s and 2050s.

4.2 Materials and Methods

4.2.1 Data Sources

4.2.1.1 Climate Data

Two main approaches are used to obtain a numelesaription of future climatic
variables required to model the effect of climakarmge on crop yields (Roudiet al
2011). In the first approach, assumptions aboutotmi increase or decrease (e.g., 2 %
decrease and 1 °C increase in precipitation angdeature respectively) are applied to the
baseline climate data to obtain the climate vaegloif a given future time slice. While this
is easy to compute, the main disadvantage is kieafundamental physical relationships
among the future climate variables are not prese(f®Roudieret al 2011). The second
approach employs radiative forcing (based on stenhaif greenhouse gas emissions)
using an ensemble of Global Climate Models (GCM)dnerate future climate variables.
This is now the most widely used approach in clenebange studies (Roudiet al
2011). To enable consistency in the use of thisaggh, the Intergovernmental Panel on
Climate Change (IPCC) has defined four main familid emission scenarios that, as

captured in the Special Report on Emission ScesdB&ES), are narratives of potential
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trajectories of greenhouse gas (GHG) emissions ess@t of certain assumptions on
different socio-economic conditions and developmeatthways over the course of the
21st century (Nakenovi & Swart, 2000). The four main emission scenarioifi@s are
termed Al, A2, B1 and B2. Each emission scenamoatige, however, has subdivisions.
Future climate variables generated from GCMs caddvenscaled to regional levels using
Regional Climate Models (RCMs). The main advantafehis approach is that it is
physically-based and therefore the sets of futlineate variables generated are physically
consistent (Hawkins & Sutton, 2011; 2009; Roueieal, 2011; Holderet al, 2003).

The UKCPO09 is a publicly accessible online databde# provides data on
projected climate change (relative to a baselingogeof 1961-1990) over the UK
(Murphyet al, 2009). The UKCPQ9 is based on the radiativeiigrof GCMs to generate
future climate variables. The UKCPO9 incorporates¢ SRES emission scenarios (AlFl,
AlB, and B1; otherwise known as high, medium anav lemission scenarios,
respectively). Generally, the Al narrative représenfuture world characterized by very
rapid economic growth, rapid availability of newdagfficient technologies, fast decline in
regional economic disparities and with global pagioh peaking at 8.7 billion in 2050
and declining thereafter to 7.1 billion by the exidhis century. The three subdivisions in
the Al narrative represent intensive use of fdsegls (A1Fl), intensive use of non-fossil
energy sources (A1T) and an intermediate situatftB). On the other hand, the Bl
narrative portrays a future world inclined towaglsbal equity and sustainable solutions
to economic, social and environmental challengealsb assumes rapid structural shifts

towards service and information oriented economas,well as clean and efficient
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technologies with less intensive material use. Bhenarrative has the same population
scenario as the Al narrative (N&kmovi & Swart, 2000).

The projected climate change data in the UKCP09%hgsd resolution of 25 km
and are averaged over seven overlapping 30-year gigniods or time slices (Murplet
al., 2009). Probabilities (indicative of the extemivthich each climate outcome is backed
by current evidence) are attached to the diffetemels of the UKCPO9 projections to
minimize uncertainties. It is noteworthy that prbiliies cannot be assigned to emission
scenarios themselves (Murpbyal, 2009). In this study, future climate variables the
three emission scenarios and three time slicesy¢af0-means centered on the 2030s,
2040s and 2050s) were obtained from the UKCPQ9bdata for each of the 14 UK
regions (see Appendix 1). The time slices ended0&80 because global population is
projected to reach a peak by mid-century and dedirereafter (UN, 2004), meaning
increase in demand for food and other resourcdsheilhighest in the first half of the
century. The uncertainties associated with clincdtange projections and their impacts
are much higher beyond 2050 (Murpétyal,, 2009; IPCC, 2007; Corfee-Morlot & Hohne,
2003). Prior commitment of GHGs and current tremdemissions to the atmosphere
suggest that the full effects of mitigation (steaition) measures might not be realized
before the 2050s due to transient climate chanfigdan equilibrium climate is attained
(IPCC, 2007; Corfee-Morlot & Hohne, 2003). Thesegedther with the high cost of
adaptation, render adaptation measures less nmogivaeyond 2050 (World Bank, 2010;
Adgeret al, 2007). The current study did not consider auffetwithout climate change’
scenario. This is because it is difficult to imagia future without climate change

considering, as stated earlier, the medium-terrmivay effect of GHGs already emitted
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to the atmosphere, the current rate of GHG emissiand the observed climate change
due to anthropogenic activities (IPCC, 2007; 20ARxandratos & Bruinsma, 2012;
Corfee-Morlot & Hohne, 2003).

The Weather Generator (WG, version 2, Joaesl, 2009) embedded in the
UKCPO09 was used to generate future daily climatebées for the simulations. The WG
randomly samples a specified number of model vegitom the probabilistic projections
and uses a stochastic process to generate stdlysticedible future climate variables at 5
km grid resolution at daily or hourly scales (Joeesal, 2009).The WG preserves the
internal consistency among the variables and itshehe statistical properties of the
underlying probabilistic projections (Jonetsal.,, 2009). For each emissions scenario, time
slice and region, daily data on weather variablesewgenerated by submitting a new
request for standard WG variables at the UKCPOQ9 r usmterface

(http://ukclimateprojections-ui.defra.gov.uk/ui/dtatart.php) For each request, 40

contiguous cells (maximum allowed) were selectethenregion of interest based on the
arable areas in the UK land cover map (LCM2007,t@efor Ecology and Hydrology).
Since cereals (mainly wheat and barley) accoun6@86 of cultivated land and are the
most widely distributed arable crops in the UKwas assumed that selection of cells of
arable areas is likely to coincide with an areazerkeal production. The duration of each
WG run was 30 years and 100 random samples wevestz from the 10,000 randomly
sampled model variants. The result was 100 clirdata files generated for each request,
each file containing a variant of the future climdiata. The weather data required for the
simulations (minimum and maximum temperature, ppitgion and reference

evapotranspiration) were extracted from the dowsdoaWG data into separate text files
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using a Python code (programming language). Tleslted in 300 files per time slice,
emission scenario and region. These files were thenatted to make them readable or
usable for the simulations.

The use of the WG was necessitated by practicaiderations. First, simulations
of crop yield response to climate change are sead the temporal changes of weather
variables which fluctuate greatly and rapidly withhours and days (Brouwer & van
Ittersum, 2010; Raest al, 2009; Todorovicet al, 2009). Hence, data at a finer spatio-
temporal resolution minimizes errors in predictéelds. While the UKCPQ09 probabilistic
projections are averaged over monthly, seasonal amial scales, the WG uses a
stochastic process to generate statistically clediliure climate variables at spatial and
temporal resolutions appropriate for crop growthugations (Jonest al, 2009). Second,
the probabilistic projections are suitable wheneassg an impact of interest that is
triggered in a given system when a particular dicnéreshold is exceeded (Joretsal,
2009; Murphyet al, 2009). Hence, the probabilistic projections weoe compatible with
the objective of this study as the study is notemlmt assessing climate change effect on
yields when specific climatic thresholds are exegedr not exceeded. Moreover, using
the probabilistic projections would have resulteccomplicated analysis, more work and
uncertainties to deal with than time and resoumwesld permit. The structure of the
UKCP09 WG, how it works and its advantages andtétiins are presented by Jores
al. (2009). Similar studies used weather generatoobtain synthetic future daily weather
variables (e.g. Mezat al 2008; Abraha and Savage, 2006; Richter & Sem&Qdb;

Holdenet al. 2003; Guerefiat al 2001).
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The projected atmospheric @©@oncentrations files for the medium (A1B), low
(B1), A2 and B2 emission scenarios were availablaquaCrop (Raest al, 2009). The
projected atmospheric G@oncentration file for the high (A1FI) emissiorerario was

created using data from the IPCC data distributioentre [http://www.ipcc-

data.org/ancilliary/tar-isam.tk{see Figure 4-2).
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Figure 4-2: Atmospheric C¢; concentrations observed at Mauna Loa from -2008
(black dashed line) and projected under 6 SRESasiesrfrom 2008 to 2100. Two
carbon cycle models are used for each scenarioNBERlid lines) and ISAM (dashed
lines). Figure taken from IPCC Data Distributionn@e, http://www.ipcc-
data.org/ddc_co2.html (accessed February 10, 2013).

4.2.1.2 Soil Data

Detailed soil data for the UK (1:250,000 HOST dat@ye available but not free.
The fact that Scotland uses a different soil cfesdion system (described as
“typological”) from England and Wales (which areiétarchical”) also complicate soil

data integration. Hence, soil hydraulic data wagsaiobd from the Crop Growth
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Monitoring System (CGMS) database in the new Sefbrimation System (SINFO),

which is part of the Monitoring Agriculture with Rete Sensing (MARS) Crop Yield
Forecasting System (MCYFS) for the European UnBar(th et al, 2006). It is worth
mentioning that, for mapping purposes, soil classifon relies on spatially coherent,
homogenous soil groups that are recognizable withen landscape. Since soils show
continuous variation, the scale of mapping proféyintfluences the classification scheme
used to produce a soil map (Nussbaatral, 2011). At a coarse resolution, therefore, each
map unit (i.e. polygon on the final map) will norilgecontain more than one type of soil
that might have different properties.

The SINFO database has a scale of 1:1,000,008idnl&tabase, Europe is divided
into Soil Mapping Unit (SMU) polygons. Each SMU made up of several Soil
Typological Units (STUs) with attributes describiriige properties of the soils. Soill
texture and bulk density are the key physical priogee used in determining the water
retention properties of the soils. The potentiadtimy depth and soil water retention
properties are mainly used to define the hydraptmperties of the soil groups used in
crop modeling in the CGMS. For each soil physicedug, available water capacity
(AWC, a static soil characteristic which indicatee amount of water that can be held
between field capacity and wilting point per urabting depth) is defined (Baru#t al,
2006). The product of AWC and rooting depth gives thaximum available water a soil
can supply to a plant.

The SINFO data was imported in ArcGIS version EERI™, USA) for further
processing. The UK was clipped from the map. Tibate tables in the CGMS database

were joined based on common fields. The soil patygtiribute table was joined to the
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soil typological unit (STU) table via the commoelél ‘smu nd The resulting table was
in turn joined to the soil physical group table ¥Wee common fieldsoil group no.to
build one attribute table that contains all theilastes for the soil polygons. This map,
together with its attribute table, was exportedejaresent the UK soils. The UK had 5 soil
texture classes out of the 8 main classes in th®IE€Gvith the dominant textural class
being ‘medium’.

The UK soils map was then intersected with the @iions map to obtain the
distribution of soil in each region. Because sgitifaulic properties in the CGMS were
derived mainly from texture and bulk density, theestion of dominant soil in arable
areas was also based on the soil texture. For eszgibn, the most widely spatially
distributed soil was taken as the dominant soil #nedweighted averages of the attributes
of the dominant soil polygons were taken as reptasge hydraulic properties of the soil
for that region (Table 4-2). Where peat was dontindwe next dominant soil was used.

Table4-2: Soil hydraulic properties from the SINFO databased in the simulations.
Data taken from the SINFO database (Baaithl., 2006).

Admin. Dominant Rooting Deptt
Sub-region Soll Osat 9pwp Ot (m) (n9q§qs/vn\:)

EE Mediunr 0.4z 0.1¢ 0.3 7 150
EM Fine 0.4¢ 0.2¢ 0.4: 6.E 14C

NI Mediunr 0.41 0.1€ 0.31 6.€ 15(C
NEE Mediunm 0.4z 0.1¢ 0.3¢ 6.€ 16(
NES Mediun 0.41 0.1¢ 0.3C 6.1 15C
NWE Medium 0.4: 0.1¢ 0.3¢ 6.4 15C
NWS Mediunmr 0.4C 0.1¢ 0.2¢ 7.0 14C
SEE Medium fine | 0.5F 0.14 0.4¢ 5.¢ 35C
SES Medium 0.41 0.1¢ 0.32 6.2 17C
SWE Medium fine | 0.5¢ 0.1t 0.5( 4.4 35C
SWS Medium 0.41 0.1¢ 0.31 6.4 16C
WA Medium 0.4F 0.22 0.37 6.€ 15C
WM Medium 0.4F 0.2z 0.37 6.7 150
YH Medium 0.4: 0.1¢ 0.3t 6.5 16C

Key: fsatis saturated water contefigwpis water content at permanent wilting point;
#fc is water content at field capacifiaswis total available soil water.
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The soil data was used to create the requiredfitsl in AquaCrop. AquaCrop-
generated values for drainage characteristics aadffrainage coefficient (tau), saturated
hydraulic conductivity and curve number for surfac@off using the input values of
saturated water content, field capacity and permamelting point, were used. It is
recognized that saturated hydraulic conductivityhighly variable in space and time.
However, due to lack of data, these AquaCrop-geéee@rdrainage characteristic values
were used in the simulations to estimate watere®$s drainage or potential groundwater

recharge.

4.2.1.3 Crop Data

The crop file was created using information for genotype ‘Westminster’. The
HGCA Recommended List shows that the genotype ‘Wiester’ is widely grown in the
UK both as spring and winter barley crop, feed aradt barley and is high-yielding. The
model parameters were based mainly on the caldoragported previously (see Chapter
3) and information from Raext al (2012), and personal communications with sciestis
at The James Hutton Institute, Dundee. Thermal tif@@mation not available in the crop

parameters in Chapter 3 are reported here (TaB)e 4-
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Table4-3. Crop parameters in growing degree days (GDD).

Symbol | Description Value
Threshold air temperatures
Thas Base temperature (° 0
Tuppe Upper tempeature (°C 18
Development of green canopy cover
Time from sowing to emergence (GLC 13t
CGC Canopy growth coefficient (fraction per GC 0.€13
Time from sowing to start senescence (G 131¢
CDC Canopy decline coefficient (fraction per GL 0.60z
Time from sowing to maturi 167¢
Flowering
Time from sowing to flowering (GDI 95(
Length of flowering stage (GDI 21k
Air temperature stress
Minimum air temperature below whic 5
pollination starts to fail (cold stress, °C)
Maximum air terperature above whic 30
pollination starts to fail (heat stress, °C)
Minimum growing degrees required for f 15
biomass production ( °C - day)

Average barley yields for the baseline period (:2620) were obtained from the
respective National Agricultural Statistics Depagtits. In some cases, yields were
reported as 100 weight acrdcwt acre') and these were converted to tons'.hBor
England, the regional yield data were availabletha period 1999 to 2010. However,
UK national average yield data for the baselineigoe(1961-1990) were available.
Therefore, regression equations (4th order polyanwere developed using the sub-
regional and UK yields as dependent and indepenietdbles respectively for 1999 to
2010. While good Rvalues were obtained, these equations could tisfaztorily predict
the regional yields for the baseline period. Consetly, averages of the differences
between the UK and each English regional yield 919910) were computed. The
averages were then subtracted from the UK basgigld for each year to obtain the

baseline yields for English regions. Northern Ineldad two blocks of missing data in the
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baseline yield data (from 1961 to 1966 and from418y 1980). The missing data were

filled using the same approach as for the Engkgjions.
The search for an appropriate sowing date for &€4Chegion was restricted to the
range of optimum sowing period (¥1 week) recommendey the (HGCA)

(http://www.hgca.com/publications/documents/cropaesie/spring barley.pilf The

HGCA indicates that the optimum sowing dates foingpbarley ranges from late January
to end February in the south and east of Englamdfiemm late February to the end of
March in Scotland. The HGCA warns that sowing algghe optimum period can result
in grain quality impairment and yield losses oftaf80-50 kg ha day".

To obtain the sowing date for each region, the Ajop model was forced to the
1990 regional yields by changing only the sowingedantil the simulated yield
approximated the observed yield. The first daté gaae the closest match between the
simulated and observed yields was selected athieg date for that particular region. It
is noteworthy that the sowing date so obtainedcdiffer substantially in practice as the
phenology of the crop is assumed to be the samalfathe regions. However, it is
assumed that, during the simulations, differenngshienology will largely depend on the
respective weather conditions and the speed wiichwilme required total thermal time is
accumulated. To compensate for yield increase dut example, genetic improvement,
the reference harvest index (Hlo) was reduced46 @hen the model was being forced to
the 1990 baseline. This is because using a Hlo.48 Qave yields substantially higher
than the actual yields. The Hlo was restored t8 @4 the climate change simulations. To
test or validate the goodness of the sowing datdgtee model setup, the prediction error

of the model was assessed by comparing simulatédbserved yields for the baseline
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period (1980-1989) using the root mean square éRMSE). It is noteworthy that the

regional average yields are a mix of different dgpes under different management
practices and it was not always clear if they repnéed only spring barley yields or both

winter and spring barley yields. This is a likebnéounding factor to the simulated yields.

4.2.1.4 Simulations Using AquaCrop

Once the sowing dates had been established, siondabf future yields were
performed. All simulations were made for rain-feonditions (i.e. irrigation was not
considered), using AquaCrop version 4.0. For afludations, no field management was
specified, fertility stress was not considered #mal initial soil water content was set to
field capacity. Multiple run project.RRM) files were created in AquaCrop for each
region, time slice and emission scenario with tblevant climate, soil, and crop files.
Thus, for each region, time slice and emission &tenl100 multiple run project files were
created, representing the 100 climate model vamidrte multiple run project files (100 at
a time) were transferred to the AquaCrop plug-iogpam version 3.1+ (Raes al. 2009)

in which the simulations were executed.

4.2.2 Data Analysis

The output text files of the simulations for ea¢hthee 100 model variants for each
region, time slice and emission scenario were ingoosingly to separate worksheets in a
Microsoft Excel 2010 workbook. Mean values of thedal output variables were then

generated for each of the 30 years in a given shoe, emission scenario and region.
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Descriptive statistics and percentiles were themegsed for that particular time slice,
using the Data Analysis tool. Descriptive stats@nd percentiles were also generated for
the baseline yield. Differences between the baselialds and the simulated yields were
calculated for time slices and emission scenarios.

Relationships between simulated yields and rairsiatl CQ were explored using
scatterplots fitted with linear regression tremef. Where necessary, points that were
clearly isolated from the dense cluster of the daiats were treated as outliers and
removed if doing this improved the explanatory pow@®&?®) of the relationship
substantially. In all such cases, not more tham paints (out of 30) were removed. Thus,
if there were more than four isolated points, tlesre not removed regardless of the
magnitude of improvement in thé’.Rn most cases, however, a maximum of three points
were removed.

The projected virtual water content (VWC? toni*) of simulated UK barley grains

was calculated as:

ETc

VWC = 10.Yield

Equation 4-1
WhereETcis the total crop water use (mm); and 10 is a s¢alansure consistent

units (Chattertoret al, 2010). The averages of simulated water use #idsyof barley

for the 14 UK regions were calculated for the higiedium and low emissions scenarios

(HES, MES and LES, respectively) and for the 202040s and 2050s.
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4.3.1 Sowing Dates and Descriptive Statistics of Baline Yield

Sowing dates ranged from 1February (Eastern England, EE) to"2Mlarch
(North West Scotland, NWS) (Table 4-4) which wasghm the HGCA recommended
window (see Appendix 1 for a map of the 14 UK regio The observed and simulated
yields for 1990 ranged from 4.52 to 5.72 and 4®®.61 respectively. The differences
between the observed and simulated yields rangegeba + 0.14 and 0.59 tons hdn
absolute terms, South East England (SEE) showedetdst difference between the
observed and simulated yields. The RMSE valuesther baseline period 1980-1989
(Table 4-4) ranged from 0.44 (EE) to 1.15 tons B&A) and 0.35 tons hafor the UK.

Thus, except for WA, the RMSE values for all regiovere under 1 ton Ha

Table4-4: Sowing dates, differences between observed andlated yields for 1990A(Y, tons
ha'), and root mean square error (RMSE, tons)Har simulated and observed yields

baseline period (1980-1989).

Region Sowing Date| Observed Simulated AY RMSE
Yield (1990) | Yield (1990)

EE 13" Februar 5.32 477 0.5¢ 0.44
EM 27" Februar 5.3¢ 5.22 0.1¢ 0.79
NI 8" Marct 4,57 4,27 0.3C 0.66
NEE 7" Marct 5.0z 5.1€ -0.14 0.68
NES 9™ Marct 5.3( 5.51 -0.21 0.74
NWE 19" February 4,52 4.0C 0.5z 0.7¢
NWS 24" Marct 5.0¢ 4.5¢€ 0.47 0.81
SEE 24" Februarn 5.4; 5.3¢ 0.0¢ 0.5E
SES 9™ Marct 5.72 5.1¢ 0.5¢ 0.5¢
SWE 17" Februar 4.92 4.42 0.4¢ 0.65
SWS 13" Marct 4.87 5.17 -0.20 0.77
WA 19" Februar 5.1( 4.72 0.3¢ 1.1F
WM 27" Februar 4.9; 5.1¢ -0.2¢ 0.7¢
YH 27" February 5.32 4.9( 0.42 0.7¢
UK - 5.22 4.8¢ 0.3¢ 0.3t
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Mean yields for the baseline period (1961-1990geahfrom 3.66 (NI to 4.5’

(SES) tons ha with a UK average of 4.24 tons héTable 4-5). Six regichhad mee
yields higher than the UK mean yield. Only NI, NW&WVE and WM hAd mean yielc
just under 4.0 tons . The SEE and SES show the highe$t pércentiles (5.24 tons ha
Y while NWE shows the lowest TOpercentile (2.88 tons Hx The mean vyields
generally show a marginal increase from west td @ad from south to nortfOverall
the baseline yieldare not widely dispersed from their respective mealnes and tt
differences between regional yields are not sulisiafTable 4-5). For all the regisn
except SWS, the yields are positively skewed batlthv skewnss values indicate tf
few yield values exceed their respective mean yiatlies. There is low tempor
variation in the baseline yields for all regionglahe UK, suggesting yield stability o

time (Figure 4-3). The baseline yields also tenghow an increasing trend over time.

Table4-5: Descriptive statistics of observed yields for Haeseline period (1961-1990)

90th 10th Std. | Std.

Statistic | Mean | Max. | Perc. | Median | Perc. | Min. | Error | Dev. | Skewness
EE 4.34| 5.69| 5.14 4,20 3.68| 3.45| 0.11| 0.60 0.54
EM 4.34| 5.69| 5.14 4,20 3.68| 3.45| 0.11| 0.60 0.54
NI 3.66| 4.80| 4.53 3.51| 3.20| 2.91| 0.09| 0.51 0.75
NEE 4.04| 5.39| 4.84 3.90| 3.38| 3.15| 0.11] 0.60 0.54
NES 4.19| 5.43| 5.04 4.15| 3.40| 3.10| 0.12| 0.64 0.17

NWE 3.54| 4.89| 4.34 3.40| 2.88| 2.65| 0.11| 0.60 0.54
NWS 4.28| 5.70| 5.01 4.27| 3.50| 3.00| 0.11| 0.60 0.06
SEE 4.44| 579| 5.24 4,30 3.78| 3.55| 0.11| 0.60 0.54
SES 457| 5.72| 5.24 4.62| 4.00| 3.60| 0.10| 0.56 0.18
SWE 3.94| 5.29| 4.74 3.80| 3.28| 3.05| 0.11| 0.60 0.54
SWS 4.03| 4.99| 4.86 4.14| 3.22| 2.70| 0.11] 0.62 -0.35
WAL 4.00| 5.20| 4.90 3.95| 3.40| 3.10| 0.10| 0.58 0.51
WM 3.94| 5.29| 4.74 3.80| 3.28| 3.05| 0.11| 0.60 0.54
YH 4.34| 5.69| 5.14 4,20 3.68| 3.45| 0.11| 0.60 0.54
UK 4.24| 559| 5.04 4.10f 3.58| 3.35| 0.11| 0.60 0.54

Note: Max., Min. are maximum and minimum respectivaPgrc is percentileStd is standard.
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Figure 4-3: Temporal profile oobserve yields for the baseline period (1¢-1990). The
trend-line is based on UK average.

4.3.2 Simulated Cumulative Seasonal Rainfall and @inage

Under the low emission scenario (LES), simulatecatmeumulative seasonal
rainfall increased slightly from the 2030s to 20508 EE, EM, and NEE but the
difference was clearer between the 2050s and ther dime slices (Figure 4-4A). Only
NWE experienced a decrease in rainfall from the020® 2050s. For the rest of the
regions, there was no clear pattern but in the ntgjof cases, rainfall in the 2030s tended
to be highest while rainfall in the 2040s was lowé&verall, EE, EM, SEE, WM and YH

had the lowest mean seasonal rainfall values acafisime slices. The NWS had
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extremely high seasonal rainfall values in the 20380d 2040s compared to the other
regions, probably due to an error from the GCMsR&Ms during the downscaling
process in the UKCPO09. For the UK, mean seasonmdhladecreased from the 2030s to
2050s. Mean total rainfall ranged from approxima29.7 mm yeat (EM) to 607.8 mm
yeai® (NWS) for the 2030s, 232.4 (EM) to 704.1 mm ye@dIWS) for the 2040s and
243.6 (EE) to 443.0 mm yeafSWS) for the 2050s.

With the medium emission scenario (MES), there vaadendency towards
decreasing rainfall from the 2030s to 2050s foresoegions (EE, EM, NEE, NES, NI and
SWS; Figure 4-4B). Generally, there was no subistiavdriation in mean seasonal rainfall
across the time slices for the regions exceptithégéw cases rainfall in the 2040s tended
to be higher. Mean seasonal rainfall ranged frof.R4EE) to 429.4 mm year(SWS)
for the 2030s, 243.7 (EE) to 429.7 mm yegBWS) for the 2040s and 234.3 (EE) to

416.3 mm yeat (SWS) for the 2050s.
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Figure 4-4: Simulated otal seasonal rainfall for UK regions under (A) L&mission
Scenario, (B) Medium Emission Scenario and (C) Highission Scenario. Error
bars are standard errors.
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For the high emission scenario (HES), there waslear pattern across the time
slices (Figure 4-4C). Except for NWE which had véoyw seasonal rainfall in 2040
(again, probably due to an error from the GCMs 6MR during the downscaling process
in the UKCPO09), there was little variation in theasonal rainfall across the time slices for
the regions. Just as in the other emission sces)arighest mean seasonal rainfall values
occured in Scottish regions, NI, NWE, SWE and WAeavl seasonal rainfall ranged from
243.2 (EE) to 434.5 mm yeafSWS) for 2030s, 156.8 (NWE) to 442.8 mm yeaNA)
for the 2040s and 241.4 (EE) to 453.1 mm y&&WS) in the 2050s.

Thus, apart from the extremely high values in tli@@ and 2040s for NWS
(Figure 4-4A) and extremely low value for NWE in420(Figure 4-4C), changes in mean
seasonal rainfall between emission scenarios @& silines were not substantial. However,
there were obviously substantial variations in ®egl seasonal rainfall, with higher values
generally in the western half of the UK. For tHeS, cumulative seasonal rainfall showed
little temporal variation across the time slicest bariability increased slightly in the
2050s (Appendix 2A). This pattern of slightly inased variability across time was
observed in all the time slices for the MES (AppgrizB) and the HES (Appendix 2C).

However, intra-seasonal variations in rainfall cbbé high.
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The pattern of seasonal water losses to drainagesiwalar to the seasonal rainfall
across the regions, emission scenarios and timesslDrainage losses were highest under
the LES across all time slices with few exceptifgure 4-5). For the UK, however,
drainage losses decreased slightly from the LBESddHES and from 2030s to 2050s. For
the 2030s, seasonal drainage ranged from appraadyné8 (EE) to 320 mm yea(NWws)
for the LES, 41 (EE) to 192 mm y&afSWS) for the MES, and 41 (EE) to 194 mm Vear
(SWS) for the HES respectively. In the 2040s, sealsarainage ranges between
approximately 49 (EE) and 383 mm y&gNWS) for the LES, 42 (EE) to 192 mm y&ar
(SWS) for MES, and 39 (EE) to 196 mm y&&8WS) for the HES. In the 2050s, drainage
ranges from 42 (EE) to 207 mm y&aSWS) for the LES, 38 (EE) to 182 mm yéar
(SWS) for the MES and 42 (EE) to 208 mm ye&WS) for the HES. The regions with
lowest drainage for all time slices and emissioenacios were EE, EM, SEE, WM and
YH. The extremely high cumulative drainage for NWiShe 2030s and 2040s arises from

the high seasonal rainfall observed under LESaséltime slices (Figure 4-4A).

4.3.3 Simulated Barley Yields

In the 2030s, projected regional mean yield valeeshe LES ranged from 5.87
(EM) to 6.20 tons HA (SWE) and 6.04 tons Haor UK (Figure 4-6). Only EE, EM and
YH had mean yields under 6.0 tons’h®rojected median yields ranged between 5.88 to
6.16 tons™ (Table 4-6). The 9Dand 18 percentile yield values ranged from 6.16 to 6.57
tons h& and 5.61 to 5.93 tons haespectively. The dband 18" percentiles of yield for

the UK were 6.45 and 5.71 tons heespectively. Projected mean yields of nine regjion
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and the UK were positively skewed. Under the ME&)jgeted mean yields ranged

between 5.94 (NWE) and 6.96 tons'H&EE), and 6.46 tons fidor the UK. Only EE,
NWE and WA had mean vyields just under 6.0 tons. lghe projected median yields
ranged from 6.34 to 6.96 tons havhile the 98¢ and 18' percentile of yields ranged from
7.15 to 7.59 tons Faand 3.01 to 6.40 tons haespectively. For the UK, the $@nd 18
percentile were respectively 7.39 and 6.74 ton$. tinder the HES, projected mean
yields ranged from 5.36 (WA) to 7.10 tons™hSEE), with a 6.53 tons Hefor the UK.
Only SEE had mean yield over 7.00 tons' l{&igure 4-6). The projected median yield
values ranged from 5.94 to 6.99 tons' l{&able 4-6). The 90and 18 percentile yield
values ranged from 6.90 to 7.83 tons lzand 2.81 to 6.61 tons haUnlike the LES, the
yield values under the MES and HES for all regi¢escept for NWS under the HES)
were negatively skewed. As indicated by the stah@aror and deviation values, there

was little variability in yields within model vam#s and across the regions.
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Figure 4-6: Simulaed yields of UK regions in the 2030s under the LAES anc
HES. Error bars are standard errors.
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Table4-6. Descriptive statistics of simulated barlgglds in the 2030s under the LES, MES

HES.
EE |Em INEE|NES NI [NWE Nws [sEE [sEs |swH swd wA [ wm][YH [uk
Statistic LES
Mean 599 5.87 6.01 6.4 6.J2 6p3 6J13 611 4.00 §.20 .05 [6.11]6509d 6.04
std. Emor | 0.04 0.04 0.0p 0.6 0.06 0.p6 o0Jos 005 d.07 §.04 0.07 [0.04] 0m0g 0.0
Std. Dev. | 0.21 0.23 0.3L 0.33 0.32 082 032 025 .36 §.23 [0.37 |0.28] 02§ 0.27
Median 591 5.88 596 6.0 6.04 6.p1 6J16 607 4.00 $.16 6.05 [6.08[5%9¢ 6.01
90th 6.1 6.16 6.4D 6.4 6.57 6.18 6l54 645 4.52 6.49 6.57 |6.5@] 6633 6.4
10th 5.76) 5.64 5.6b 570 574 557 5|76 580 §.61 5.93 5.65 [5.86|5569 5.71
Skewness| -0.83 -1.13 0.0p -0.3 0.26 0B1 -0l12 023 d.06 §.23 jp.121]eox0d 0.19 0.2p
Minimum | 5.25 5.08 544 537 560 558 543 574 530 5.80 5.41 [5.68|55650 5.6
Maximum | 6.33 6.23 6.5f 6.62 6.13 6.57 675 6|61 .65 6.71 .71 |6.6%| 66451 6.5¢
MES
Mean 5.9 6.64 6.3 6.13 6.66 5p4 6lssa 696 4.61 .33 .65 [5.98] 66769 6.4
std. Eror | 0.24 0.12 0.2k 049 047 0b6 o0lo7 o010 d.18 §.23 .23 [0.28[ 00129 0.19
Std. Dev | 133 0.68 1.2p 1.1 094 142 ol41 o057 .97 .29 .23 [1.3D|00774 1.04
Median 6.34 6.73 6.74 6.75 6.90 6.55 6|38 6|96 .88 6.76 5.92 |6.50] 66364 6.74
90th 7.2 7.33 744 748 749 7.15 736 7|59 1.45 .35 [7.54 [7.2@|7m4q 7.39
10th 430 584 478 3.01 537 4p1 6l40 640 4.89 479 .32 [4.07|5399 5.11
Skewness| -1.3¢ -1.71 -1.6B -1.32 -1.85 -1.87 -0]35 -0[89 -1.41 -p.27g -1.33 -1.44 -1.41 -1.48
Minimum | 1.93 4.1¢ 2.66 258 3.79 1.B6 5|00 546 4.33 1.54 p.29 [2.09[44324 3.37
Maximum | 7.4 7.52 7.6D 7.99 7.71 7.9 7le0 778 71.70 y.61 [7.77 |7.45|7m6d 7.62
HES
Mean 6.17 6.7 6.5p 645 6.72 6.p9 6Jo7 7]10 4.68 .49 |6.66 [5.36] 66779 6.5
Std. Emor | 0.23 0.12 0.2B 0.25 0.19 0.6 0j09 011 .19 §.23 [0.25 [0.3®| 00115 0.1
Std. Dev. | 1.28 0.66 1.2 1.37 1.04 131 o0l49 059 1.02 .24 1.38 [1.6®[00784 0.71
Median 6.50 6.7 6.70 6.74 6.89 6.59 6/98 699 4.82 .79 [6.91 [5.941| 66375 6.58
90th 7.35 7.48 7.6 7.72 7.74 749 7]56 7183 1.70 .64 [7.72 [6.9®8] 769 7.41
10th 436 6.06 498 3.78 522 4P9 640 661 5.03 514 .14 [2.8B|65089 5.79
Skewness| -1.41] -1.11 -1.50 -1.28 -1.38 -185 0[01 -0[24 -1.19 -p.1522-0.87 -1.41 -1.11 -0.17
Minimum | 2.19 4.5 2.72 3.44 3.66 2.p0 6Jo8 580 4.25 1.84 [1.93 [1.5B[4415 4.5
Maximum | 7.68 7.7 7.91 7.94 7.96 7.j9 7|93 807 192 7.96 [8.01 |7.6B| 77791 7.5

Key: 90" and10" are 9 and 18' per

centiles respectively.

In the 2040s, projected mean yield values underLt#8 for all regions ranged

from 6.08 (EM) to 6.41 tons HSWE), with 6.24 tons Hafor the UK (Figure 4-7). The

projected median yield values ranged from 6.08.8d Gons ha (Table 4-7). The 9band

10" percentile yield values ranged from 6.28 to 6ddsth& and 5.77 to 6.17 tons fha

respectively. The yields for EE, EM, NES, NWS antM\Were negatively skewed while
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the rest were positively skewed. Under the MESjeated mean yields ranged from 5.38

(WA\) to 7.21 tons ha (NWS) and 6.70 tons Hefor the UK. Five regions (EM, NI, NWS,
WM and YH) had mean yields just over 7.0 tong.HEhe projected median, 8@nd 16'
percentile yield values ranged from 5.69 to 7.2#tha’, 7.53 to 7.88 tons Haand 2.90
to 6.72 tons ha respectively. Under the HES, projected mean yidtidsthe regions
ranged from 5.89 (WA) to 7.59 tons hgSEE), with a UK average yield of 7.14 tons'ha
(Figure 4-7). Only EE, NWE, and WA had mean yidlser than 7 tons ha Projected
median yields ranged from 6.46 to 7.57 tons, hvehile the 98 and 18 percentile yields
ranged from 7.45 to 8.34 tons hand 3.48 to 7.09 tons haespectively (Table 4-7). The
90" and 18 percentiles for the UK were 7.88 and 6.44 ton$ tespectively. The yield

values for all regions under both the MES and HESewegatively skewed.

2040s

BLES WmMES WHES

Mean yield (tons ha')
N W AU N0 O
O O OO O o oo
1 J
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<<‘,</ &g& éé’) $\$$%$\§') (;é(« é&@‘oc)&“) $V$® *‘2‘ 0%

Figure 4-7: Simuleted yields of UK regions in the 2040s undee LES, MES an
HES. Error bars are standard errors.
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Table4-7: Descriptive statistics of simulated yields in 8@10s under the LES, MES and HES.

EE |EM |NEE |NES |NI [NWE [Nws[SEE [SES | swH sws| wa | wwm [YH JuK
Statistic LES
Mean 6.12 6.08 6.2 644 632 6.p4 6l35 6l35 4.19 .41 .21 [6.310[6021d 6.24
sStd. Eror| 0.04 0.04 0.0p 0.0s 0.06 0.p5 0lo6 004 d.07 §.04 .06 [0.044] 00004 0.04
Std. Dev.| 0.200 0.21 0.3 0d1 031 0p9 ol31 o021 4.36 .21 .35 [0.220[ 00125 0.2
Median | 6.11] 6.04 621 6243 6.30 6.p3 6[34 633 §.13 $.38 .19 [6.283[ 6219 6.21
90th 6.35 6.24 6.6p 6.0 6.14 651 674 660 4.70 .65 6.70 |6.604| 66451 6.58
10th 591 589 5841 5d6 594 5B7 597 609 5.77 6.17 5.80 [6.086 538 5.92
Skewness| -1.120 -1.25 0.0p -0.09 0.48 0.17 -0l17 ol10 d.04 .17 p.162/om31 0.03 0.1B
Minimum | 5.45 534 56f 5064 583 5B3 5|69 597 §.54 6.04 [5.64 [5.823 55074 5.8
Maximum| 6.43 645 675 6.78 6.7 6.6 6/91 674 §.80 .84 |5.82 [6.722] 66664 6.69
MES
Mean 6.49 7.10 670 645 7.07 eha 7]21 e[24 4.90 .65 .95 [5.389[ 77109 6.7
Std. Eror | 0.23 0.09 0.2 029 0.5 0.p5 0lo7 ol25 Q.19 .25 .24 |0.329{ 00012 0.2
Std. Dev. | 1.25 0.47 1.2h 1.60 081 1.6 0l3s 1138 1.03 1.38 [1.30 [1.738[ 00465 1.0¢
Median | 6.89 7.13 7.1b 7.d9 7.24 7.p8 7[24 6|76 71.23 7.15 [7.22 [5.697[ 77104 7.01
90th 755 7.69 7.8 7.68 7.19 7.53 7|75 7l64 1.76 V.65 [7.88 |7.183| 77781 7.67
10th 493 6.48 53k 346 6.02 4p3 672 407 3.07 5.09 .59 [2.905] 66507 5.21
Skewness| -1.73 -0.44 -1.6p -1.91 -1.46 -1.56 -0]19 -0lo1 -1.34 -p.274 -0.8¢ -0.7p -0.75 -1.28
Minimum | 2.12] 590 3.1k 295 452 2b4 ela8 276 457 1.47 p.42 [1.492[5545 3.67
Maximum| 7.82 7.8¢ 7.9F 790 8.02 7.6 7|82 802 §.00 .97 [8.03 [7.775]7m9d 7.91
HES
Mean 6.94 7.49 7.0F 7.00 742 6pa 7la5s 7[59 733 J.12 [7.19 [5.893[ 7334 7.14
Std. Eror | 0.23 0.09 024 024 047 0.p5 o0lo9 0ol11 d.15 .21 [p.24 |0.301] o011 0.12
Std. Dev.| 1.24 050 1.3p 1.33 091 1.6 o0l51 062 d.80 1.14 [1.30 [1.640] 0066 0.64
Median | 7.25] 7571 736 745 754 7.06 7l48 7l44 7.31 §.37 17.36 [6.471| 72d 7.1
90th 7.99 810 81F 823 825 7.88 8l11 834 §.20 $.02 [B.26 [7.459 8301 7.83
10th 539 6.89 570 456 6.25 450 6[81 7109 6.43 £.76 .65 |3.4846674d 6.44
Skewness| -1.88 -0.44 -1.54 -1.25 -1.31 -1.563 -0]04 -0[32 -0.86 -P.236 -1.03 0.1 -0.21 -0.70
Minimum | 2.41] 6.28 331 4243 4.68 2.B7 6/59 6/13 §5.43 .80 P.66 [1.943 5395 5.3(
Maximum| 8.30 8.29 8.4B 844 847 8]2 8|32 858 §.44 51 B.53 [8.162[ 88237 8.11

In the 2050s, projected yields increase over previttme slices for all emission
scenarios. Under the LES, mean yields for the regranged from 6.03 (EE) to 6.63 tons
ha' (SEE), with 6.44 tons Hafor UK (Figure 4-8, Table 4-8). Projected medidelds
ranged from 6.24 to 6.66 tons h@rable 4-8). The 9Dand 18 percentile yield values

ranged from 6.62 to 6.86 tons*hand 4.47 and 6.44 tons haespectively. For the UK,
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the 90" and 18 percentiles were 6.75 and 6.10 tond hespectively. Under the MES,

projected yields ranged from 6.44 (WA) to 7.70 tbes (SEE), with 7.24 tons Hafor the
UK. Only EE, NES, NWE and WA registered mean yiadtightly lower than 7 tons Ha
Projected median yields ranged from 7.19 to 7.7 foa'. The 98' and 18 percentile
yields ranged from 7.68 to 8.19 tons’hand 4.05 to 7.28 tons haespectively. Few
regions (EE, EM, NWS, and WA) had®@ercentile yield values lower than 8 tons‘ha
Under the HES, the projected mean yields ranged ffa!9 (EE) to 8.18 tons h4SEE),
and 7.77 tons hafor the UK (Figure 4-8). Except for SEE, all regiohad mean yield
values lower than 8 tons haProjected median yields ranged from 7.75 to 8@ ha
(Table 4-8). The 90 percentile of the yield values ranged from 8.248160 tons ha,
while the 18 percentile ranged from 5.55 to 7.84 tond.heor the UK, the 90 and 18'
percentiles were 8.27 and 7.33 tons',heespectively. For all regions and the UK, the

yield values were negatively skewed under all eimisscenarios.

WLES mMES mHES

Mean yield (tons ha-

& O N & LWPO & O & O &
CNEE TP @@ F PSR

Figure 4-8: Simuleted yields of UK regions in the 20t
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Table 4-8: Descriptive statistics (simuleted yields in the 2050s under LES, MES and .

EE |EM |NEE NES NI [NWE [Nws [SEE [SES | swH swg wA [ wm [ YH [UK

Statistic LES
Mean 6.0 659 6.2p 6.43 639 6.12 6|57 6l63 4.48 .60 |6.56 [6.08 [6.52] 6.55
std. Emor | 0.18 0.04 0.18 0.2 0.06 0.p5 0Jo4 0lo4 d.06 §.04 .04 [0.11[0.06] 0.04
st.Dev. | 097 0.21 0.6b 0.67 0.31 0.0 0J20 020 ¢.34 .22 0.22 [0.60[0.32] 0.22
Median | 6.34 6.5 6.5p 6.44 6.66 6.13 6/59 6|64 6.54 6.59 [6.58 |6.24 | 6.57] 6.55
90th 6.6 6.81 6.71 6.62 6.1 6./77 6/80 6|86 6.76 6.86 [6.82 [6.736.82] 6.82
10th 447 6.44 6.08 596 6.38 6.21 6[30 640 §.16 6.43 6.27 [5.38 | 6.10] 6.31
Skewness| -2.13 -1.43 -3.75 -2.95 -3.31 -1.51 -0[38 -1[14 -3.55 -1.43 J0.54 [0.94 [ 2.17[-1.35
Minimum | 2.84 589 3.1p 3.61 521 5B7 6J07 599 3.11 $.88 [6.03 [4.57[5.28] 5.79
Maximum| 6.82] 6.8¢ 6.8D 6.76 6.90 6.82 6|89 6|89 4.84 £.88 [6.90 [6.78 [6.86] 6.85

MES
Mean 6.95] 7.3¢ 7.2B 6.97 747 6.p8 7]a0 7[70 7134 }.27 [7.32 [6.44 | 7.44] 7.45
std. Emor | 0.21] 0.09 0.10 0.26 0.13 0.p3 0Jos 008 d.15 p.21 0.22 [0.28 [0.11] 0.10
Std. Dev. | 1.15] 0.5Q 1.02 1.41 0.2 1.P4 ola1 044 ¢.83 .14 .18 [1.51]0.60] 0.57
Median | 7.19| 7.4 7.5p 7.51 7.64 745 7|50 7171 7.59 7.59 [7.60 |7.11]7.52] 7.52
90th 7.80] 7.92 8.0p 8.07 812 8p1 7/97 819 4.10 $.08 §8.13 [7.68 | 8.03] 8.00
10th 561 6.92 6.2 405 6.68 559 698 728 §.12 5.93 [7.08 [4.30 | 6.93] 6.95
Skewness| -2.27] -1.98 -2.0p -1.48 -1.90 -1.p9 -0l88 -0[82 -1.50 -p.76 .98 [1.33 |1.98]-1.73
Maximum| 8.11| 8.11 8.2p 819 825 8bo 8[12 832 §.26 §.32 B.22 [8.04][8.11] 8.11
Minimum | 2.57| 5.4Q 3.87 3.85 4.98 266 6[22 6|50 5.23 p.57 .94 [2.15]5.15] 5.42

HES
Mean 749 7.8% 7.7b 7.67 789 750 7]o3 gl18 7.89 ¥.85 [7.72 [7.19]7.96] 7.91
std. Emor | 0.200 0.08 0.1 0.7 0.13 0.p2 olos 007 d.12 0.17 .22 [0.24 [0.09] 0.10
Std. Dev. | 1.11] 0.43 0.9% 0.95 0.74 1.19 0|33 0[39 4.63 0.92 [1.20 [1.31]0.47] 0.53
Median | 7.79 7.92 7.9p 7.96 8.07 7.p3 7]o4 819 8.04 8.11 [7.99 |7.75[8.01] 8.00
90th 8.25| 8.33 8.41L 849 853 8.8 8|37 860 4.49 §.51 .57 [8.24 |8.38] 8.44
10th 6.38 7.40 7.02 6.03 7.01 6.50 7l44 7|84 7.06 7.09 [7.42 |5.55]7.52] 7.48
Skewness| -2.600 -1.61 -2.4p -1.91 -2.00 -2.h7 -0[38 -1[22 -1.34 -3.06 f2.91 }1.69 [2.15[-1.96
Maximum| 853 850 85h 8.62 868 859 8|43 873 §.67 8.71 B.70 [8.48[8.51] 8.47
Minimum | 3.02] 6.30 4.4 5.33 524 2.p2 7[26 6|95 4.16 3.88 B3.32 [3.08[6.10] 5.93

4.3.4 Projected Changes in Yields
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Differences in projected barley yields, relativettie yields of the baseline period

(1961-1990), increased from the 2030s to the 2@&0sll emission scenarios and regions

except NWE in the 2030s and WA in the 2030s and2@&igure 4-9). The pattern and

magnitude of the differences represent the trenglietds in the future time slices and
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emission scenarios. Thus, yield increased for edians from the 2030s to 2050s and
across the emission scenarios with very few exaegtiln the 2030s, yield differences
relative to the baseline ranged from 1.43 (SES).4® tons ha (NWE) under the LES,
1.62 (EE) to 2.79 tons HfWM) under the MES, and 1.36 (WA) to 2.86 tons /M)
under the HES. For WA, however, the difference leetwthe projected and baseline
yields decreased from the LES to the HES. Only B& WA had yield increases lower
than 2 tons hafor the MES and HES. For the UK, the differencesaeen the projected
yields in the 2030s and the baseline yields we8,12.22 and 2.29 tons héor the LES,

MES and HES respectively.
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Figure 4-9: Increase in projected yields (tons?) over baselineields
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In the 2040s, differences between projected andlibasyields ranged from 1.62
(SES) to 2.70 tons Ha(NWE) for the LES, 1.37 (WA) to 3.25 tons h&wWM) for the
MES, and 1.89 (WA) to 3.41 tons hé\lI) for the HES, respectively. Only NI had a el
increase over 3 tons havhile SEE and WA had vyield increases lower thaor®s ha
under the MES. For the HES, only EE, SES and WAVteld increases under 3 tons'ha
The average increases in yield for the UK were 22086 and 2.90 tons Haespectively
for the LES, MES and HES. By the 2050s, projectedyincreases over the baseline
ranged from 1.69 (EE) to 2.88 tons'h&IWE) for the LES, 2.43 (WA) to 3.57 tons*ha
(NI) for the MES, and 3.15 (EE) to 4.05 tons™h@l) for the HES, respectively. The
corresponding values for the UK were 2.20, 3.00288 tons ha for the LES, MES and
HES, respectively. Only EE and SES had yield irmesdower than 2 tons hdor the
LES while only NI and WM had yield increases oveo#s hd for the HES.

For all emission scenarios and time slices (extm®piVA in the 2030s and 2040s),
projected absolute increases in yields over theslimes were generally higher in the
western half than in the eastern half of the UKt marginally from south to north.
However, for each emission scenario, changes ilis/ibetween time slices were not
substantial under the LES, but were greater uniderMES and HES. The difference
between the MES and HES was not substantial asdolegous in the 2030s but became
greater and clearer from the 2040s to 2050s.

Temporal variations in yield for each time slicedaemission scenario give
impressions of uncertainties associated with cknwdiange effects on yield. Compared to
the baseline which showed vyield stability, only teenporal profiles of the LES showed

high yield stability in the 2030s and 2040s (App&n8lA). In the 2050s, however, the
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consistency of higher yields was disrupted by dipyield, with some dips being deep
(e.g. EE, NEE and NES). Under the MES, yield dipsdme deeper, wider or more
frequent and affected more regions in all the tshiees (Appendix 3B). Although the
pattern of yield dips were similar for all the tirakices, the depth and width were greater
in the 2040s compared to the other time slices.tk@rtemporal profiles of yields under
the HES, the pattern of yield dips within the tisiees were similar to that observed for
the MES, but the dips under the HES were compaaigtigreater in their depth and width
(Appendix 3C). The depth of the yield dips was letv@ the 2050s for the HES. In all,
the projected yields showed an increasing trenéltdime slices and emissions scenarios
(Appendix 3A — 2C). Regions that showed deep aaguient yield dips for all time slices
were EE, NEE, NES and WA while EM, SEE, WM, and Ykhibited consistency or

stability in yield (except that SEE became variablthe 2050s under the HES).

4.3.5 Projected Virtual Water Content of UK Barley Grains

The virtual water content (VWC) of future UK barlgyains (average of the 14
regions) ranged from 390%ton™ (HES) to 460 mton* (LES) in 2050 (Figure 4-10). The
VWC decreased from the LES to the HES and from 203050 (due to improvement in
crop water productivity), except for the LES whére VWC for 2030 is greater than that

of 2040.
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Figure4-1Q Projected virtual water content of UK barley gisai

4.3.6 Yield Relationships with Atmospheric CQ Concentrations

Poor relationships were found between projectettlyiand cumulative seasonal
rainfall for all time slices and emission scenaridewever, in most cases, positive and
negative relationships were observed for the easted western regions, respectively.
Projected yields showed positive linear relatiopshwith increasing atmospheric €0
concentration ([C€awm) for all time slices and emission scenarios fostmegions (Table
4-9). Projected yields in three regions (EM, WM arid) showed a linear relationship
with [CO,]am for all emission scenarios and time slices. Thgeated yields in EE and
WA showed a relationship with [GQRm only under the LES, while projected yields of

NWE showed no relationship at all with [Gl&m
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Table4-9 Relationships between simulated yields and atimersp CQ concentrations.

NB: only relationhips with R value of 0.3 or above (p < 0.05) are reported.

Regression Equation Parameters R
2030 2040 2050 2030  204( 205

EE | 0.007>+2.765€ | 0.0054x+3.617° - 0.55Z | 0.56(

EM | 0.0073x+2.596% | 0.0065x+3.004° | 0.0074x+2.953 | 0.487 | 0.432 | 0.71€
0.0094x+2.3559 | 0.0084x+2.9456 | 0.0057x+4.2782 | 0.542 | 0.726 | 0.350
0.0091x+2.4642 | 0.0072x+3.5632 | 0.0055x+4.6102 | 0.586 | 0.584 | 0.417F

NEE | 0.0135x+0.450° | 0.0109x+1.656° | 0.0084x+2.266° | 0.34€ | 0.39¢ | 0.39¢

0.0088x+2.706%4 0.383

NES | 0.0119x+1.249° 0.0104x+1.° 0.0061x+3.374° | 0.45€ | 0.49¢° | 0.377

0.0084x+3.0375 0.536

NI | 0.0113x+1.605° | 0.0088x+2.859° | 0.0066x+3.376° | 0.392 | 0.47¢ | 0.577
0.0113x+1.5965 | 0.0078x+3.3263 | 0.0063x+4.2388 | 0.474 | 0.395 | 0.469

NWE - - - - - -

NWS | 0.096x+2.350C° | 0.0085x+2.865" | 0.0062x+3.486° | 0.59¢ | 0.62F | 0.41F
0.0094x+2.4317 | 0.009x+2.482% | 0.0064x+4.014%7 | 0.713 | 0.71C | 0.433

SEE | 0.0082x+2.459° | 0.007x+3.03° | 0.0073x+3.061° | 0.49F | 0.487 | 0.80F
0.0097x+2.5139 | 0.0083x+3.239 | 0.0069x+4.0405 | 0.56¢' | 0.81F | 0.633
0.0097x+2.5289 0.777

SES - - 0.0067x+3.186° - - 0.34F
0.0076x+3.4379 | 0.0081x+3.2625 | 0.0054x+4.6848 | 0.477 | 0.613 | 0.354

0.0065x+3.9997 0.43F

SWE | 0.0081x+2.575% | 0.0072x+3.031° | 0.0074x+2.953° | 0.572? | 0.507 | 0.58¢

- - 0.0057x+4.5698 - - 0.350"
0.0084x+2.8955 0.432

SWS - - 0.0066x+3.312° - - 0.487
0.0094x+2.567% | 0.0087x+2.9099 | 0.0066x+4.0012 | 0.612 | 0.609 | 0.524
0.0099x+2.2612 | 0.0083x+3.0875 | 0.0056x+4.7156 | 0.736 | 0.760 | 0.355%

WA | 0.0067x+3.086° - - 0.39C - -

WM | 0.0(73x+2.752% | 0.006x+3.380% | 0.0079x+2.644° | 0.47F | 0.41%? | 0.39¢
0.0095x+2.4432 | 0.0081x+3.161 | 0.0071x+3.7067 | 0.518 | 0.678 | 0.543
0.0085x+2.84 | 0.0077x+3.2612 | 0.0054x+4.7711 | 0.583 | 0.606 | 0.392

YH | 0.0069x+2.9027° | 0.0065x+3.131° | 0.0078x+2.70° | 0.352 | 0.31Z | 0.702
0.0096x+2.328% | 0.0086x+2.8559 | 0.0074x+3.5562 | 0.498 | 0.494 | 0.66%
0.0096x+2.361% | 0.0085x+2.9482 | 0.0056x+4.6312 | 0.608 | 0.75Z | 0.407

UK | 0.0067x+3.025% | 0.0065x+3.193 | 0.0075x+2.757° | 0.327 | 0.307 | 0.46F
0.008x+2.8622 | 0.0067x+3.494% | 0.0055x+4.3859 | 0.349 | 0.356 | 0.316
0.0082x+2.7%4 | 0.007x+3.4378 | 0.005x+4.9272 | 0.496 | 0.537 | 0.423

Key: a, b, and c represent low, medium and high epnisstenarios respectively.
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Under the LES, variation in projected yield accaahtor by increasing [C&um
for all the time slices ranged from ca. 31% (YH4@§) to 81% (SEE, 2050s). In most
cases, [CQam accounted for yield variations in the range of ro86% to over 50%.
Under the MES, [C@am accounted for ca. 35% to 73% of the yield variaioFor the
HES, [CQJam explained 36% (SWS, 2050s) to 82% (SEE, 2040shefvariation in
yield. For the UK, [CQlam explained ca. 30% to 53% of the yield variations &ll
emission scenarios and time slices, with highektegaoccurring under the HES. In all,
positive relationships between projected yield amleasing [CQ am were observed for
one or more time slices in 12, 11 and 8 regionseurttie LES, MES and HES,

respectively.

4.4 Discussion

4.4.1 Sowing Dates and Model Uncertainties in Bage¢ Yields

In simulating the effect of climate change on cngplds, uncertainties in the
projected yields can arise from three main sou(¥e® et al, 2011; Niuet al, 2009;
Murphy et al,, 2004; Corfee-Morlot & HOhne, 2003): (i) the profjed climate data due to
uncertainties in the emission scenarios, gapsnaitdiions in knowledge of the climate
system, and uncertainty in the structure and paemnef the climate model; (ii) the crop
growth simulation model used due to uncertaintyhm structure and parameterization of
the simulation model, calibration and validatiorl amop response to climate change; and
(i) soil and crop input data such as soil fetyiliinfluence of biotic stresses, crop

genotype and sowing date. Tracking and quantifyihg aggregate effect of these
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uncertainties on simulated vyields are difficult amelquire complex mathematical

procedures (Yaet al, 2011). It is important, however, that model gsare aware of the

potential effect of these uncertainties on theiedmtions and, where possible, take
measures to minimize it (Yaet al, 2011; Niuet al, 2009). The UKCPQ09 probabilistic

projections are meant to minimize uncertainties rgdhy et al, 2009; 2008).

Sowing date is a sensitive parameter as it affexp phenology and therefore
biomass production, abiotic stresses and yield$téRét al 2012; 2011; Biernatbt al,
2011; Guereniat al, 2001). Sowing dates are highly variable oveetand space (Rotter
et al 2012; 2011; Biernatlet al, 2011; Holderet al, 2003). Therefore, use of actual
sowing date is crucially important for minimizingeertainties in simulated yields under
climate change. However, it is difficult to acculst predict sowing dates under future
climates. Hence, climate change studies rely orentisowing dates and adjustments are
explored as adaptation options for future climgfdatthewset al 2013; Rotteret al,
2011; Wilbyet al 2010; Holderet al 2003). Indicative sowing dates, therefore, become
useful when data are lacking.

In this thesis, the indicative sowing dates usedrewwithin the HGCA
recommended sowing window (Table 4-4). For the 1B86eline, the simulated yields
were mostly lower than the actual yields (Table) 4¥4is could be due to the reduction in
the Hlo in the simulations to compensate for theesu high yields resulting from genetic
improvement. However, for the baseline period 19889, simulated yields were slightly
higher than the observed vyields in most cases. dere the actual regional yields
represent averages of yields of several genotygtes and management practices. Even

though the average evens out spatio-temporal ametigevariations in regional yields, the
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actual yield can still differ greatly from the sitated yield which is obtained at a plot-
scale. Notwithstanding, the baseline calibratiod &alidation using indicative sowing
dates showed acceptable error margins for the atedilyields (Table 4-4).

Rotteret al (2012) compared the performance of nine crop isoide predicting
the yields of spring barley grown over 44 crop seasat 7 sites in Northern and Central
Europe, using average sowing dates derived frorergxpntal reports. They reported that
the best three performing models (HERMES, MONICAd aWOFOST) gave lowest
RMSE values of 1.124, 1.128 and 1.325 tori$ respectively, which are greater than the
RMSE values reported in the current chapter (Tdb#¢. Richter & Semenov (2005) used
the model Sirius to assess the effect of climatngk on wheat yield in England and
Wales. They reported overall RMSE of 1.14 tons.Hdainuddinet al (2011) also used
AquaCrop to simulate climate change effects on yieds in the Lower Mekong Basin
using a calibration approach for sowing dates sint the approach in the current study.
They reported RMSE values for rain-fed rice rangiram 0.04 to 0.45 tons Ha(for a
yield range of 0-7.14 tons N which are lower than but not substantially difet from
the RMSE values obtained in the current studys Ihat always guaranteed that use of
actual sowing dates for calibration always givesuagte predictions as uncertainties in
other input data can equally generate uncertaimiesmulated yields (Guerefet al,
2001). Model structure also contributes to uncetfi@s in simulated yields and this is
probably the source of uncertainty most difficaltquantify (Rotteet al 2012). Hence, it
is concluded that the model setup and the indieasewing dates gave acceptable

prediction of yields in the baseline period.
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4.4.2 Changes in Yields under Climate Change

The baseline yields show an increasing trend (EigsB) with 98' percentile of
yields around 5 tons Ha(Table 4-5) which could be attributed to genetippiovement
and increasing potential evapotranspiration resglin higher biomass accumulation.
Current mean yields (2000 — 2010) range from 4068.50 tons ha but mean yields as
low as 3 tons Hacan still be observed occasionally in certain ge3ields as high as 6 —
10 tons ha have been recorded from experiments with genoWestminster in SES
from 2009 to 2011 (see Chapter 3, Table 3-6; als&énzieet al, 2009), indicating that
the simulated future yields are possible. The hanal and latitudinal variations in
baseline yields could be attributed to the obserpattern of relative wet and dry
conditions from west to east and south to nortinéenUK.

Generally, there was no limitation to the estalotisht and grain yield of simulated
barley growth under the baseline or future climdtsall emission scenarios and time
slices. Seasonal rainfall will not likely vary stdnstially in the UK across emission
scenarios and time slices and the geographicaildison is likely to remain unchanged
with wetter conditions to the west. While seasaaahfall can be said to be reasonably
stable, slight variations are observable for atletislices under the MES and HES and in
the 2050s for the LES (Figure 4-4). Summer rainfalprojected to decrease over Europe
(Semenov & Shewry 2011; Bated al, 2008; Christenseet al, 2007) and the UK
(Murphy et al, 2009), which has the potential to decrease tgrelals. However, based
on the mean grain yields for the emission scenamastime slices in this study, seasonal
rainfall is predicted to be sufficient to maintaive viability of barley production under the

future climates. Drainage losses (and for thatenatbntribution to groundwater recharge)
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followed a pattern similar to rainfall. Howeverrfthe UK, there is a slight decrease in
drainage from the LES to the HES and from the 2@8Gke 2050s. This requires further
investigation in studies on groundwater rechargkvaater pollution from arable land uses
under future climates.

There are very few simulation studies for barleypsrunder current conditions in
northern temperate environments and fewer underdutlimates (Rétteet al 2012;
2011) The simulations in the current study prethiat grain yields of barley will increase
over baseline yields from the 2030s to the 205@safbemission scenarios in all UK
regions (Figure 4-9). The magnitude of increaseyigld relative to the baseline is
predicted to be greater under the HES, followedheyMES. Thus, yields are predicted to
increase markedly under the HES from the 2030$1¢02050s. For example, under the
HES, 90" percentiles of yields in the 2050s are projecteeidceed 8 tons HgTable 4-8),
with greatest absolute increases in yield occurin§EE. However, geographically, the
greatest projected increases in yield relativeht liaseline are predicted to occur in the
western regions (except WA in some cases) evengthdlie east-west yield gradient
observed in the baseline period will remain uncleaihdvoreover, the low skew values
indicate high certainty in yields (Richter & Semgn@005). Little variability in regional
yields might be due to the use of same phenologycamp parameters (apart from sowing
dates) in the context of sufficient rainfall. Howeey little variability in yield across
emission scenarios might be due to insubstantfédrdnces in rainfall and atmospheric
CO, concentrations up to the 2050s. These variableduding temperature, become
substantially different for different emission saeos after the 2050s (Willst al 2010;

Murphy et al,, 2009). Hence, unless there is a substantiaktextuin rainfall, or increase
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in temperature, for a given region, the differencgields between emission scenarios for
a given time slice will likely be insubstantialtims study.

The projected increases in barley yields are ctergisvith the results of previous
studies. Holderet al. (2003) predicted barley grain yields would inseaubstantially
across Ireland, under elevated [@, exceeding 8 tons Han 2055 and be even greater
in 2075. They also predicted that absolute incré@asgeld relative to baseline yields was
higher in the western half of Ireland though therent spatial distribution of yield
potential  will remain the same. Rivington et al (not dated,

http://www.adaptationscotland.org.uk/Upload/Docuts&LURI webversion.pdf used

climate data generated with the UKCPQ09 weather rg¢mreand the CropSyst model to
simulate barley yields in Scotland. They predidteat the mode of Scottish barley yields
would be over 7 tons Han the 2040s under the HES, with maximum yieldgraaching

10 tons hd. Richter & Semenov (2005) suggested that, degpitgected decrease in
summer rains, wheat yields in England and Waledileely to increase by up to 2 tons ha
in the 2050s over baseline yields due to elevfE&}].m With greatest increase in East
Anglia and the south-east. Studies in other tenm@dfaropean environments have also
predicted increases in barley biomass and graidsyiender elevated GQoncentrations
(Clausenet al, 2011; Manderscheidt al, 2009; Seebg & Mortensen, 1996). Even in
China, average vyields of rain-fed wheat are pregt¢d increase, under the A2 emissions
scenario, by approximately 10 to 20% (from the 2088 2080s) over baseline yields
under elevated [Cm (Erdaet al, 2005). Without CQ fertilization, yields decrease

from 10 to 36% (Erdaet al, 2005). The projected ranges of increase andedserin
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yields under the B2 emissions scenario were 4 — a8&010 — 13% respectively from the
2020s to 2080s (Erdat al, 2005).

The observed variations in yields between the tstiges for the regions in the
current study can be attributed to elevated atmasplCQ combining with the small
increase in temperature and changes in rainfairéportionately increase biomass and
grain yield of barley so that grain:biomass ragémains unchanged (Holdet al, 2003).
This favourable effect of climate change might asgplain the observed greater absolute
increase in yield over baseline yields in the westegions where wet conditions around
anthesis might be suppressing yields (Robretdal., 2011). Generally, it is believed that
when water is not limiting, elevated atmospheric,Gdd moderate warming might
benefit G crops in northern temperate environments subsignijRotter et al, 2011;
DaMattaet al, 2010; Richter & Semenov, 2005; Fuhrer, 2003)suich environments,
projected changes in temperature, together withagdel [CO]am, iNCrease radiation use
efficiency, water use efficiency and photosynthesssuming there is no severe water
stress and nitrogen is not limiting (Robrestaal 2011; 2007; Manderschead al, 2009).
The positive effect of elevated [GJ@m on barley grain yield has been found to result
mostly from higher biomass production and grain bham(Clausenet al, 2011;
Manderscheicet al, 2009, Fangmeiegt al, 2000; Seebg & Mortensen, 1996) and, to a
lesser extent, from increased grain weight dueatted effects of C@temperature-water
interactions on the duration and effectiveness raingfilling and canopy senescence
(Fangmeieet al, 2000).

In the current study, positive relationships wevanid between projected yields

and [CQ]am but poor relationships were found between progegtields and seasonal
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rainfall and temperature. The [G)@m explained between 30 and 82% of the variations in
projected yields for all emission scenarios andetistices and 30% to 53% of the
variations in projected UK yields. This suggestt tlevated [C&)am Will benefit barley
yields and barley production in the UK substangijadlll other things being equal. The
observed increase in projected yields over the lin@sgields across the emissions
scenarios and time slices suggests that curremiatit conditions limit yield potential.
This is in agreement with some previous studiescofding to Richter & Semenov
(2005), [CQJam accounts for yield increases in wheat and the emsgting effect of
rising CQ will be stronger than the effect of drought on athgields in England and
Wales in the future. On the contrary, they fourat the effect of [Cg)am On Wheat yields
was highest in the 2020s but decreases subsequgntty the 2050s. Rottet al (2011)
observed that warmer temperatures only decreasetetiyth of the season but did not
affect yield variability, whereas low temperaturasher increased both yield and yield
variability of barley in Finland. They also repattthat elevated [C&.im increases vyield
even under elevated temperatures when the duratierater stress was short. Barley is
well-known for its ability to recover from shortrte water stress (Gonzalez 2011;
Gonzélezet al, 1999; Shone & Flood, 1983). Studies show thewatked [CQlam in the
future will likely increase drought tolerance anélg in barley through adjustments in
stomatal conductance, osmotic potential and imgrawgogen metabolism (Burkaet al
2011; Robredeoet al 2011; 2007). Holderet al (2003), however, reported that the
predicted increase in barley yields in the 2050¢réfand was probably attributable to
rainfall but [CQ]am accounted for predicted yield increases in theD20This is probably

largely due to the differences in the [g£, used in the study by Holdext al. (2003) and
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the current study. Holdert al (2003) used [C&am of 581 ppm and 647 ppm

respectively for the 2050s and 2070s, which ard ldthin the range of the [CQim
under the HES in the 2050s in the current study fBivourable combination of climatic
factors also has implications for the incidence prevalence of diseases and pests which
were not considered in the current study.

Soil hydraulic properties will also play a key rafemitigating or amplifying water
stress and therefore unlocking the full benefielgivated [CQam for barley yields in the
future (Calancat al 2006). Few studies have incorporated the effésbd dryness on
yield of cereals under climate change (Richter &8eov, 2005). In current study, the
soil data generally show little differences in tlu®ting depth and available soil water
(ASW) content for the regions (Table 4-2). It wouygnerally be expected that the
relatively drier conditions and shallow soils inuitern England would result in dramatic
reductions in barley yield. However, the observighlyields in SEE even under the HES
might partly be due to the high ASW content dueht® presence of clay in these soils.
This is consistent with the findings of Richter &rBenov (2005) who reported highest
yield increases in wheat in the Southeast of Emjjl@yardless of reductions in rainfall
and warmer temperatures under future climates. Thpgrted that the effect of water
stress on yield was substantial only when ASW adtemained very low for a long time.
Considering the ASW content and stability of seasaainfall for the regions in the
current study, it is likely that the soil water ¢emt in the root zone was normally
sufficient to satisfy the crop water requirememiswever, given the coarse scale of the
soil data in the current study, it is recommended tuture studies employ soil data with a

greater spatial resolution to explore the effe€the interactions between climatic factors
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and soil hydraulic properties on cereal yields urfdeure climates. This is important as
excessive soil water content could affect, for eplansoil workability and thereby

influence management decisions and practices.

4.4.3 Stresses and Risks to Yields

The potential gain from elevated [Gl@nw can be offset by other parallel climate
change effects such as heat stress and stressee dai water deficit or waterlogging
(Rotteret al. 2011; Easterlingt al, 2007; Ainsworth & Rogers, 2007; Fuhrer 2003)eTh
temporal profiles of barley yields show some yigipls within time slices for all emission
scenarios. Yields under 2 tons’haere observed for WA in the 2040s and 2050s under
the HES. Stresses related to temperature and wasarved in the simulations could
account for a substantial amount of the observett yilips. AquaCrop distinguishes
between the effects of temperature and water ssems biomass and yield (Rastsal,
2009). Thresholds for the effects of water andpmrature stresses on biomass production
are executed mainly through alterations in thre@opst properties: expansion, stomatal
closure and early senescence. Water and tempesitasses affect yield directly through
pollination failure and reductions in Hlo. Thus,etd are situations where biomass
production could be affected (e.g. when maximumopgncover is not reached)
independent of yield formation and in such situadiobiomass production should be
substantially limited in order to reduce yield.

Water stresses resulting in stomatal closure (@is & 72% stomatal closure was

observed in a model variant under the HES, seeré&igiilla) and early canopy
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senescence were observed, resulting in reductiob®mass production. Stomatal closure
can potentially elevate leaf and canopy temperaaune thereby reduce photosynthesis
(Hanjra & Qureshi, 2010; Kimball & Bernacchi, 2006here were occasions when water
stresses coincided with either anthesis or postesig (illustrated with Figure 4-11b),
resulting in substantial reductions in both biomgseduction and harvest index.
Interestingly, there were also occasions when dilersiter content was in excess of field
capacity around anthesis. There were occasions sbignvater content exceeded the
anaerobiosis point, which results in transpirasappression and consequent reductions in
biomass production and yield. Though this was conmlynobserved, it was predominant
in WA, SWS and NI where the initial canopy devel@mnhwas negatively affected and
maximum canopy cover was not reached. This sugteststresses arising from both soil
water deficits and surpluses could have adversetsfion future barley production in the
UK. Therefore, the potential effect of saturated sonditions on the production of barley
and cereals in general under future climates shbeldjiven due research attention to

identify agronomic strategies that can be useditigate this effect.
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Figure 4-11a: A screenshot of AquaCrop output graphic of malic variant illustrating
high effect of water stress on stomatal closuckearly canopy senescence (marked with red
circle at upper right-hand corner) under the HEB1&¢2040s.
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Figure 4-11b: A screenshot of AquaCrop output graphic ofimatic variant illustratin
occurrence of water stress before, during and éeering under the HES in the 2050s. The
lower boxDr shows soil water depletion, with the blue lineidading field capacity. The green,
yellow and red squiggly lines represent the 3 wsiigzss thresholds for canopy expansion,
stomatal closure and early canopy senescence. aenboxCC shows water stress effect on
canopy cover development. The grey bars show righscor deviation from the potential canc
cover trajectory. The upper bdx shows the pattern of transpiration, with the drays
representing reductions in transpiration
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Reductions in biomass production due to temperaitness ranged from 2% to
53% across emission scenarios and time slices, highest reductions occurring under
the HES in EE. In most cases, maximum canopy caasrnot reached. This suggests that
even though barley can be popular for its droughdrance, heat stress can potentially
increase photorespiration, limit GOassimilation and reduce biomass production
(Easterling et al, 2007; Fuhrer, 2003) in some UK regions undeurtitclimates,
especially under the HES. Heat-stress can shortgm ghenology and reduce radiation
capture, upset net carbon balance, reduce seaddgbllen viability, cause grain sterility
and yield losses (DaMatteat al., 2010; Porter & Semenov, 2005; Fuhrer, 2003). ¥ ha
been suggested that heat stress, due to climateehposes a serious threat to wheat
yields in England and Wales (Richter & Semenov 208&d in Europe (Semenov &
Shewry, 2011) or barley production in Finland (Roét al. 2011) and Denmark (Clausen
et al, 2011). The risk is that the years in the timeesl do not represent actual future
years, meaning the observed stresses can occunyigrap season in the future. These
findings highlight the need for adapting cropsuotsfuture climatic conditions.

However, in all, early maturity due to faster acaletion of total thermal time
allowed the crop to escape heat or water defigtisses, which normally occurred around
mid-summer. Total thermal time required for matuwias accumulated faster, resulting in
the season being shortened by between 3 and 15@aysverage, harvest dates for most
southern regions were in late June but overall éstrdates largely occurred in July, with
very few occurring in late July to early AugustieTl projected reductions in summer
precipitation and warmer temperatures are centeredune-July-August (Wilbet al

2010; Jenkingt al., 2009; Murphyet al, 2009). Thus, the crop would probably escape the
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effects of summer water deficits or heat stressit agill have attained physiological
maturity at this time, confirming the usefulness early sowing (Wilbyet al 2010;
Barnabast al.,2008; Richter & Semenov 2005). Thus, in most @hstases, the stresses
would only be effective in accelerating normal gayalecline. It was, however, not
always clear what stresses caused reductions masi® production or yields. Such cases
might be attributable to model structural errorHtBr et al 2012; Brouwer & van
Ittersum, 2010; Todoroviet al, 2009; Richter & Semenov, 2005; Guerefial, 2001).
Therefore, within the limits of the current studtycan be concluded that projected
seasonal rainfall would likely be sufficient to kebarley production viable from the
2030s to the 2050s. However, water and heat stresselikely to pose risks to biomass
production and yield in some years in the futunethle current study, extreme events and
their intensities, or the probability of exceediagcertain threshold of climate change
signal (e.g. temperature increase exceedif@)4were not assessed. These are important
for quantifying and better understanding risks ga@nning adaptation (Fuhrest al
2006). The findings in this study show that suctes@rcise is necessary for understanding
the bigger picture of climate change effects orldyayields in the UK. Heat stress in

particular is obviously a problem that warrantghar investigations.

4.5 Conclusions

1. Projected barley yields increased over the basglglds in all UK regions

for all the time slices and emission scenarioshwjteatest increases
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occurring in the 2050s. The increase in yieldstf@ emission scenarios
followed the order: HES > MES > LES.

. Projected absolute increases in yields over thelinasyields were greater
in the west than in the eastern half of the UK.

. Elevated [CQJam Would likely benefit UK barley production substatiy.
The [CQ]am explained between 30 and over 80% of variatiorg@ajected
yields for all UK regions, emission scenarios antetslices, but explained
30-50% of variation in projected yields for the UK.

. Barley will remain a viable rain-fed crop in the Ukder the projected
climate change. However, potential yield dips imsoyears within all the
time slices and emissions scenarios (except uha@eLES in the 2030s and

2040s) due to water and heat stresses pose riskgit@nd stable yields.
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CHAPTER 5

FUTURE BARLEY PRODUCTION, VIRTUAL WATER FLOWS AND
FOOD SECURITY IMPLICATIONS

5.1 Introduction

By 2050, per capita meat consumption will be al®ukg for the world and 91 kg
in the advanced countries (Alexandratos & Bruins®@d,2) due to a projected increase in
income, population and dietary shifts (Thornton1@0de Fraiturest al, 2007). To meet
projected demand (even if total demand grows miorelg), global meat production must
increase from 258 million tons (2005/07 average) 465 million tons in 2050
(Alexandratos & Bruinsma, 2012). The productiommedat and animal products is highly
dependent on the availability of, and access tonanfeed. Hence, the large increase in
projected meat demand has implications for useeoéat grains as animal feed in the
future.

Currently, about 35% of total grain produced in wrld is used for animal feed
(the bulk of it being coarse grains), 46% is disecbnsumed as food and 19% is used for
industrial purposes mainly brewing and distillinglgxandratos & Bruinsma, 2012;
Foresight, 2011). It has been projected that woelgkal production will have to increase
from the current 2.1 billion (2005/07 average) tbifion tons by 2050 (Alexandratos &
Bruinsma, 2012) partly due to the substantial iaseein demand for animal feed (de
Fraitureet al, 2007) which is projected to reach 1.1 billiomgpas well as for biofuel
(Alexandratos & Bruinsma, 2012). About 52% and 5@%grains produced in the UK and

the EU respectively are used as animal feed (Bmens2012; Foresight, 2011). Total
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cereal and meat demand in Europe and Central Asiprajected to be 600 million and 71
million tons respectively by 2050, with feed use careal grains at 35 million tons
(Bruinsma, 2012). However, the demand for grainsihgowheat and maize) for biofuel
production could drive up the prices of grains ttet be used for animal feed. It has been
projected that biofuel demand will likely reduceetproportion of grains allocated to
animal feed (Alexandratos & Bruinsma, 2012).

Barley is an important source of animal feed gramd it is the dominant
component of coarse grains used as animal feed tfveat al, 2011). Industrially
advancing countries will account for about 56% lobgl use of coarse grains as animal
feed by 2050 and are therefore expected to incrélasie import of coarse grains
substantially (Alexandratos & Bruinsma, 2012). KruR011) indicated that, between
2000 and 2050, world aggregate barley productidhhave to increase by 54% to meet
projected demand for food, feed and industrial pses.

In the UK, the main end uses of barley grain arenahfeed (over 60%) and
industrial purposes mainly brewing and distilliragli¢tle over 30%), while the remaining
grain goes into stocks, seed, food and waste (P2@&l). The current UK food balance
sheet (FBS) shows that nearly half the total gsaipply for domestic uses (mainly wheat,
barley and oat) is used as animal feed. Even ththuglJK is currently self-sufficient in
barley production, it has high trade deficits inahand aggregate animal feed (Defra,
2011). According to Defra (2011), the three majarnf inputs that have shown the
greatest increases in cost recently for the UKfaed fertilizer and feed. The cost of
animal feed has emerged as the largest item ofnelfpee on the agricultural production

and income account (Defra, 2011). Figure 5-1 suggisat total expenditure on animal
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feed has been rising sharply from 1973 to 1984elieg off due to policy intervention

(milk production quota) in 1984 and declining aftt996 mainly due to a slump in

commaodity prices caused by exchange rates and waddeds (Defra, 2011).
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Figure 5-1: Animal feed expenditure indic. Figure taken fronDefra(2011)

From 2005 to 2011, the cost of animal feed in tikehas increased by 80% due to

rise in cereal prices (Defra, 2011). For exampie, tbtal volume of all purchased feed

decreased by 5.1% from 2010 to 2011 but the totpemditure on all animal feed

increased by 12% to £4.4 billion due to increasecep of mainly cereals (Defra, 2011).

Prices of agriculture commodities in the UK (andr that matter, incentives to UK

farmers) are currently largely dependent on thraaifactors: world market prices, levels

of EU tariffs on import of agricultural commoditieend the currency exchange rate

(Foresight, 2011). Clearly, increased feed bar@gpction in the future is necessary for

economic and food security reasons as it can ¢wtéito reducing the cost of animal feed

and thereby enhance food security in the UK. Hlgo likely, however, that demand for

malt barley will remain strong and competitive.
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However, total UK feed barley production and supplythe future will be
determined, both directly and indirectly, by change land use, climate, meat demand,
malt barley demand, biofuel production and demaechnology, commaodity prices and
availability of substitutes at both national andlgll scales (Huangt al, 2010).
Particularly, policies regarding climate changeigmaition or adaptation and land use will
affect future production and trade flows of anypci@homsonet al, 2013; Foresight,
2011; Huanget al, 2010; IPCC, 2007) including feed barley. Theeaxktof agricultural
land use in the UK is known to correspond well witie proportion of the UK’s raw food
needs sourced from UK farms (Foresight, 2011). Riateland use change, however, has
not been considered in most climate change anceggtg crop production studies. Market
forces and economic incentives will also influerfaemers’ decisions on what crop to
produce, technologies to adopt and ultimately thentjty produced (Huanet al, 2010).

In the virtual water literature, no study has ystessed the consequences of the combined
effect of climate change, land use change, anctgiej demand of a given crop for future
virtual water flows and food security at any spaémporal scale.

In this thesis, food security is defined ab€‘risk of adequate food not being
availablé’ (Chakraborty & Newton, 2011; Newtcet al, 2011); ‘food’ here refers to feed
barley and meat. The question therefore remainghehehere will be a sufficient feed
barley supply domestically to meet future requirateewithout adversely affecting
allocation to malting and other uses. This queshian received little research attention
and particularly, barley is subsumed under aggeetgtd or cereal demand when such
studies are conducted. The objective of this chiagt¢herefore to assess the feedback

relationship between future feed barley supply na band and demand for meat on the
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other, the possible effects of this relationshiptranle flows of feed barley and meat, and
the implications for UK food security. The centiglestion is: will future UK barley

production be sufficient to serve its domestic dedhand food security needs?

5.2 Materials and Methods

The methodological approach adopted is shown inrEi§-2.

l ______________________ *
Per capita Land use & Malt barley
Malt barley malt barley climate change demand
effect effect
— Feed Per capita
impo:,t & Utilization barley feed barley Future fesd
export t = == =|- - - — > Future demand
| \ - — > feed barley
surrent ' o : indices
Mbarley [T 777 % feed. : Future
supplied Total cereal barleyin | , population
feed total feed A
Current ee N Possible
barley prod effect on |
P v 4 .meét Implications:
Per capita Mest Contribution indices substitutes
barley indices: [7] 10 meat Jy &
supply indices Future FOOD
Barley self- VWC & VWC & flows of i
sufficiency flows flows feed barley
and meat
POLICY, COMMODITY PRICES, DEMAND & SUPPLY, EXCHANGE RATES, INCOMES, LIFESTYLES

Figure 5-2: A schematic diagram of the methodol.

Current indices related to barley and meat prodacind consumption were used
to compute future indices to assess the poterdgalfgr trade and food security. It is

acknowledged, however, that the future situatiohlve shaped by policies, commodity
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prices, demand and supply, exchange rates, incantebfestyles (Figure 5-2) at both

national and global levels.

5.2.1 The Current Situation

The calculations of current barley and meat indigese based on the food balance
sheet (FBS) published by the Food and Agriculturga@ization (FAO) of the United
Nations (FAO, 2001). Key sources of data for analyd patterns of food supply and
consumption are the FBS, household budget survegs irdividual dietary surveys
(Kearney, 2010). However, at the national or irational scales, the FBS is widely used
as it is readily and cheaply accessible and easesnational comparisons (Kearney,
2010). A FBS gives an overview of the supply anésusf food items in a given country
during a given reference period (a 3-year averggajO, 2001). For a given reference
period and any food item, totalpplyis the total quantity of domestic production plus
imports and adjusted to changes in stocks that tnhigle occurred since the beginning of
the reference period. On the utilization side, tb&l supply of the food item is
decomposed into quantities exported, utilized foimel feed and seed, processed for
food and non-food uses, losses during transporntadiod the proportion available for
human consumption (FAO, 2001). The proportion oppdy available for human
consumption is divided by the population of theegixcountry to obtain the per cap supply
of the given food item. Per cap kcal supply is cated by applying appropriate food
composition factors for supplies of all primary aptbcessed products available for

human consumption (FAO, 2001).
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The FBS is useful for estimating overall shortagesurpluses of food, projecting
future food requirements and providing a basigfaicy analysis on food production and
trade to ensure food security in a country (Kear2&0; FAO, 2001). The latest FBS is
2009 (FAOSTAT, 2009). Barley and meat indices esed from the current UK FBS
(Table 5-1a, 5-1b) were used as the baseline. €hmeptage domestic use and feed use of
barley, as well as proportionate feed barley imaltdeed grain, were considered
representative for the calculation of future feedldy supply from total production. That
is, it was assumed that these ratios (Table 5téa humbers 5, 7 and 13) would remain

unchanged.

Table5-1a Metrics on barley production and use derived frdva UK FBS for the baseli
period.

Item Number Description Value

(1) Total domestic productic 5,964 thousand to

(2) Total export 633 thousand tol

(3) Total impor 115 thousand tol

(4) Total supplied for domestic u 4,953 thousand tor

(5) % domestic us (5)=1[(4)/(1)] x 100 =83.0 '

(6) Total supplied for animal fe 3,037 thousand tor

(7) % feed us (7)=1[(6)/ (4)] x 100 =61.3 "

(8) Total suppliedor brewing anc

distilling (considered 1,713 thousand tons
collectively as ‘malt use’)

(9) % malt us (9)=[(8)/(4)]x100= 34.6¢

(10) Self sufficienc (10) = [(1) / (4)] x 100 = 120.4

(11) Percay barley us (11) = [(4) / total population*
= 80 kg yeat

(12) Percay feed barley (12) = [(6) / total populatior
= 49 kg yeal

(13) Proportion of feed barley i 38.5%

total feed grain*
(14) Percay feed grail 153.5 kg ear™

* Total feed grain (sum of all cereal grain usecasnal feed) was representedwieat and
barley used as animal feed since they contribué8d 6f all feed use of grains, with oats
contributing only 2%. Hence, total feed grain coisgd 61.5% wheat and 38.5% barley.
These values were adjusted to make them consisiémthe data in Defra (2011). Total
UK population on the FBS was 61,887,000 peoplealaten from FAOSTAT (2009).
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Table5-1b:  Metrics on meat production and use derived fromUlke FBS for the baselir
period. Data taken from FAOSTAT (2009).

Item Number Description Value
(1) Total domestic productic 3.5 million ton:
(2) Total export 695 thousand tol
(3) Total impor 2.4 million ton:
(4) Percag consumptio 84.2 kg ear™
(5) kcal cap' day” supplied 457

Indices of meat production and supply for consuamptivere retrieved from the
current UK FBS (Table 5-1b).Total meat consumptias based on bovine, mutton and
goat, poultry and pig meat. The consumption of otheats and animal products was not
considered. To enable the assessment of the affefuture feed barley supply on
domestic meat production or supply, the currerdltiged grain was equated to total meat
production. Hence, feed barley equivalent meat (ABEupply, defined as the quantity of
meat (tons) that can be produced or supplied péfeed barley supply, was calculated as
follows:

FBEM (tons) = f.z Equation 5-1

Wherey is the quantity of feed barley in total feed gréions);x is total feed grain
(tons) andz is total domestic meat production (tons). To abtisingle value that can be
used in future calculations, finBBEM (ton meat ton barléy) was obtained by dividing
the result of Equation 5-1 with the amount of fdxlley supply. This enabled a direct
relationship to be established between unit feelbpaequired for unit meat production in
the future.

It is recognized that feed barley is used not dmtymeat production but also in the

dairy sector, as well as for egg production. Irs tthiesis, however, it is assumed that total
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feed barley supply is used for meat production, ghaportional demand for different
types of meat will remain unchanged in the futund &he proportional demand for meat

and dairy produce will also remain unchanged inftitere.

5.2.2 The Future Situation

5.2.2.1 Future Barley Production

Land use change will affect the quantity of barlesoduced in the future
substantially. Predictions of future agriculturandl uses are characterized by great
uncertainty (Rounsevell & Reay, 2009; Rounsewtllal, 2006). Nevertheless, such
predictions are useful in providing general conidns about trajectories of future land
use change (Rounsevell & Reay, 2009). There arestedies on agricultural land use
futures in the UK, but key findings of most studiesiewed by Angugt al (2009) and
Rounsevell & Reay (2009) show: (a) a decreaseda af cropland and increase in area of
land for bioenergy crops and forest, (b) expangiburban areas with changes in the
spatial structure of urban growth and infrastruatmetworks for land-based transport, and
(c) aloss of land in coastal areas.

The projected areas of UK croplands in 2030, 20d® 2050 were taken from
Thomsonet al (2013). This is a recent report for the Departht#rEnergy and Climate
Change (DECC) on the effects of changes in landanseland cover on greenhouse gas
emissions and removals in the UK. The land usej-lese change, forestry (LULUCF)
sector is divided into six land use categoriesesbiland, cropland, grassland, wetlands,

settlements and other land. Changes in these ceegare structured to be internally
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consistent and incorporate UK land use policies aspirations such as targets on food
production, reductions in greenhouse gas emissorachieving a certain percentage of
forest cover by 2050 (Thomsat al, 2013). Based on the land use policy prioritied a
aspirations, four scenarios of land use futuresevadeveloped: business-as-usual (BAU),
Low, Mid and High scenarios. The BAU scenario reprégs a continuation of current
afforestation rate to 2050 but other factors amilar to the Mid scenario. The Low
scenario emphasizes the production of bio-energpscand creation of woodland. The
High scenario prioritizes increase in food productivith little emphasis on bio-energy
crops and forestry. The Mid scenario representd lase change midway between the
High and Low scenarios (Thomset al, 2013). These projections are based mainly on
likely policy goals and directions in the nexus @ifergy, food and climate change
mitigation. Policies that will influence future ldnuse changes are also likely to be
oriented towards multi-functionality and ecosysteenvices (Winter, 2009). According to
Foresight (2011), a positive environmental valueabdut £1.7bn is generated annually
from UK agriculture as a result of landscape andithts management and a negative
environmental value of about £2.57bn is incurreduatly mainly from greenhouse gas
emissions (accounting for £2bn) and the remaindeassociated with flooding, water
pollution and soil degradation. This suggests #ffdrt could be intensified to offset the
net negative environmental value of agro-ecosystantise future. Hence, in the context
of policy, and in conformity to EU commitmentsjstlikely that overall future changes in
agricultural land use will be influenced substditiby energy security and mitigation of
climate change, as well as environmental goals sashwater quality, biodiversity

protection and enhancement of ecosystem serviagegight, 2011; Angust al, 2009;
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Winter, 2009). Projections of future changes in@gtural land use, however, will require
a balance between policy-driven goals and markeefoin relation to food production, as
well as an evaluation of the impacts on desirabliie@mes across sectors (Angeisal,
2009). The disadvantage of the projections of Trwnes al. (2013) is that the influence
of market forces and other non-policy factors weoe explicitly considered. Changes in
crop-specific land uses are likely to be driveryédy by market forces such as commodity
prices, input prices, demand and supply and oveaifitability (Anguset al, 2009;
Winter, 2009) on one hand, and technological adewament on the other hand (Burgess &
Morris, 2009).

Notwithstanding its limitations, the projected chas in cropland areas described
by Thomsoret al (2013) were used in this thesis because of itenay and because it is
difficult to obtain such information at the UK-ldvand at the relevant time scales. The
projected changes in the area of croplands undeiviid scenario were used. This is
because the High scenario is considered unlikely significantly increases the area of
croplands and the UK’s net emissions of greenh@ases. Studies on possible future
changes in land use that formed the basis of theskght (2011) report showed in most
cases a reduction in croplands. The Low scenar® algo not used because the scale of
bio-fuel crop production was extremely high andhataly unlikely.

The total areas of cropland and barley productgrtie period 2000 — 2012 were
obtained from the UK key crops areas compiled byrd&om the June agricultural
surveys (Defra, 2012). The average area of bateguction over this period (1,026
million ha) was taken as the current area of landeu barley cultivation and was

expressed as a percentage of the average of thleateta of croplands over the same
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period. This proportion (16.36 %) was taken as rfgresentative proportion of the
projected area of croplands for future barley potidn. Hence, 16.36 % of the projected
area of cropland, under the Mid scenario (Thomestoal, 2013), was calculated for each
of 2030, 2040 and 2050. The projected total aréagaplands under the Mid scenario
were 5,777, 5,832 and 5,887 thousand ha respectme2030, 2040 and 2050.

However, to incorporate possible crop-specific larsg changes, in response to
market forces and other non-policy factors, a raofgehanges from £ 5% to =+ 20 %,
relative to the projected area of land for barlegre used. This range was based on the
calculated range of annual changes in the arearaf for barley production over the
period 2000 — 2012 (Defra, 2012), which was -1941o0 14.94 %. In the analysis
described in this thesis, the BAU was representethé current (2000 — 2012) average
area of land for barley production, which remaimghanged to 2050. To obtain future
total barley production and to incorporate the effef climate change, the future area of
land for barley production was multiplied by eadhtee projected mean yields of barley
under the low, medium and high emissions scendtiBS, MES and HES, respectively,
see chapter 4) in the 2030s, 2040s and 2050s.

It is acknowledged that, in the UK, winter barlsypredominantly used for animal
feed whereas spring barley is predominantly usednfating. The simulated future yields
(see Chapter 4) used in the current chapter wasdbas spring barley. This is because
spring barley production is more relevant for sindythe effect of water deficit stress on
yields under climate change compared to winterelyadnd it would have been time-
consuming to simulate the effect of climate changeyields of both winter and spring

barley. The use of projected spring barley yields$ ave implications for the projected
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total barley production and therefore feed barlegpdy. Spring barley has a larger land

area, total production but lower yields compared woter barley (Figure 5-3).
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Figure5-3: Total land area (top) and total production (boft@f spring and winter
barley in the UK. Data taken from Defra (2010).

Records show that UK total winter barley productfonthe period 1999 — 2009
was 2,868 thousand tons, with a total land are456fthousand ha and average yield of
6.3 tons ha, contrasted with 604 thousand ha, 3,200 thousansl and 5.3 tons Hdor

spring barley (Defra, 2010). However, the statsstised in this thesis are based on total
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barley production and allocation to end-uses. Hetice relevance of the distinction

between the areas of spring and winter barleynsrdshed. The error in projected total
production and allocation to feed barley can thaeetirise only from differences between
yields of spring and winter barley. Thus, about 50Pthe projected production levels for
each scenario might be underestimated by 1 téh assuming the ratio of spring and
winter barley yields remain unchanged. Nonetheiésan be argued that the effect of this
yield difference on projected quantity of feed bgrsupply can be offset by the quantity
allocated to malting in this thesis. Moreover, pdnal allocation of land to winter or

spring barley will depend on several factors.

5.2.2.2 Future Feed Barley and Meat Demand | ndices

Projected population data for 2030, 2040 and 208€ewobtained from the UK
National Population Projections (2010 — 2085) be ffice of National Statistics

(http://www.ons.gov.uk/ons/interactive/uk-nationapolation-projections---

dvc3/index.html. In carrying out these projections, four scermied population growth
trajectories were used: high fertility, low fertylj constant fertility and balanced long-term
migration. The projected population data for théser scenarios and the three time
periods were obtained. It is acknowledged that fadjmn projections show great
uncertainty.

Most studies that project world food demand to 20B®e used different and
separate assumptions about changes in populatioomie, diets and policy to simulate

supply, demand, trade and prices of food itemsg$ight, 2011; Huangt al, 2010).
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Examples of such projections published recenthuthe the Comprehensive Assessment
of Water Management in Agriculture (2007) by théetnational Water Management
Institute (IWMI), The Global Harvest Initiative reg (Kruse, 2011), Tilmaet al (2011)
and the updated FAO projections (Alexandratos &immna, 2012). Regardless of the
uncertainties and variations in these projectithngy provide insights on possible future
trends in food demand and supply (Foresight, 20Thg FAO projections are widely
cited and used in global scale studies. Howeves, FIAO projections are a linear
extrapolation of past changes over a comparable period. Also, to my knowledge,
future feed demand from grains is provided explicionly in the Comprehensive
Assessment of Water Management in Agriculture (200/hich incorporates a range of
drivers such as population, incomes, prices of codities and inputs. Hence, projections
of meat and feed demand from the Comprehensivesassmt of Water Management in
Agriculture (2007) were used in the current stutlys acknowledged that different types
of animals have different grain feed requirememd eonversion efficiencies. However,
total grain feed requirement for total meat prodrcts considered in this thesis.

From the Comprehensive Assessment of Water Managam@griculture (2007)
report, the projected per capita meat and graid teanand for the OECD (Organization
for Economic Co-operation and Development) coustvi@as used to represent future UK
meat and feed grain demand per capita. The valieseat and grain feed demand for
2025 (96 and 396 kg cdpyearf' respectively) were used to represent 2030 and the
averages of the values for 2025 and 2050 were tesedpresent the values for 2040.
Consequently, the per capita meat demand was 95,88@ 97 kg per year respectively

for 2030, 2040 and 2050. The corresponding feeth glamand per person per year was
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396, 397 and 398 kg respectively for 2030, 204020%D. From the per capita feed grain

demand, the proportional contribution of feed baf@8.5%) was calculated to represent
future UK feed barley demand per capita (152, 168 853 kg respectively for 2030,
2040 and 2050). SubsequentBBEM was calculated, using equation 5-1. Total feed
barley and meat demand was obtained as the prodymbjected population and either
per capita feed barley demand or meat demand. d$slpe supply of barley for domestic
uses was calculated as a proportion (83%) of futldeérarley production under each land
use scenario, time slice and climate change emissscenario. Then, possible feed and
malt barley supply was calculated as proportionpasfey supply for domestic uses for
each land use scenario, time slice and emissiomsaso. Subsequently, the projected
future feed barley demand was compared with thsiplesfeed barley supply under the
constant population growth scenario; the differemmicated trade (import or export)

potential. Similarly, the trade potential for feleakley equivalent meat was calculated.

5.2.2.3 Virtual Water Flows

The virtual water content (VWC, hton®) of future UK barley grains for all time
slices and emissions scenarios were obtained fnerclimate change simulations reported
in Chapter 4 (see Figure 4-10). Total virtual wg@®vW, m°) associated with total barley
production and feed barley supply was, therefdoégioed as:

TVW =VWC.T Equation 5-2

WhereT is the total tonnage of food item considered @aih this case).
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It was assumed that deficits in feed barley sugplyeed barley equivalent meat
supply would be imported. Hence, virtual water fiote the UK associated with imports
of feed barley and feed barley equivalent meatdiarire deficits were also calculated.
However, the VWC of barley and meat imported wérvaimed differently. The quantities
of UK barley and meat imports for the baseline g#12007-2009) were retrieved from
the FAOSTAT trade database (FAOSTAT, 2010). The 8opountries (out of 21) that
accounted for approximately 95% of total UK barieyorts (345,712 tons) were Ireland
(44%), France (16.4%), Germany (12.6%), Ukraine8%®, Spain (5.1%), Denmark
(3.8%), Sweden (3.6%) and ltaly (2.6%). Each of idmaining countries accounted for
less than 2% of the total barley import and theyentberefore aggregated as import from
the rest of the world. It was assumed that thesatces would remain the main sources
of barley import to the UK in the future. The VWGQ lmarley for each country (country
average) was retrieved from the WaterStat Datalohsthe Water Footprint Network

(www.waterfootprint.ory) (Mekonnen & Hoekstra, 2010a). Total virtual waitdtow due

to feed barley import was calculated using equaiian

Ten countries accounted for 92% of total meat impyr the UK. These were
Ireland (20.4%), Netherlands (20.9%), Denmark (38),7Germany (8.2%), New Zealand
(8.2%), Belgium (6.1%), France (6.1%), Spain (2.7/P®land (2.6%) and Brazil (2.1%).
The remaining 39 countries contributed eithertielver or below 1% and were therefore
represented as the rest of the world. Again, it assumed that these countries would
remain the main sources of future imports of meahé UK. The VWC of meat for each
country was retrieved from the WaterStat Databdas¢he Water Footprint Network

(Mekonnen & Hoekstra, 2010b). For each country, wegghted averages of the water
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footprints of fresh or chilled carcasses of bovileenb and goat, pork and poultry were
retrieved from the database and averaged to regrése VWC of total meat. The
weighted average of water footprint of productsthis database comprises a mix of
production systems: grazing, mixed, and industiidle average of the VWC of all meat
types was calculated for each country. Subsequettitéy average (including the world
average) of the VWC of total meat for all countness used to calculate the virtual water
inflows associated with import of feed barley eglént meat, using equation 5-2. This
was done separately for blue and green water. Gaeenblue VWC of meat, in this
database, was obtained following the conventionatew footprint methodology
(Mekonnen & Hoekstra, 2010b). Because projectedngatemperatures can cause heat
stress, which can adversely affects productivityainm animals, and raises the need for
additional water supply to cool the animals (Flabsmm & Galon, 2010; Lee, 1993), the
blue VWC was adjusted upward by 2.5%. In all, isvessumed that future VWC would
not differ substantially from current VWC as protiuity gains of feed crops from climate

change in northern temperate countries might offseeeases elsewhere.

5.2.2.4 Implicationsfor Food Security

The implications for food security were exploredaligatively using systems
dynamics analysis approach. The main tool empldye was a simplified causal loop
diagram (CLD) analysis (Olsson & Sjostedt, 2005ctmceptualize food security risks
induced by possible feed barley deficits (see Egbi4). System dynamics deals with

feedback and delays that affect system behavioar tome (Armahet al, 2010; Olsson &
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Sjostedt, 2005). As a tool, systems dynamics aizalgelps address a problem by
providing insight into the structure of a systerhaftis, the way the essential system
components are connected and interact) and itseqaestial behavior in order to

understand and evaluate outcomes (Olsson & Sj¢s2@@6). There are two major stages
in developing a system dynamics model (Olsson &t8ydt, 2005). The first stage is to
construct the CLD, which graphically portrays treuse-effect interrelationships arising
from the behaviour of the system components orratkegenous factors relevant to the
system. The second stage is to develop a quamtitatodel and represent it in terms of
flow rates, levels and delays. In this Chapter, ftwis was only on the first stage (i.e.

CLD). The CLD (Figure 5-4) and its components asewussed in Section 5.4.4.

5.3 Results

5.3.1 Future Barley Production and Supplies for Dorastic Uses

The projected area of land for barley productiodarrthe Mid scenario increases
from 945 thousand ha in 2030 to 963 thousand 2950 (Table 5-2). These areas of land
are substantially lower than the current (BAU) avétand under barley production (1,026
thousand ha). The largest area of land for barfegyxtion will be about 1.2 million ha
under the Mid+20% land use change scenario in 20%€reas the lowest would be 756

thousand ha under the Mid-20% scenario in 2030.
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Table5-2 Projected area of land for UK barley production.

Land use scenario Total area for barley

production (‘000 ha)
203( 204( 205(
BAU 1,02¢ 1,02¢ 1,02¢
Mid 94t 954 962
Mid+5% 992 1,002 1,011
Mid+10% 1,04( 1,04¢ 1,05¢
Mid+15% 1,087 1,097 1,107
Mid+20% 1,13« 1,14¢ 1,15¢
Mid-5% 89¢ 90¢€ 91t
Mid-10% 851 85¢ 867
Mid-15% 803 811 81¢
Mid -20% 75€ 763 77C

Source: mid land use scenario data taken from Thoetsal (2013).

Due to the combined effect of climate change ofdy@éd change in area of land
for barley production, total future UK barley pration ranged between approximately
4.6 million tons (under the low emission scenatiBS, and Mid-20% scenario in 2030)
and 9.0 million tons in 2050 under the Mid+20% anel high emissions scenario (HES)
(Table 5-3). For the BAU, projected total barlepguction ranged from approximately
6.2 million tons in 2030 (under the LES) to 8.0l tons in 2050 under the HES. The
difference in maximum barley production (HES, 20&6yer the BAU and Mid+20% is
approximately 1.0 million tons. As would be expegtotal barley production increases
from the LES to the HES and from the 2030s to t808 for each land use scenario.
However, using the medium emissions scenario (MES®), difference in total barley
production between the BAU and Mid scenarios arg @D tons (2030), 482,000 tons

(2040) and 456,000 tons (2050).
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Table5-3: Projected total UK barley production due to larsé and climate change.

Land Total barley production (‘000 tons'
use 203( 204( 205(
scenario| LES MES | HES LES MES | HES LES MES HES
BAU 6,197 | 6,62¢ | 6,70( | 6,40z | 6,874 | 7,32¢ | 6,607 | 7,42¢ | 7,97
Mid 5,70¢€ | 6,10t | 6,171 | 595 | 6,392 | 6,812 | 6,20z | 6,972 | 7,48
Mid+5 | 5,99: | 6,41( | 6,47¢ | 6,251 | 6,711 | 7,152 | 6,51z | 7,321 | 7,85i
Mid+10 | 6,27¢ | 6,71% | 6,78¢ | 6,54¢ | 7,031 | 7,49¢ | 6,827 | 7,66¢ | 8,23]
Mid+15 | 6,56« | 7,02( | 7,09¢ | 6,84¢ | 7,351 | 7,83: | 7,132 | 8,01¢ | 8,60¢
Mid+20 | 6,84¢ | 7,326 | 7,408 | 7,14« | 7,67C | 8,174 | 7,447 | 8,367 | 8,97¢
Mid-5 5,42z | 5,79¢ | 5,86z | 5,65t | 6,072 | 6,471 | 5,89 | 6,62¢ | 7,10¢
Mid-10 | 5,137 | 5,49¢ | 5,652 | 535¢ | 5,75: | 6,13C | 5,582 | 6,27% | 6,73¢
Mid-15 | 4,852 | 5,18¢ | 5,24 | 506( | 5,43: | 5,79C | 5,271 | 5,92¢ | 6,36(
Mid-2C | 4,56€ | 4,882 | 4,937 | 4,762 | 511% | 5,44¢ | 4961 | 5,57¢ | 5,98¢

Table5-4: Projected UK barley supply from domestic productior domestic uses.

Land Total barley supply for domestic use (‘000 tons
use 203( 204( 205(C
scenario| LES | MES | HES LES | MES | HES LES MES | HES
BAU 5,14« | 5,501 | 5,561 | 5,31« | 5,70t | 6,081 | 5,48/ | 6,16f | 6,61]
Mid 4,73t | 5,067 | 5127 | 4,941 | 530¢ | 565/ | 5,14¢ | 5787 | 6,21]
Mid+5 | 4,97¢ | 5,32( | 5,37¢ | 5,18¢ | 557( | 593¢ | 540t | 6,07¢ | 6,52]
Mid+10 | 5,21z | 557 | 5,63« | 543 | 583¢ | 6,21¢ | 5662 | 6,365 | 6,83
Mid+15 | 5,44¢ | 5,827 | 5,89( | 5,68Z | 6,101 | 6,501 | 592( | 6,65¢ | 7,14.
Mid+20 | 5,68t | 6,081 | 6,14€ | 593( | 6,36€ | 6,782 | 6,177 | 6,94 | 7,45:
Mid-5 4,50C | 4,812 | 4,86 | 4,69¢ | 504 | 5371 | 4,89( | 5,49¢ | 5,90(
Mid-10 | 4,26« | 4,56( | 4,61( | 4,447 | 4,77 | 5,08t | 4,63: | 520¢ | 5,58¢
Mid-15 | 4,027 | 4,307 | 4,350 | 4,200 | 450¢ | 4,80¢ | 4,37¢ | 4,91¢ | 5,27¢
Mid-2C | 3,79C | 4,05/ | 4,09¢ | 3,952 | 4,24¢ | 4527 | 4,11¢ | 4,63( | 4,96¢

The pattern of projected barley supply for domestse is similar to the total
production as the former is a constant proportibrthe latter. The largest quantity of
barley that would be supplied for domestic usesldvtie approximately 7.5 million tons
in 2050 under the HES and Mid+20% scenarios wherbas lowest would be
approximately 3.8 million tons in 2030 under theS_.Bnd Mid-20% scenarios (Table 5-

4). Under the BAU scenario, total barley supply fdomestic uses ranged from
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approximately 5.1 million tons under the LES in @G8 6.6 million tons in 2050 under
the HES.

Projected feed barley supply from domestic productinder the BAU ranged
from approximately 3.2 million tons (under the LES2030) to 4.1 million tons in 2050
under the HES (Table 5-5). Under the Mid scendhie values ranged from approximately
2.9 million tons to 3.8 million tons. The maximureefl barley supplies (Mid+20%
scenario) ranged from approximately 3.5 milliongan 2030 to 4.6 million tons in 2050,
whereas the minimum supplies (Mid-20%) ranged fegproximately 2.3 million tons to
3.0 million tons. The difference between maximumedféarley supply under the BAU and
Mid+20% and the HES in 2050 is 512 thousand tonereds the difference between the

BAU and Mid-20% is approximately 1.0 million tons.

Table5-5: Projected UK feed barley supply from domesticdorction.

Land Total feed barley supply (‘000 tons)
use 2030 2040 2050
scenario| LES | MES | HES LES | MES | HES LES MES | HES
BAU 3,15¢ | 3,372 | 3,40¢ | 3,257 | 3,497 | 3,727 | 3,36z | 3,77¢ | 4,05¢
Mid 2,90¢ | 3,10€¢ | 3,14( | 3,02¢ | 3,25z | 3,46€ | 3,15¢ | 3,547 | 3,80;
Mid+5 | 3,04¢ | 3,261 | 3,29¢ | 3,18( | 3,41¢ | 3,63¢ | 3,31: | 3,72t | 3,99¢
Mid+10 | 3,19t | 3,417 | 3,484 | 3,332 | 3,577 | 3,81z | 3,471 | 3,90z | 4,18¢
Mid+15 | 3,34C | 3,572 | 3,61( | 3,487 | 3,74( | 3,985 | 3,62¢ | 4,07¢ | 4,37¢
Mid+20 | 3,48t | 3,727 | 3,76¢ | 3,63t | 3,90z | 4,15¢ | 3,78¢ | 4,257 | 4,56¢
Mid-5 2,75¢ | 2,95( | 2,98: | 2,877 | 3,08¢ | 3,292 | 2,99¢ | 3,37(C | 3,61¢
Mid-10 | 2,61« | 2,79¢ | 2,82¢ | 2,72¢ | 2,927 | 3,11¢ | 2,84( | 3,197 | 3,42¢
Mid-15 | 2,46¢ | 2,64( | 2,66¢ | 2,57/ | 2,76¢ | 2,94¢ | 2,68. | 3,01 | 3,23¢
Mid-20 | 2,32¢ | 2,48t | 2,517 | 2,427 | 2,601 | 2,772 | 2,52¢ | 2,83t | 3,04¢

Projected malt barley supply ranged from approxatyal.3 million tons in 2030
(under the LES and Mid-20%) to 2.6 million tons2@050 under the HES and Mid+20%
(Table 5-6). Under the BAU scenario, projected miadirley supply ranged from

approximately 1.8 million tons in 2030 under theS,Eo 2.3 million tons in 2050 under
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the HES. The difference in maximum possible sugptitmalt barley between the BAU
and Mid+20% is 570 thousand tons. It is notewortigt for all barley production and
supplies and for all scenarios, the value of baskegply under the BAU and the LES in

2030 is slightly higher than the value under thel20% and HES in 2050.

Table5-6. Projected UK malt barley supply from domesticdarction.

Land Total malt barley supply (‘000 tons)
use 2030 2040 2050
scenario| LES MES | HES LES MES | HES LES MES | HES
BAU 1,78C | 1,90¢ | 1,92« | 1,€3¢ | 1,974 | 2,10¢ | 1,897 | 2,13% | 2,28¢
Mid 1,63¢ | 1,75: | 1,772 | 1,71C | 1,83¢ | 1,95¢ | 1,781 | 2,00z | 2,14¢
Mid+5 | 1,721 | 1,841 | 1,861 | 1,79% | 1,927 | 2,05¢ | 1,87( | 2,10z | 2,25¢
Mid+10 | 1,80¢ | 1,92¢ | 1,94¢ | 1,88( | 2,01¢ | 2,152 | 1,95¢ | 2,20z | 2,36¢
Mid+15 | 1,88t | 2,01¢ | 2,03¢ | 1,96€¢ | 2,111 | 2,249 | 2,04¢ | 2,30 | 2,47]
Mid+20 | 1,967 | 2,10¢ | 2,127 | 2,052 | 2,20% | 2,347 | 2,137 | 2,40¢ | 2,57¢
Mid-5 1,557 | 1,668 | 1,68: | 1,62« | 1,74« | 1,85¢ | 1,692 | 1,90z | 2,041
Mid-10 | 1,47% | 1,57¢ | 1,59f | 1,63¢ | 1,652 | 1,76( | 1,60 | 1,80z | 1,93¢
Mid-15 | 1,39¢ | 1,49C | 1,50¢ | 1,45: | 1,56( | 1,665 | 1,514 | 1,70z | 1,82¢
Mid-20 | 1,311 | 1,40% | 1,41¢ | 1,36¢ | 1,46¢ | 1,565 | 1,42F | 1,60z | 1,71¢

5.3.2 Projected Population, Feed Barley and Meat Deand

For all population projection scenarios, projectéid population ranged between
69.5 million in 2030 (low fertility scenario) and22 million in 2050 (high fertility
scenario) (Table 5-7). As a result of populatioovgh, projected total meat demand
ranged from approximately 6.7 million tons in 2@8.0 million tons in 2050. Similarly,
total feed grain demand ranged from approximat&lp illion tons in 2030 (under the
low fertility scenario) to 32.7 million tons in 205under the high fertility scenario. Under
the constant population growth scenario, total fpetpan ranged from 71.9 million in

2030 to 80.3 million in 2050. Total meat demandtfos scenario ranged from 6.9 million
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million tons to 32.0 million tons for the same [oeti

Table5-7: Projected UK population and total meat and femihgdemand.

Fertility Total population Total meat demand Total feed grain demand
scenario (million ‘000 tons) ‘000 tons)
203( | 204C | 205C | 203C | 204C | 205C | 203C | 204C | 205C
High 72.£| 77.2 | 82.z | 6,98¢ | 7,45¢ | 7,97% | 28,82¢ | 30,68¢ | 32,71¢
Constat 71.¢| 76.1 | 80.2 | 6,90z | 7,34« | 7,78¢ | 28,47 | 30,21% | 31,95¢
Low 69.5 | 72.C | 74.C | 6,672 | 6,94¢ | 7,17¢ | 27,52. | 28,58 | 29,45.
Balancec | 70.2 | 71.E | 71.¢ | 6,74¢ | 6,90C | 6,97« | 27,83¢ | 28,38¢ | 28,61¢
long-term
migration

Source: population data (Office of National Stad&st feed and meat data (de Fraitetal, 2007).
Projected feed barley demand (as a proportiontaf feed grain demand) for all
population projections ranged from approximately6lnillion tons in 2030 to 12.6
million tons in 2050 (Table 5-8). Comparable valdes feed barley equivalent meat
demand ranged from approximately 2.6 million tomS8t1 million tons. However, under
the constant fertility scenario, total feed bartlamand ranged from approximately 11.0
million tons in 2030 to 12.3 million tons in 205thareas feed barley equivalent meat

demand ranged between 2.7 million tons and 3.0amitbns.

Table5-8 Projected UK feed barley demand and feed badeyvalent meat demand.

Fertility Total feed barley demand| Feed barley equivalent
Scenario (‘000 tons) meat demand
‘000 tons)
2030 2040 | 2050 2030 2040 2050
High 11,09¢ | 11,81f | 12,59¢ | 2,691 | 2,872 | 3,07(
Constan 10,967 | 11,637 | 12,30¢ | 2,657 | 2,827 | 2,99¢
Low 10,59¢ | 11,00¢ | 11,33¢| 2,56¢ | 2,67% | 2,76¢
Balancec 10,71¢ | 10,92¢ | 11,017 | 2,59¢ | 2,65€¢ | 2,68t
long-term
migration
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Projected UK deficits in feed barley supply frormustic production for all land
use and climate change scenarios and time skoeged from approximately 7.2 million
tons in 2030 (under the HES, Mid+20% scenario).® rfillion tons in 2050 under the
LES and Mid-20% scenario (Table 5-9). However, urite BAU, the deficits in feed
barley supply ranged from 7.6 million tons in 2Q8@der the HES) to 8.9 million tons in
2050 under the LES. Comparable values for the Mitlluse scenario range from 7.8
million tons in 2030 to 9.1 million tons in 2050h4& deficits under the Mid+20% scenario
ranged from 7.2 million tons in 2030 to 8.5 millikons in 2050, whereas the deficits
under the Mid-20% ranged from 8.5 million tons BB0 to 9.8 million tons in 2050. It is
important to indicate that these are the rangesledicits under the constant fertility

scenario of population growth.

Table5-9 Projected deficits in UK feed barley supply fralmmestic production using catan
fertility scenario of population growth.

Land Total deficit in feed barley supply (‘000 tons)
use 2030 2040 2050

scenario| LES MES | HES LES MES | HES LES MES | HES
BAU -7,80¢ | -7,59( | -7,557 | -8,37¢ | -8,13¢ | -7,90¢ | -8,94% | -8,52¢ | -8,24¢
Mid -8,05¢ | -7,85¢ | -7,827 | -8,60: | -8,37¢ | -8,16€ | -9,14¢ | -8757 | -8,49]
Mid+5 | -7,91¢ | -7,701 | -7,66% | -8,451 | -8,217 | -7,99% | -8,991 | -8,58( | -8,30:
Mid+10 | -7,767 | -7,54f | -7,50¢ | -8,30C | -8,05< | -7,81¢ | -8,83% | -8,40Z | -8,11
Mid+15 | -7,62Z | -7,39( | -7,35Z | -8,14¢ | -7,891 | -7,64¢ | -8,67¢ | -8,22F | -7,92¢
Mid+20 | -7,47: | -7,23¢ | -7,19¢ | -7,997 | -7,72¢ | -7,47% | -8,51¢ | -8,047 | -7,73¢
Mid-5 | -8,20% | -8,011 | -7,97¢ | -8,75¢ | -8,54Z | -8,33¢ | -9,307 | -8,93¢ | -8,68¢
Mid-10 | -8,34¢ | -8,167 | -8,13¢ | -8,90¢ | -8,70¢ | -8,51: | -9,46¢ | -9,11: | -8,87¢
Mid-15 | -8,49: | -8,32Z | -8,29: | -9,057 | -8,867 | -8,68¢ | -9,62 | -9,28¢ | -9,06¢
Mid-20 | -8,63¢ | -8,477 | -8,45( | -9,20¢ | -9,03( | -8,85¢ | -9,78( | -9,46¢ | -9,25¢

Similarly, deficits in UK total meat supply (due tizficit in feed barley supply)
ranged from 1.7 million tons in 2030 under the H&® Mid+20% scenario to 2.4

million tons under the LES and Mid-20% scenari@@b0 (Table 5-10). Under the BAU,
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the deficits ranged from 1.8 million tons in 208022 million tons in 2050, compared to
the Mid scenario which had a range of 1.9 milliong in 2030 to 2.2 million tons in 2050.
However, for the Mid+20% scenario, the range ofaitsfin feed barley equivalent meat
supply is 1.7 million tons in 2030 to 2.1 millioaris in 2050, whereas the values for the

Mid-20% scenario are 2.1 million tons in 2030 té &illion tons in 2050.

Table5-10 Projected deficits in UK supply of feed barley aglént meat using constant ferti
scenario of population growth.

Land Total deficit in feed barley equivalent meat supply(‘000 tons)

use 2030 2040 2050
scenario| LES | MES | HES LES | MES | HES LES | MES| HES
BAU -1,89¢ | -1,84( | -1,837| -2,03¢ | -1,977 | -1,921 | -2,18( | -2,07¢ | -2,01(
Mid -1,95¢ | -1,90¢ | -1,89¢ | -2,09]1 | -2,037 | -1,98¢ | -2,23( | -2,13¢ | -2,07]
Mid+5 | -1,91¢ | -1,86¢€ | -1,85¢ | -2,05¢ | -1,997 | -1,94% | -2,19] | -2,091 | -2,02¢
Mid+10 | -1,€83 | -1,82¢ | -1,82( | -2,01% | -1,95¢ | -1,90C | -2,15% | -2,04¢ | -1,97¢
Mid+15 | -1,84¢ | -1,791| -1,78Z | -1,98( | -1,91¢ | -1,85¢ | -2,11F | -2,00% | -1,93Z
Mid+20 | -1,812 | -1,75¢ | -1,74¢ | -1,94¢ | -1,87¢ | -1,81¢ | -2,07€ | -1,96]1 | -1,88¢
Mid-5 | -1,98¢ | -1,942 | -1,93¢ | -2,12¢ | -2,07€¢ | -2,027 | -2,26¢ | -2,17¢ | -2,11¢
Mid-10 | -2,02¢ | -1,97¢ | -1,972 | -2,16¢ | -2,11€ | -2,06¢ | -2,307 | -2,2271 | -2,16¢
Mid-15 | -2,05¢ | -2,01% | -2,01C | -2,207 | -2,15F | -2,111 | -2,34F | -2,26¢ | -2,21(
Mid-20 | -2,09¢ | -2,05F | -2,04¢ | -2,23¢ | -2,19F | -2,15% | -2,38¢ | -2,307 | -2,25

5.3.3 Virtual Water Associated With Barley Imports

The total volume of virtual water associated witkal UK barley production in
the future ranged from 206 billion *nfunder the LES and Mid-20%) in 2030 to 350
billion m® (under Mid+20% and both the medium emissions stendES, and the HES)
in 2050 (Table 5-11). Under the BAU, the valuesgeifrom 280 billion in 2030 to 311
billion m® in 2050, compared with 258 billion (2030) and 29ion m* (2050) for the
Mid scenario (Table 5-11). Under the Mid+20% scenathe volume of virtual water

ranges from 310 billion (2030) to 350 billion*m 2050 whereas the values for the Mid-
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20% scenario range from 206 billion in 2030 to ®@8on m®in 2050. The total volume
of virtual water here is entirely green water as shmulations of future barley production

were done under rain-fed conditions.

Table5-11 Virtual water associated with total barley proiilut in the UK.

Land Total virtual water associated with total barley production (‘’x10° m°)
use 2030 2040 2050
scenario| LES MES | HES LES MES | HES LES MES HES
BAU 28C 30C 30z 281 29¢ 30z 304 311 311
Mid 25¢ 27¢€ 27¢ 261 27¢ 28C 28k 292 29z
Mid+5 271 29C 29z 274 291 294 29¢ 30€ 30¢€
Mid+10 284 304 30€ 28¢ 30& 30¢ 314 321 321
Mid+15 297 317 31¢ 301 31¢ 328 32¢ 33€ 33€
Mid+20 310 331 338 314 338 337 342 35C 35C
Mid -5 24E 262 264 24¢ 264 26€ 271 271 2717
Mid -1C 232 24¢ 25C 23t 25C 252 257 262 265
Mid-15 21¢ 23t 23€ 222 23€ 23€ 242 24¢ 24¢
Mid-20 20€ 221 222 20¢ 222 224 22¢ 232 23%

Table5-12 Virtual water associated with projected feed édadupply in the UK.

Land Total virtual water associated with domestic feed &rley supply (x1¢ m®)
use 2030 2040 2050
scenario| LES MES | HES LES MES | HES LES MES HES
BAU 14z 152 15z 14% 152 152 15E 15¢ 15¢
Mid 131 14C 141 13z 141 143 14E 14¢ 14¢

Mid+5 13¢€ 147 14¢ 14C 14¢ 15C 152 15€ 15¢€
Mid+10 144 154 15t 14¢€ 15t 157 16C 16< 16<
Mid+15 151 161 163 158 162 164 167 171 171
Mid+20 15€ 16€ 17C 16C 16¢ 171 174 17¢€ 17¢

Mid -5 12t 13¢ 134 12¢ 134 13¢€ 13¢ 141 141
Mid -1C 11€ 12¢ 127 12C 127 12¢ 131 134 134
Mid -15 112 11¢ 12C 118 12C 121 12¢ 12¢ 12¢
Mid -2C 10t 112 113 10¢€ 113 114 11¢ 11¢ 11¢

Similarly, the volumes of virtual water associateith projected feed barley
supply from domestic production ranged from 10%dsilm®in 2030 (under the Mid-20%

and LES) to 178 billion fhin 2050 (Table 5-12). However, under the BAU, #odumes
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of virtual water ranged from 143 billion in 2030 158 billion n? in 2050. For the

Mid+20% and Mid-20, the values ranged from 158 18 billion nt and 105 billion to

119 billion n? respectively from 2030 to 2050.

Table5-13 Virtual water inflows to the UK due to feed barienport to balance deficit.

Land Total virtual water inflows from feed barley import (x 16 m®)

use 2030 2040 2050
scenario| LES MES | HES LES MES | HES LES MES HES
BAU 5,91¢ | 5,75¢ | 5,72t | 6,34¢ | 6,16€ | 5991 | 6,77¢ | 6,46z | 6,25Z
Mid 6,10¢ | 5,95t | 5,92¢ 6,521 6,352 | 6,19(C 6,93¢ 6,63¢ | 6,441
Mid+5 5,99¢ | 5,837 | 581( | 6,40¢ | 6,22¢ | 6,05¢ | 6,81t | 6,50: | 6,29
Mid+10 | 5,88¢ | 5,71¢ | 5,691 | 6,291 | 6,10t | 5927 | 6,69¢ | 6,36¢ | 6,152
Mid+15 | 5,77¢ | 5,60z | 5,572 6,17¢ 5,982 | 5,79¢ 6,57¢ 6,23 | 6,00¢
Mid+20 | 5,66¢ | 5,48¢ | 5,45: 6,06 5,85¢ | 5,66¢ 6,457 6,10(C | 5,86«
Mid -5 6,21¢ | 6,07: | 6,04¢ | 6,63¢ | 6,47 | 6,321 | 7,05¢ | 6,772 | 6,58¢
Mid-1C | 6,32¢ 6,19( | 6,167 6,75( 6,59¢ | 6,45: 7,174 6,907 | 6,73(
Mid-15 | 6,43¢ | 6,30¢ | 6,28¢ | 6,86f | 6,721 | 6,58¢ | 7,292 | 7,041 | 6,87:
Mid-20 6,54¢ 6,42¢ | 6,40¢ 6,98( 6,84t | 6,71F 7,41: 7,17% | 7,01¢

Note:Green water = 97%:; blue water = 3%

Conversely, the total volumes of virtual water anfk to the UK, due to import of
feed barley to balance the projected deficits ippsy ranged from approximately 5.5
billion m® (under the Mid+20% and HES) to 7.4 billiorf n 2050 under the LES and
Mid-20% scenario (Table 5-13). The volumes of \aftwater inflow under the BAU
ranged from 5.7 billion fhin 2030 to 6.8 billion min 2050. Under the Mid scenario, the
values ranged from 5.9 billion to 6.9 billior? from 2030 to 2050 respectively. This range
decreased to 5.5 hillion in 2030 and 6.5 hillionim2050 under the Mid+20% scenario,
but increased to 6.4 billion in 2030 and 7.4 billio® in 2050 under the Mid-20%
scenario. The mean green and blue VWC of barleyresectively 737 and 21°non™.
If total domestic barley production were used feed, the deficits in feed barley supply

would range from 3.3 to 7.3 million tons whereas tolumes of virtual water inflows
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associated with imports would range from 2.6 totBligon m® (data not shown). Blue and
green water constitute 3% and 97% respectivelyaoh éotal volume of virtual water.
Finally, the volumes of virtual water inflows toetHJK, due to import of feed
barley equivalent meat to balance deficit, rangeenf7.2 billion ni in 2030 (under the
Mid+20% and HES) to 9.9 billion in 2050 (under tled-20% and LES) (Table 5-14).
The pattern of the volumes of virtual water inflassimilar to the inflows associated with
feed barley imports. The volumes of virtual watgftaw under the BAU ranged from 7.6
billion m®in 2030 to 9.0 billion Min 2050. Under the Mid scenario, the values ranged
from 7.9 billion to 9.3 billion M Under the Mid+20%, the total volumes of virtuzter
ranged from 7.2 billion to 8.6 billion fnwhereas the range for the Mid-20% is 8.5 billion
to 9.9 billion ni. The average green and blue VWC of total meat \8¢d85 and 243
ton™ respectively. Assuming total domestic barley paiiiin were used as feed barley,
the feed barley equivalent meat deficits would eafrgm 0.8 million to 1.8 million tons
and the associated volumes of virtual water inflomould range from 3.4 to 7.4 billion

m® from the 2030s to the 2050s (data not shown).

Table5-14 Virtual water inflows to the UK due to import ofdd barley equivalent meat
balance deficit.

Land Total virtual water inflow from feed barley equivalent meat import (x10 tons)
use 2030 2040 2050
scenario| LES MES | HES LES MES | HES LES MES HES
BAU 7,851 7,631 7,594 8,443 8,200 7,969 9,041 8,619 39,8
Mid 8,101 7,898 | 7,864 8,673 8,448 8,232 9,250 8,854 918,b
Mid+5 7,956 7,742 7,707 8,520 8,284 8,058 9,090 8,674 988,8
Mid+10 7,809 7,586 7,549 8,368 8,120 7,883 8,931 8,495 068,2
Mid+15 | 7,663 7,430| 7,391 8,215 7,956 7,709 8,771 8,315 148,0
Mid+20 | 7,518 7,274 | 7,233 8,062 7,792 7,534 8,612 8,136 217,8
Mid-5 8,248 8,055 8,022 8,826 8,61P 8,4Q7 9,409 9,033 848,7
Mid-10 8,393 8,211 | 8,180 8,978 8,77p 8,582 9,569 9,412 768,9
Mid-15 8,539 8,367 | 8,338 9,131 8,940 8,786 9,728 9,392 68,1
Mid-20 8,686 8,523 8,496 9,284 9,104 8,931 9,888 9,571 619,83

Note: Creen water = 94%; blue water = 6%.
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5.4 Discussion

Projections are not meant to forecast or predietftiiure, especially over long-
time periods when uncertainties become greatertdatfer broad overviews of possible
future states of what is being projected to sesvaput for discussions regarding adaptive
planning, policy, decisions and actions (Foresigtill). However, such projections
should have a sound basis in past or current kmigeleand practices in order to be
credible. This study offers projections of UK bgrleroduction, supply and demand of

feed barley, as well as the implications for megupsy and food security.

5.4.1 Future Barley Production and Supply

Domestic production would likely continue to be ajam source of future supply
of feed barley in the UK. Increase in crop yieldf toe a key determinant for increases in
total production of crops in the future (Bruinsn#)12). However, in spite of the
projected increase in UK barley yields under pri@écclimate change, land use change
will largely dictate the final quantity of grain guuced (all other things being equal).
Assuming the current ratio of area of land undenelyaproduction to total cropland
remains unchanged to 2050, then it is likely th@icy-driven land use change alone (Mid
scenario) could reduce the area of land for basteguction (under the BAU) by as much
as 81, 72 and 63 thousand ha respectively in 20680 and 2050 (Table 5-1). The
corresponding reductions in total UK barley protuctwould be equally substantial

(Table 5-2).
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The plausibility of this situation can be deducednf UK commitments and
aspirations regarding reductions in greenhouseegaissions and energy security. The
Climate Change Act (2008) commits the UK to redgisenhouse gas emissions by 80%
from the 1990 baseline level by 2050. The Clim@kange Act (2008) provides a basis
for policy proposals and reporting of projected egigouse gas emissions to 2050 for
carbon budgets for the UK government, the Europé@on (EU) Monitoring Mechanism
and the United Nations Framework Convention on @lerChange (UNFCCC) (Thomson
et al, 2013). The EU Renewable Energy Directive (20a8ljges the UK to have 10%
share of biofuels in its transport fuel mix and 20%dotal energy mix from renewable
sources by 2020. These obligations will substdgteffect agricultural land use futures
adversely through a suite of policy and legal mstents, financial and tax incentives and
market signals that, for example, encourage domestiduction and constrain imports of
biofuels (Durhanet al, 2012). While there is considerable amount obnimfation on the
link between biofuels and food prices (e.g. Olad8sMsangi, 2013; Hochmaet al,
2012; Thompson, 2012 and references therein), ikdrle information on competition
for land. Roweet al. (2009) reported that, to meet projected energyeta, between 2.7
and 7.0 Mha of land would be required for bioengvgyduction in the UK by 2050. They
concluded that land availability will constrain tleentribution of biofuel to renewable
energy targets (Rowet al, 2009). Figures quoted by Howagtal (2009) fall within the
range given by Rowet al (2009). The medium term cereal market outlookhie EU
(European Commission, 2011) indicates that whike ldnd area of cereals is likely to
remain stable, barley would likely lose about 21%iland area to other biofuel crops by

2020. Yanget al. (2009) reported that, depending on the type afiseek, China would
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have to allocate 5-10% of its total cultivated landbiofuels in order to meet its 2020
target. Historically, agricultural land use changeghe UK has been driven primarily by
government policy intervention, with other secondfactors being farm incomes, prices
and land values (Foresight, 2011; Angasl, 2009). It is likely, therefore, that there will
be reductions in the area of UK croplands (and ipbssor barley) in future due to
policies regarding climate change and energy (&rgyus et al, 2009; Howardet al.,
2009; Rounsevell & Reay, 2009).

Short term changes in total barley production duehanges in area of land for
barley production in future could also arise froam#policy factors, mainly market signals
(demand, supply and prices of inputs and food codites) (Huanget al, 2010; Angus
et al, 2009). In the analysis presented in this thesisuming positive signals from non-
policy sources cause a 20% increase over the pedjecea of land for barley production
(and under the MES), the increase in total barkegpction (relative to BAU) would be
698, 796 and 939 thousand tons respectively in 20380 and 2050. Conversely, a 20%
reduction in the area of land under the Mid scen@nd under the MES) would result in
reductions of 1.7, 1.8 and 1.9 million tons in 202040 and 2050 respectively. The
proportions will be the same for supply of totatleg for domestic uses and feed barley.
Thus, all things being equal, changes in the afdand for barley production will be a
primary determinant of the total barley productionthe UK and, for that matter, self-

sufficiency in feed barley supply in the future.
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5.4.2 Deficits in Feed Barley and Feed Barley Equaent Meat Supply

Currently, barley grains constitute approximate®#@of total use of grains for
feed (with wheat being dominant) in the UK (Tabldd. The UK has a high self-
sufficiency rate in barley production and almostitd feed barley supply is produced
domestically (Defra, 2011). All things being equakrease in meat demand would result
in a proportionate increase in animal feed demardj for that matter, demand for feed
barley. In the analysis presented in this thebis,ranges of deficits in future feed barley
supply under all land use change scenarios and@dhstant population growth scenario
(Table 5-9) are substantially greater than curtetd! barley production (Table 5-1a).
Thus, within the limits of the current study, th& i likely to incur huge deficits in feed
barley supply from domestic production under adrarios of population growth even if
total domestic barley production is used for feed.

Whereas future growth in incomes is projected taheeprincipal driver of meat
demand (and for that matter animal feed) in indal$yradvancing countries, population
growth will be the main driver of meat demand ighhincome countries (Alexandratos &
Bruinsma, 2012; Thornton, 2010; de Fraitwteal, 2007). In the current study, even
though the projected per capita meat demand foridMdgh, the absolute increase in per
capita meat demand from baseline is lower thaneptimns for industrially advancing
countries such as Brazil, Russia, India and Chidigx@ndratos & Bruinsma, 2012;
Bruinsma, 2012; de Fraitued al, 2007). However, even though per capita meat ddma
stagnates between 2030 and 2050, the projectedegaijgr UK meat demand and
associated feed barley demand are high due toaser@ population. Under the constant

population growth scenario, differences betweenrtutdemand and current feed barley
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use are 8.0, 8.6 and 9.3 million tons respectiwel2030, 2040 and 2050. The estimated

feed barley equivalent meat demand for each futinne slice and population growth
scenario (Table 5-8) is greater than the curremintity of meat import (Table 5-1b). It
must be pointed out that grain feed requirementsfaad conversion efficiencies differ
among animals (Pollock, 2011; Thornton, 2010). &@ample, for every unit kcal of meat
produced, beef cattle require about 5 times thedieenergy required by poultry. Hence,
differences in the proportions of different meapdy demanded might alter the total
guantity of feed barley demanded in the future. &@mple, it has been observed that the
consumption of carcass meat (mainly beef and lambip the decline while consumption
of poultry, pig and processed meats (or non-carsees®) is either stable or increasing in
the UK (Defra, 2013; 2011) and the EU (European @agion, 2011). A similar trend
has been observed in the USA (Andreyeval, 2010). This trend, however, should be
analyzed within the larger matrix of socio-econoroanditions as it is believed that it
might change with improvements in the economy (Ream Commission, 2011).
Components of food have different price and inc@tasticities. A systematic review by
Andreyevaet al (2010) showed that carcass meat of beef and lamsbgreater price
elasticity than poultry and processed meats ind8A and changes in food prices and or
disposable incomes have direct impact on the copgamof carcass meat. In the case of
the UK, while the average quantity of carcase meathased per household is decreasing,
the average expenditure on carcase meat is inngeéBiefra, 2013). Hence, changes in
prices of meat (for example, during the food cJisisd household disposable incomes (for
example, during the economic recession), togetfidr vealth considerations, might cause

households to trade down some dietary componemg[2013). Again, while per capita
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consumption of carcass meat could be decliningreggde consumption might increase
due to population growth. These changes will halfeceon overall future total meat
demand and, for that matter, feed barley demandltfifaneat production, for example, is
more feed-efficient than beef production. It mulsibabe pointed out that the ranges of
feed barley deficits here are based on the assomfitat the current ratio of feed barley
to malt barley remains unchanged to 2050. Any chaangdhis ratio will alter the quantity
of feed barley demand and consequently the deficit.

It is projected that meat import to Europe will iease substantially in future and
so will animal feed (Bruinsma, 2012; European Cosswin, 2011). This is probably
because while the need for feed use of grainsimdtease, it is likely that the response to
demand for bioenergy would be disproportionatelghbr due to initiatives to achieve
renewable energy targets (Bruinsma, 2012; Durkaial, 2012; European Commission,
2011). It is projected that, by 2020, barley walsé& about 21% of its total area of land in
the EU to other biofuel cereals (such as soft wiaeat maize) (European Commission,
2011). Should this happen, it would have a cascpdifect on UK’s import of feed
grains or meat from the EU and intensify compatitom the world market. The question

is: where will all this barley or feed barley ecalent meat import come from?

5.4.3 Virtual Water Flows

Faced with deficits, the UK would have the optionrhport feed barley, increase
domestic barley production by expanding the lamédor barley production or import the

feed barley equivalent meat demand. Whereas thedtiestic production of barley is
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totally rain-fed (green water), barley import wouwsult in blue water inflows to the UK.
The projected virtual water inflows to the UK thgbuthe import of feed barley or the
equivalent meat in the future would be substawgfian the scale of deficits in either feed
barley or equivalent meat demand. Blue virtualevanflows, due to import of feed
barley equivalent meat deficit, would range fron®44m® in 2030 to 579 Mrin 2050
(under the constant population growth scenario)likdngreen water, blue water use is
said to have high environmental and socio-econampact (Aldayaet al, 2010a; Hoffet
al., 2010; Chapagain & Orr, 2009; Yaet al, 2006). However, the environmental and
socio-economic impact of UK’s imports would varypéading on the location of blue
water withdrawal and the scale of water stresshat location. For example, the blue
VWC of both barley and meat from Spain, where watarcity is likely to intensify in
future, was the highest among the exporting natithtns noteworthy that, according to the
analysis presented in this thesis, the projectgdali water inflows to the UK, regardless
of the volumes, is due to land constraint and mohektic water scarcity. Because green
water use occurs only through land occupation)ageation of green water saved through
food import can occur only through changes in lasd or crop type. Thus, the UK can
shift land from feed barley production to, say wheahich is directly consumed by
humans and can be used in feed and biofuel pradudh that case, the UK can focus on
production of wheat and malt barley and import feedey if necessary. Therefore, the
green water saved from such a shift in land allooawill mean a reallocation of the
saved green water.

The mean virtual water content of meat (mainly beeed lamb) used in this study

is lower than the virtual water content reportedha EBLEX study which assessed the
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water footprint of English beef and lamb (Chattertt al, 2010). The differences

emanate from differences in the models and paranvetees used in estimating crop
evapotransiration and assumptions regarding intiate water uses (Chatterten al,
2010; Hess, 2010). The blue VWC of English beef Emdb in the EBLEX report were
66.7 and 48.6 ftori* respectively (Chattertoat al, 2010). This means meat production
in the UK might be more water efficient and haveslesnvironmental impact than

imported meat.

5.4.4 Implications for Food Security

Figure 5-4 is a simplified causal loop diagram (GLidicating the most relevant
interconnections underlying the UK future barlepguction, demand and supply of feed
barley and meat, and consequences for food securityositive sign indicates same
direction, that is, an increase in one variabled¢eto a corresponding increase or a
decrease leads to a corresponding decrease inthie \ariable to which it is linked.
Conversely, a negative sign indicates oppositectioe, that is, a decrease in one variable

leads to an increase in the other variable to witishlinked and vice versa.
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Figure *-4: A simpilified causal 100p diagre showing tne"teéd pariey, meat and fc
security relationships.

There are two reinforcing feedback loops and onlanoéang loop in the CLD
(Figure 5-4). In loop R1, an increase in populataord economic welfare (exogenous
factors) increases the demand for meat and animmalupts. In response, production
increases to match supply to demand, which endores security. However, this also
leads to increased feed barley demand, which, in, tnecessitates additional land
requirements for production in order to deliver@uaige supply and maintain high level of
production. Loop R1 can thus be regardedesource requirementfeedback loop in
barley production. This loop represents an exaroplegositive feedback self-reinforcing
process. However, the loop would be prevented frmreasing the quantity of each factor
indefinitely because other factors outside the lsoph agotal production costsctually

influence thebarley price.The price and availability of substitutes (suctsaff wheat and
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maize) could lower feed barley demand, just aseemed demand for malt barley could
lower feed barley supply. In lieu of adequate fdmatley supply, however, use of
substitutes could increase meat supply but lowed fsecurity by diverting grains for
direct human consumption. Moreover, should thodestsutes be used for bioenergy
production, food security would also be adverséigcied.

Loops Bl and R2nfarket signal loopg consider the profitability of the barley
production. In the case of B1, the higher the lyapeoduction, the more the barley
production cost is incurred, which negatively isfhces the barley profitability. Lower
barley profitability decreases investment in banegduction, which, in turn, decreases
barley production. This is an example of a selfahaing loop, where growth is attenuated
and checked from within the loop. Such a subsystewld tend to be innately stable. On
the other hand, R2 shows that increasing barlegiymtoon positively influences the barley
profitability. Higher profitability acts as an ina#ve for more barley investment, therefore
increasing barley production. This is another seilfiforcing loop. Loops B1 and R2 thus
operate to control the level of barley productiowl deed barley supply regardless of the
scale of demand or land available for productioloop R1.

The UK Government defines food security exssuring the availability of, and
access to affordable, safe and nutritious food@efit for an active lifestyle, for all, at all
times(Defra, 2009). According to Newtaet al (2011), the food security status of a crop
such as barley ought to be assessed in terms alultsral, political, agronomic and
economic value. For example, barley has certain esels (such as malt whiskey
production) which make it different from other calge (Newtonet al, 2011). Meat and

animal products (mainly dairy) are a rich sourcehajh value protein and essential
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micronutrients (iron, zinc and vitamin A) and ahnerefore key to food security (Foresight,
2011). As an important source of grain for aninegd, barley plays a crucial role in UK’s
food security as meat contributes a substantigbgtoon of daily calories. Hence, given
the definition of food security adopted in thisdstuand by Defra (2009), the projected
deficits in UK feed barley supply from domestic guetion (as a result of land use and
high demand) has direct, adverse implicationsdodfsecurity.

All things being equal, the projected large de$igit UK feed barley supply and
reduction in EU-level production in the future cdw@lompel the UK to import feed barley
or reduce domestic meat production and increase immgaorts. Imports (and for that
matter virtual water inflows) of either feed barley meat could help ease the threat of
food insecurity. However, this could expose the tdkhe dangers inherent in the global
grains and meat market. Uncertainties regardingajleupply, demand, competition and
prices of coarse grains and meat would have thengat to undermine the stability of
UK'’s future supplies. The cost of animal feed 8ng steadily due mainly to increases in
prices of cereal grains (Defra, 2011). The codeetl is projected to remain higher above
long term EU average due to possible diversion @ing to bioenergy production
(European Commission, 2011). High feed cost womdtdaase the cost of meat production,
price of meat to consumers and ultimately influebogh the availability and access to
meat. Already, the increasing preference for pig poultry meat over beef and lamb
across the EU is considered to be a matter of ddfulity (European Commission, 2011).
Therefore, if measures are not adopted to addresgrojected deficits in feed barley

supply, the availability and economic access totroeald be negatively affected.
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Policies regarding food security, climate change energy are likely to
be key drivers of agricultural land use futurestie UK. Projected
maximum area of land for barley production rangeanf approximately
1,134 thousand ha in the 2030s to 1,156 thousanutha 2050s.

Total area of land allocated to barley productinrthe future, together
with changes in population and per capita meat deimaill be the key
determinants of UK’s future self-sufficiency in teearley supply. The
highest projected total barley production was apipnately 9 million
tons in the 2050s with a corresponding feed basigyply of 4.6 million
tons.

Within the limits of this thesis, the UK is projedtto face substantial
deficits in feed barley supply (ranging from appmoately 7.5 to 9.3
million tons) from domestic production from 20302050.

The projected deficits in feed barley supply iradc possible risks to
UK'’s future food security due to potentially lardeficits in feed barley
equivalent meat supply.

Imports of feed barley or feed barley equivalenatmsupply to offset
food security risks would lead to substantial voésnof virtual water
inflows to the UK, including blue water. Blue vigiwater inflows could
have high socio-economic and environmental impaotsexporting
countries depending on the location of withdrawatl ahe extent of

water stress at that location.
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CHAPTER 6

‘AGRI-COMPATIBILITY’: AFRAMEWORK FOR EVALUATING TH E
ROLE OF VIRTUAL WATER IN WATER-FOOD SECURITY POLICY

This chapter is based on the papéwson, DO, Mulholland B, Ball T, Mohan S,
White P (2013). Food security in a water-scarce ldromaking virtual water compatible
with crop water use and food trade. Scientific Rap8eries “Management, Economic
Engineering in Agriculture and Rural Development3(2), 431 — 443. E-ISSN 2285-

3952.See Appendix 4 for the full paper.

6.1 Introduction

Since its introduction, the term ‘virtual water’ daits associated hypothesis, that
water-intensive food commodities can be importeanfrwater-rich areas to offset local
water scarcity in the importing country(Allan, 1298998b; 2003; Yanegt al.,2006; Liu
et al., 2007b; Aldaya, 2010a), have attracted criticismd generated debate along two
main lines. One, on a conceptual level, MerretO@0 2003b) argued that there is nothing
virtual about virtual water and that the term is redundanit duplicates the pre-existing
termcrop water requiremente also argued that use of the phrastial watertrade is
misleading as it is not the water that is tradetitba food cropHowever, Allan (2003)
refuted Merrett’s view as incomplete as it focusaetly on the intensive aspect (iveater
and crop production) of virtual water and not oa #xtensive aspect (i.e. the impact of
food trade on the water economies of the tradirtgpngand the water policies of water

deficit economies). Thus, from the extensive (comstion) perspective, virtual water
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analysis should include the volume of watetually saved by importing food, which has

been called theoretical virtual water (HoekstraD30or water savings (Chapagain &
Hoekstra, 2008; Chapagagh al, 2006; Yanget al.,2006) or exogenous water (Haddadin,
2003). Two, on the practical usefulness of virtwaker for water management decisions
and policy, there are suggestions that virtual wateffers conceptual and practical
limitations. Here, the main questions have beenthdrevater scarcity is the main driver
of the structure and direction of virtual waterwky and if it is consistent with trade

theories (see Chapter 2, Section 2.5.2; Ansink02®&®amirez-Vallejo & Rogers, 2010;

Wichelns, 2010a; 2010b; 2004), or virtual water gxpcan be linked to a specific

environmental impact category (Ridoutt & Pfisted;10; Pfistert al, 2009).

The aim of this chapter is to contribute to, andaaxte, the debate on the role and
usefulness of the virtual water concept for infaxgwater-food security management and
policy decisions. It is argued that the role orfukwss of virtual water in water-food
security management and policy decisions can berstubd by analysing its components,
which must be conceptually compatible. It is argtleat current limitations of the concept
of virtual water to inform policy arise from thero@eptual incompatibility among its main
components. Therefore, in order to advance thetdelbias chapter draws on literature
and concepts or findings of the previous chapterpromote the concept that ‘agri-
compatibility’ is required to understand the lingtlween water scarcity and food security
through the movement of virtual water. The objexi¥ this chapter is therefore to present
the conceptual outlines of ‘agri-compatibility’ (@®n 6.2) and a framework for its

evaluation (Section 6.3). In Section 6.4, a disus of the implications of the proposed
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‘agri-compatibility’ for virtual water analysis ipresented and, finally, conclusions are

drawn.

6.2 ‘Agri-compatibility’

Virtual water has an agronomic (or production) comgnt, which concerns crop-
water use, and a socio-economic (or consumptiompoment with regard to food security
and the two are linked by trade. On the producsiole, the key issue is the consumption
of a productive resource (water), or the constraivdreof (water scarcity). On the
consumption side, the key issue is sufficient amlity of food (hence, food security).
The two parts, however, require detailed examimatso that the ability to match
sustainable water use to food security needs, hedrdle of trade, can be evaluated
accurately. To achieve this, the two componentsggwecarcity and food security) should
be conceptually compatible to justify and strengthiee link provided by virtual water
(food trade). If this conceptual compatibility isheéeved for a given crop, area and time,
the situation can be referred to as agri-compatdaenections among water scarcity,
virtual water and food security (or simply ‘agrirapatibility’).

In the context of crop production and food securiggri-compatibility’ refers to
the condition in which a food crop commodity is ongd to fill actual or potential food
security gaps created by insufficient aggregateewstipply from all relevant sources to
satisfy the water requirements for the productiérthe given food commodity in the
importing area. Figure 6-1 is an illustration oktidea of ‘agri-compatibility’. Thus,

virtual water can be said to be agri-compatibleoifiditions ‘X’ and ‘Y’ (agri-compatible
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water scarcity and agri-compatible food importpessively) are satisfied. Otherwise, it is

non-agri-compatible (that is, food import is driieynfactors other than water scarcity).

Water Virtual /" Food
scarcity | X | water | Y| security

Figure 6-1: An illustration of ag-compatible connections between water scarcityyai
water and food securit denotes agri-compatible water scarcityjenotes agri-
compatible food import. Figure adapted from Yawsbal (2013).

6.2.1 Agri-compatible Water Scarcity

Depending on the source, there are two main typesater used by crops (as
defined in Section 1.3.1): blue (from irrigatiomydagreen (from precipitation) (Hoét al,
2010; Chapagain & Orr, 2009). The actual or po&é¢nise of harvested rainwater by
direct interception or by collecting runoff, whichat the interface between green and blue
water (Hoffet al. 2010; Wisseet al, 2010), and desalinated water in crop productas h
not yet been included in these types of water. iAgmpatible water scarcity’ refers to
the condition where there is insufficient water ikaklity from all relevant sources to
satisfy the water requirement of a given crop @adicular area and time. This means
that, to achieve ‘agri-compatibility’, water scaycshould be defined with reference to a
crop, location and time.

As pointed out earlier (see Chapter 2, SectiorB2%. current concepts of water

scarcity focus on blue water availability for humawopulations and the associated socio-
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economic impacts. They do not adequately capturenavailability and use in agro-
ecosystems and are therefore limited when appbedirtual water and food security.
Available evidence suggests that, on average, gre¢er constitutes over 80% of global
water use in crop production (e.g. Aldagtaal, 2010a; Hanasalkit al, 2010; Hoffet al,
2010; Liu & Yang, 2010Thenkabailet al, 2010; Liu, 2009; Liet al, 2009; Rockstrom
et al, 2010; 2009; Molden, 2007) although there canldrge variations within and
between countries, as well as between crop typesséfjuently, green water dominates
global virtual water flows (Aldaya&t al, 2010a; 2010b; Liet al, 2009; Chapagain &
Hoekstra, 2008; Yangt al, 2006; Hoekstra & Hung, 2005). This means that,water
scarcity to be meaningful to virtual water and famturity analysis, it must account for
green water available to a target crop. In otherdsiowater scarcity should be analysed
through agricultural systems and expressed in tefmsrmal water balance concepts and
its effect on food security understood by consiugthe role of the target food crop in the
water consumption and food balance sheet of thatopor region of interest. The main
conventional indicators of water scarcity fail t@pture this fact (Rockstroet al, 2010;
2009; 1999; Oki & Kanae, 2006; Vorosmamy al, 2005; ; Rockstrom, 2003; 2001;
Sullivanet al, 2003; Ohlsson, 2000; Falkenmaatkal, 1989), yet, any reference to water
scarcity is indiscriminately linked to food inseityr Thus, as shown in Figure 6-1, not
every type of water scarcity is relevant to or catifge with crop production or food
security needs. ‘Agri-compatible water scarcityhertefore, provides insight into the
contribution of a given food crop to water scarditya given crop-producing area at a

given time, or food insecurity in a given nationregion.
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6.2.2 Agri-compatible Food Import

This is the second condition for achieving ‘agrivgaatibility’ (Figure 6-1). Once
‘agri-compatible water scarcity’ is defined or ddished, it is possible to assess its effect
on food security. The gap in food security herenthecomeswater-dependent(Aldaya
et al, 2010b), necessitating the import of food. ‘Agoirgpatible food import’ refers to the
total amount of food imported to fill actual or patial gaps in food security created by
insufficient available water from all relevant soces for food crop production (all other
things being equal). In other words, it is the impaf food to fill a gap in food security
created by agri-compatible water scarcity. Virtuater flows associated with such food
imports can be referred to as ‘ecological virtuatev flows’. While food import generally
satisfies food security needs, it can only be agmypatible when it is driven by agri-
compatible water scarcity. Moreover, import of crmpmmodities for non-food security
purposes (e.g. biofuel production) will also falitside the scope of ‘agri-compatibility’ or
can be referred to as ‘economic virtual water flow$us, making water scarcity agri-
compatible is the key to achieving agri-compatibréual water which can be more useful
to the analysis of water-food security policy nedkan the current understanding or
approaches used. Therefore, instead of conflatihdoad imports in virtual water
analysis, a distinction between agri-compatible aoa-agri-compatible virtual water
flows will help to clarify the role and usefulneskvirtual water for policy in the nexus of

water and food security.
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6.3 A Framework for Evaluating ‘Agri-compatibility’

The previous section has described the conceptilthes of ‘agri-compatibility’.

It has been indicated that ‘agri-compatible wataraity’ is the primary requirement for

defining agri-compatible virtual water. A framewoffer evaluating agri-compatible

virtual water flows is proposed (Figure 6-2). Thesé of Figure 6-2 shows the factors of

agri-compatible water scarcity (crop type, soilmete and water type). Each factor has

elements that are relevant for quantifying or asialy agri-compatible water scarcity.

Food
Security

(water-dependent)

~ AT

Virtual Water

_Foszmport

_type

Water Savings
-blue, green, other

-quantity -environmental impact

-price
______ _[ Agri-compatible Water Scarcity ]_ o
Crop Type Soil Climate Water Type
-water use -type -precipitation -green ) )
-area -properties -drought -blue (quantity, scarcity
-scarcity factor -aridity factor)

-PET* -other sources (e.g. grey)

Figure 6-2. A framework for evaluating a¢-compatible virtual water flows a
understanding the role of virtual water in achigviood security in a wateearce area. T
base of the triangle shows the factors of agripatible water scarcity which limits ci
production and necessitates food import (virtuatena The apex of the triangle shows f
security achieved through water-dependent food itp@onversely, food security, acliex
through virtual water, also affects water availiépiand impacts the environment in the ¢
production area. * Potential EvapotranspiratioguiFé taken from Yawsoet al (2013).
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Agri-compatible water scarcity should account foe totality of environmental
water availability (green, blue and other sour@es) consumption in relation to specific
crop water requirement (CWR) at a given crop-praayiarea and time (for e.g. at a given
catchment or sub-national scale). The CWR is afiediy crop type, climate, soil and
agronomic practices regarding management of thlewster-crop continuum (e.g. soil
water conservation and irrigation practices) (Raesl, 2009; Barnabast al, 2008;
Shahin, 2003; Alleret al., 1998). Crops can also suffer genotype-speciéitewscarcity or
stress under the same production conditions dudyptr differences in water use
efficiency (Anjumet al., 2011a; Barnabast al, 2008; Blum, 2005; Sumner & Jacobs,
2005). The total volume of water consumed by a @énopeases with the area of land for
its production. The main climatic factor that irdhces the magnitude of CWR is the
reference evapotranspiration, which indicates traperative demand of the atmosphere
(Hess, 2010; Raest al, 2009; Shahin, 2003; Alleet al, 2006; 1998). The type of soil
and its hydraulic properties also control the ant@invater available to crops and surface
evaporation but this can be influenced by agrongméctices (Raest al, 2009; Shahin,
2003). It is proposed that ‘agri-compatible watearsity’ should capture three key
elements: (i) quantification of CWR and total watesource available from all sources to
the given crop to identify gaps in supply, (ii) wharrigation is involved, the use of crop-
and catchment-specific water scarcity factors talwate the contribution of the crop to
water scarcity, and (iii)) the contribution of atidior drought (from a temporal

perspective) to crop yield losses and consequémly import.
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6.3.1 Quantification of Water from Different Sources

A comparison of CWR and water available to a cropfall sources will reveal if
there is insufficient water availability to constrahe production of the given crop. In
most agricultural areas, green and blue water la@entain sources of water for crop
production (Hoffet al. 2010; Aldayaet al. 2010b). However, even though green water
dominates crop production in most agro-ecosystéfiggi(e 6-3; Hoffet al. 2010; Aldaya
et al. 2010b) , green water volumes and consumption aredyr measured (Hess, 2010).
Even in the arid Middle East and North Africa (MEN#gion, which depends largely on
irrigation, green water could account for 50% dfatovater consumption by all crops,
either in rain-fed production or from precipitationer irrigated land (Hofét al. 2010).
Rockstromet al. (2009) suggested that estimates of the adversetefif blue water
scarcity on crop production, even under future atenchange, can be significantly
diminished when green water is properly estimasedirced and managed. The accurate
guantification of especially green water availdpiland use in crop producing areas is

therefore important in the analysis of agricultwalter scarcity.
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Figure 6-3: Green water use as a proportion of total watergreen + blue) on glob:
croplands and pasture (1995-2005 average). Sdromkstromet al (2009).

6.3.2 Crop and Catchment Water Scarcity Factors

Allan (2003) argues that the virtual water condsptoth intensive and extensive,
meaning that it carries implications for water r@ses availability and management for
both sites of production and consumption. Estimatesther virtual water flows or water
footprint are not indicators of any environmentahthge or stress. They only quantify
consumptive use of water, a situation that limtsit usefulness for policy. Water scarcity
is an environmental phenomenon that has biophysicdl socio-economic drivers and
impacts. However, current water scarcity indicatams not only inadequate for gauging
water availability for agriculture, but they alsailf to capture the impact of food
consumption on water scarcity of production comriesi If the analysis of drought must
be specific to a given crop type or land use toneaningful and purposeful (Allan, 2000),

then, similarly, agri-compatible water scarcity mbg specific to a particular crop or
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catchment and time in order to be meaningful anghgseful. By making water scarcity
specific to a given crop, the contribution of tltabp to water scarcity or the effect of
water scarcity on that crop can be isolated ant/sed.

Pfister et al. (2009) developed a method that uses water stiesmsaterization
factors to assess the environmental impacts ofrveatesumption. Subsequently, Ridoutt
& Pfister (2010) applied the water stress charazgon factors of Pfisteet al. (2009) to
weight the water footprint of Dolmio™ pasta saucel £eanut M&M™ produced in
Australia. In that study (Ridoutt & Pfister, 201@he location of water consumption at
each point in the product’s life cycle was defineldwever, the water consumption at the
production phase was equated to the crop wateireggent. The water consumption at
each phase was then multiplied by the relevantmatess factor. The results were then
linearly summed to produce product-level water fpoiot. The results showed that while
the conventional water footprint of Dolmio pastaisa was less than one-fifth that of
Peanut M&M'’s, the stress-weighted water footprihtDmImio pasta sauce was over 10
times higher in magnitude (and for that matter iotpdhan that of Peanut M&M's.
Ridoutt & Pfister (2010) argued that the significarof their study lies in its potential to
minimize the difficulties associated with partiting water input into blue and green in
water footprint accounting, as well as giving aggnvalue that is associated with an
environmental impact category (water scarcity).sThiudy, however, did not include
green water on the premise that green water hasolgportunity cost and does not
contribute to environmental flows or directly to telascarcity. Thus, while the work of
Ridoutt & Pfister (2010) is significant as it creatopportunity for quantifying the specific

contribution of each product, through its life acto water scarcity at the location of
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production, it does not fully capture agri-compkgibwater scarcity. Therefore, a
calculation scheme for agri-compatible water st¢gffeictors at crop and catchment levels

is proposed (Table 6-1).

Table6-1: A scheme for calculating crop- and catchment-igegater scarcity factors.

(i) CROP FIELD (il) CATCHMENT
Per unit time (t
BWRI[t] (m°) = (ETclt] - Relt]) x A BWRJt] = > BWRI]
[where ETc> Pe] i=1
Per season:
| n
BWRi[season] =5 BWRit] BWR[season] :-21: BWR[seasof= TBWR
t=1 1=
: TBWR
Scarcity factor Cfi) = w Scarcity factor ¢fc) = —
BWii 3 BWi
i=1
NOTE:

() BWRi denotesblue water requirement of cropper unit time {) (m°); Pes denote
effective rainfall or soil water content (mniJTc denotes crop evapotranspiration (mi)enote
area covered by crap(m?); BWf denotes the amount of blue water in the catchrapplied to
cropi (m®); | denotes length of crop growing period (days); TBWRdenotes total blue wa
requirement of all crops considered in the catchinger); n denotes number of crops conside
andc denotes catchment.

A scarcity factor (Cf) =< 1 implies no scarcity; €fl implies water scarcity.

Thus, taking Cf = 1 as the threshold for water @tarit implies water scarcity
increases as Cf increases from 1 and vice versad&®elopment or use of these crop and
catchment specific scarcity factors is importamttfe following reasons:

a) Knowing the crop and catchment water scarcity factwill help match
crops to catchments in order to save water or edbe effect of the

production of a particular crop on a given catchin&his will, in turn, aid



b)

d)

9)
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the analysis of the effect of land cover changevater scarcity in a given
catchment.

Not all catchments in a country might have agrimalt abstractions of blue
water.

Different catchments will have different scarcitgcfors with respect to
agriculture and overall withdrawal; and for diffetecrops grown in the
catchment.

There can be water scarcity in a particular arg¢out there being water
scarcity for a particular crop in the same areausJhgreen water
availability could be sufficient to support the guation of some crop(s) in
a catchment that might be suffering blue waterstar

Intra-seasonal dry spells might adversely affeopgyield in a country or
an area that is not considered as water-scar¢e iodnventional sense.
The equations also have operational significancéheg can be used to
monitor temporal water scarcity (for only green evablue water or both)
at crop, field and catchment scales.

The crop- and catchment-specific scarcity factars lze used in calculating
crop water footprints and related effects on hunarsecosystems at both
sites of production and consumption. The virtuatevaontent of a crop is
similar to its water productivity. In the convemtal analysis of virtual
water, water savings occur in the importing regfdhe water productivity
of the given food crop is less than that of thersewf import (Yang &

Zehnder, 2007; Yanget al.,, 2006). Such water savings can be a
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justification for promoting import of the given fdccrop from the given
source of import. However, a comparison of thepaor catchment water
scarcity factors between the two trading regiongdactsuggest that greater
environmental damage is done due to greater watgcisy factors at the

source of import.

6.3.3 Aridity and Drought

Numerical indices of aridity (obtained as the gewotiof precipitation and PET)
describe the extent of dryness of the atmospher@gad-ecosystems (Rockstroen al
2010). Arid agro-ecosystems (where PET substaytieMiceeds effective rainfall) are
characterized by high spatial and temporal vaiitgbdf rainfall and frequent drought or
dry spells (Rockstronet al. 2010). There is therefore a high potential for pbgl water
scarcity in such environments. Drought is a temposaortage of water, over periods of
months to years, due to below-normal precipitafidai, 2011). Within a growing season,
crops can suffer water stress due to agricultii@lght (or dry spells) even in the absence
of meteorological drought (Dai, 2011), a situattbat is common in many rain-fed crop
production systems (Barnaba&$ al, 2008; Gardner & Gardner, 1983; Boyer, 1982).
Depending on the timing and intensity, dry spe#s altimately impair crop growth and
yield if not addressed in a timely manner. Droughd complex abiotic stress and difficult
to predict because of the interaction of multidetbrs related to crop, climate, soil and
agronomic practices (Richards, 2006; Blum, 2005sessment of the effects of drought

on yield is further complicated by the varying etieeness of different crop response and
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adaptive mechanisms, the time of incidence in ttop cycle and the severity of the
drought (Blum, 2005). Aridity and drought increaS®/R and the need for irrigation.
Thus, imports of water-intensive food crops migbktphsave scarce blue water in arid
countries. Similarly, Allan (2000) argues that tietual water concept is particularly
effective and efficient in addressingrogressive and occasional local agricultural
drought Drought can compel a relatively water-secure eoonto restrict food export or
increase food import in order to maintain food siguTherefore, in a temporal sense,
agri-compatible water scarcity should incorpordte tole of aridity and drought in
creating crop-specific water stress at a particatea and time and, thereby necessitating
food import. This provides a more rigorous basisefealuating the significance of virtual
water for water-food security.

The role of aridity in understanding agri-compagiblirtual water flows can be
illustrated using cereals, which have the largestewuse in global crop production (de
Fraiture & Wilchens, 2010) and are the most tradesp commodity (de Fraiture &
Wilchens, 2010; Hoekstra & Chapagain, 2008; Chapagfaal, 2006; Yanget al 2006).

In the year 2000, for example, cereals accounted766 of total crop water use in the
world (over 7000 krf) and over 70% of total crop water use in the MENgion (Figure

6-4). The aridity of the MENA region largely accasirfor the high irrigation water

requirement of cereal production (de Fraiture anttigns, 2010; Allan, 1998a; 1998b),
giving rise to agri-compatible water scarcity. Gaseconstitute the largest food import to
the MENA region. According to de Fraiture & Wilcte2010), in 2000, Egypt alone
imported 8 million tonnes of grains from the USAs A result of the grain import, Egypt

saved 8.5 billion rhblue water which could have been used to prodheeirnported
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grains (de Fraiture & Wilchens, 2010). The analgdigllan (1998a; 1998b) suggests that

import of cereal grains (especially wheat) to th&MA region serves the purpose of
water-dependent food security as water availabibtycereal crop production is limited

substantially by aridity and competition.

World
USA-EU
MENA
Brazil
CAEE
India
China
SSA
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Figure 6-4: Top: total water used for crop production in theld@nd selected majt

crop production regions in the year 2000. Bottamtaltwater used by cereals as a
percentage of total crop water used in the worltisselected major crop production areas
in 2000. MENA, CAEE and SSA denote Middle East hiodth Africa, Central Asia and
Eastern Europe, and Sub-Saharan Africa respectivBigta taken from de Fraiture

& Wilchens (2010).
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6.4 Discussion

A number of factors (economic, ecological, techhipalitical and socio-cultural)
operate singly or in combination to limit or enhancrop production in a particular
geographic region, resulting in the creation ofphiges or deficits in food production
across space and time. Food commodity trade endidesansfer of food from regions
with food surplus to regions with food deficits.afle theories such as the Heckscher-
Onhlin theorem or the Ricardian comparative advantagggest that trading a commodity
invariably constitutes an indirect trade of thetdas or resources consumed in the
production of that commodity (Ansink, 2010; Hakimja2003; Krugman & Obstfeld,
1991). Hence, in the context of trade theories, ¥iveal water concept has been
interpreted and reduced to relative water endowsnéetween trading nations. Trade
theories, such as comparative advantage and opigraost, have therefore been used or
proposed as tools for testing the virtual watercegn or evaluating its usefulness for
policy (Ansink, 2010; Wichelns, 2010a; 2010b; 20B&kimian, 2003; Allan, 1999).

Just like any commodity, food is produced with sal/eproductive factors
including water. However, when the availability afparticular resource such as water
becomes the main constraint to the production obramodity, such as a food crop, the
effects of the resource scarcity can be isolatetamalyzed to identify solutions. Even in
conventional trade analysis, single factor and lsimgpmmodity analysis is common
(Ansink, 2010; Krugman & Obstfeld, 1991). Hencearsay of water can be considered as
a main resource constraint to food production adfgecurity in certain areas and, by
isolating the resource problem, virtual water psg®a possible solution for food security

in water-scarce areas. However, just as for indstommodities, applications of trade
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theories to virtual water analysis have largely ieitéd the Leontief Paradox where
relatively water-rich countries import crop commntgel from relatively water-poor
countries ( Seekeét al, 2011; Ansink, 2010; Ramirez-vallejo & Rogers, @0¥ermaet
al., 2009; Kumar & Singh, 2005; Lant, 2003; EarleDPDand sometimes lead to the
conclusion that the virtual water concept has kohituse for policy (Ansink, 2010;
Wichelns, 2010a; 2010b). Moreover, both water (ggaauctive resource) and food do
not bear a true economic cost to the consumer{AR803; Hakimian, 2003), a situation
that further confounds any economic (or cost-baaed)ysis.

‘Agri-compatibility’ can help explain why the appétion of trade theories to
virtual water analysis has largely yielded pooutssand diminished the usefulness of the
virtual water concept for policy. As suggested kgklthian (2003), analysis of the virtual
water hypothesis is sensitive to the definition amehsurement of water employed. Using
‘agri-compatibility’ would mean distinguishing beten areas that suffer agri-compatible
water scarcity from others and distinguishing bemvagri-compatible food imports from
other food imports. Thus, using conventional wassarcity renders the analysis
incompatible with the virtual water concept. Theyriacompatibility’ framework also
supports the suggestion that, if properly applibd,virtual water concept can be useful in
informing optimal design of water right systems,n@agement and policy decisions on
agricultural water use (El-Sadek, 2011; Aldayal, 2010b; Browret al,, 2009).

The requirements for the application of the ‘agnwpatibility’ framework will
differ depending on geographic area or scale ofyaisa crop production system (rain-fed
versus irrigated systems) and time. A dynamic appbn of the ‘agri-compatibility’

framework will show its usefulness. For examplethia case of UK barley production, the
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results in Chapters 3 and 4 generally showed thafall is and will be sufficient to
support barley production. In that case, the ptegedarley imports by the UK (Chapter
5) will not be due to water deficit limiting barlgyroduction but by other factors. The
virtual water inflow associated with such barleypors would not be agri-compatible as
it will not be driven by agri-compatible water scity. The UK can, however, use the
‘agri-compatibility’ framework (crop or catchmenpexcific water scarcity factors) to
import barley sustainably from where barley producidoes not contribute substantially
to water scarcity. Conversely, the results in Caiagtalso showed that future UK regional
barley yields could also be reduced substantiaBe(Tables 4-6 to 4-8) due to water
deficits (in combination with heat stress). In thase, the water-limited yield would raise
the UK barley imports and render the associatetlialirwater inflows agri-compatible.
This shows that both water-rich and water-scarem@s can use the ‘agri-compatibilty’
framework to inform water-food security managenemd policy decisions in the context
of climate change and over varying temporal scales.

‘Agri-compatibility’ requires a re-statement of thetual water hypothesis to aid
clarity in interpretation and application. That ferough the instrument of food import,
agri-compatible water-scarce areas can maintain diosecurity and allocate water
virtually saved to alternative use$he implication is that ‘agri-compatibility’ shiftdhe
focus of virtual water analysis or discussion fromere quantification of virtual water
flows or water endowment (static or permanent watarcity) to understanding the
spatio-temporal dynamic relationships in the cantim of water availability, crop water
use and import of food crop commodities, and hoas¢hinteract over space and time to

affect water resources and food security. Thistghiffocus makes the virtual water
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concept relevant for both rain-fed and irrigatedduction systems, as well as for both
water-poor and water-rich agro-ecosystems. It algmwses the importance of green water
in water-food security and policy. The shift in thecus of virtual water analysis is
consistent with the suggestion that, to ensure &smdirity in the face of water scarcity, a
hydro-centric view is not sufficient for policy artdat there is the need to integrate food
production and consumption into frameworks for wateanagement and policy
(Brichieri-Colombi, 2004). ‘Agri-compatibility’ cambines the intensive and extensive
dimensions of virtual water to provide a more rmos basis for evaluating the usefulness
of virtual water to inform management and policycid®ns on water-food security. It
adds to the call for a paradigm shift in water t@ses management towards accurate
measurement or estimation, dynamic monitoring dfetive management of green water
availability and consumption in crop production amgHess, 2010; Rockstroet al,
2010; 2009). Roth & Warner (2007) suggested tlmatn&tions faced with food insecurity
induced by water scarcity, virtual water is a keynponent of a wider palette of policy
choices. ‘Agri-compatibility’ expands this suggestiand clarifies the role and usefulness
of virtual water for water-food security in both #@ascarce and water-rich economies as

demonstrated using results from Chapters 3, 4 and 5

6.5 Conclusions

a) The ‘agri-compatibility’ framework uses the fundame and dynamic

relationships among water availability, crop watee and food import to



b)

d)
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clarify the role and utility of the virtual wateroecept in water-food
security and policy.

For virtual water to be agri-compatible, two corahis must be met. One,
water scarcity ought to be compatible with waterailability and
consumption in crop producing areas (i.e. agri-catibpe water scarcity).
Two, food crops that suffer agri-compatible watearsity are imported to
fulfill water-dependent food security needs (i.gri@ompatible food
import).

Establishment of agri-compatible water scarcityhis key requirement of
making virtual water agri-compatible.

Agri-compatible water scarcity has three main eleisteaccounting for
water available to crops from all possible sourcese of crop and
catchment-specific water scarcity factors to shiegdcale of crop and land
use effect on local hydrological system and, fynadl consideration of the
effects of aridity or drought on crop-specific wattress and yield that
necessitate food imports.

While all food imports serve, to a considerableeakt food security
purposes, not all can be agri-compatible.

Countries, such as the UK, can use the frameworgupport or inform
decisions and policies on sustainable food prodocaind trade, especially

in the context of projected climate change.
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CHAPTER 7

SYNTHESIS, CONCLUSIONS AND RECOMMENDATIONS

7.1 Introduction

Demand for food is projected to increase substintia the next four decades
(Alexandratos & Bruinsma, 2012; Foresight, 2011)eDo the interlocked relationship
between water availability and crop production, jgected climate change and water
scarcity pose a direct threat to future food ségwatross varying spatio-temporal scales.
Food trade can play a key role in ensuring foodisgcat times when water stresses limit
the yields of food crops substantially. Howevemr thagnitude and direction of future
food trade and its impact on water resources aod $&curity, rationalized in the ‘virtual
water’ concept (Allan, 1999; 1997), require a dethi examination of the local
environmental water availability to crops to infopolicy and management decisions. The
overall aim of this thesis was to improve underdiag of the relationship between future
crop-water availability, crop production and foagdde and how their interactions will
impact water resources and food security, usingJiles a model country and barley as a
model crop. The key findings and emergent issueth@fthesis are synthesised in the

sections that follow.
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7.2 Synthesis

7.2.1 Predicted Barley Water Use Differs Between Miels But Not Among Genotypes

This thesis has shown that, within the same praolucnvironment and under
adequate soil water supply conditions, the barlepotypes studied might not differ
substantially in their patterns or quantities oftevaconsumption (Chapter 3, Figures 3-
3a,b,c, 3-4). This observation was consistent fotha three models used (AquaCrop,
CropWat and WaSim). Canopy temperature profileshef genotypes (which can be a
proxy for ETc or water stress, Leinonen & Joned)4)0also did not show substantial
variation among the genotypes studied (Figure 3FBg similarity in water consumption
patterns among barley genotypes in the preseneeeaxfuate soil water supply has been
observed in other environments (e.g. Gonzalez &rBge2011; Alderfasi, 2009). The
similarity in water use found in this thesis wagiltited to the similar abilities of the
genotypes to acquire water from the soil. Thisassistent with the findings of Alderfasi
(2009) and McKenziet al. (2009). The climate change simulation study atsmas that
green water availability will be sufficient for fute barley production (Chapter 4, Figure
4-4).

However, the predicted seasonal water use of bardey differ substantially
between models. This thesis has shown that Cropéfaunderestimate the water use of
barley genotypes (Figure 3-4, 3-7). CropWat alsdopmed poorly, according to the
RMSE and D-Stat values, compared with AquaCrop f@abim (Table 3-5). The data
presented in this thesis (Figure 3-4, 3-7) sugtedétCropWat might not be an appropriate

model for quantifying the virtual water content flwws) of crops in northern temperate
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environments, or indeed the world. This observatias been made previously by Hess
(2010) and Chattertoat al (2010). Models can give different results dueliféerences in
their structure and underlying assumptions. Apestnf its ease of use, CropWat has
limitations that make it unsuitable for estimaticrgp water use over larger spatial scales.
CropWat uses a fixed rate of change in the cropfficant (Kc, the crop-specific
coefficient that relates to the crop’s soil watepkttion potential, Alleret al., 1998) with
time even though ETc actually varies over shoretsoales with weather or ETo, canopy
cover and alternating wetting and drying of thd saiface. Further, CropWat is limited
by its use of the effective rainfall method andiitability to separate water depletion at
different depths in the soil, which can affect #oeuracy of blue water requirement (Hess,
2010). The development of AquaCrop was partly imed by these deficiencies in
CropWat (Raeset al, 2009). The poor performance of CropWat in thests has
implications for the wider use of CropWat in estimg the virtual water content and
flows of crops at a global scale. Specifically, pestimates of green water use of crops
will have a cascading effect on the estimates o€ lflrrigation) water requirement and,
consequently, the perception of water scarcityrop@roducing areas. There is the need,
therefore, for best estimates of green water awditha and consumption for different
crops in different crop producing areas, basedeast br most suitable models, to inform

decisions or discussions on water scarcity and sodrity at large spatial scales.
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7.2.2 UK Barley Yields are Projected to Increase uter Climate Change

The results of the simulations described in Chaptshow that projected spring
barley yields are substantially greater than treddgi in the baseline period in all UK
regions, time slices and under all emission sceadfigure 4-9). The greatest increase in
yields occurs under the high emission scenario (HE$he 2050s and the magnitude of
the projected yields is considered as plausiblés Tihding suggests that climate change
will likely have a net positive effect on barleyelds in the UK and probably northern
temperate environments. This finding is consistgith similar studies using barley in
Denmark (Clausest al, 2011), Finland (Rétteet al 2011), Germany (Manderschest
al., 2009), Ireland (Holdeat al., 2003) and Norway (Seebg & Mortensen, 1996), acath
in England and Wales (Richter & Semenov, 2005) wWégr (Seebg & Mortensen, 1996)
and Europe (Semenov & Shewry, 2011).

This thesis has also shown that elevated atmogph€@: concentrations
([CO,]am) can substantially explain the variations in pctgel UK barley yields. Elevated
[COz)arm explained 30-80% of variations in projected ysetnf UK regions under all
emission scenarios and time slices, and 30-50%aridtion in projected UK vyields (Table
4-9). While the direct effect of changes in indivadl climatic factors on crops can be
readily understood, it is not clear what the néectfof their interactions, together with
elevated [CQam would be. The findings in Chapter 4 suggest #lavated [CQam
would be important in reducing the effect of warrtemnperatures and rainfall variability,
as well as raising yields of barley across the WKis potential role of elevated [Glam
in northern temperate environments has been repanterevious studies (Rottet al,

2011; Richter & Semenov, 2005; Holdeh al, 2003). Similar observations have been
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made in China (Erdat al, 2005). While elevated [CQm might have several positive

effects on @ crops (Burkartet al 2011; Robredeet al 2011; 2007), more studies are
required to understand its effects on crops oveg kime durations of exposure to inform
adaptation planning. This is because acclimatioel¢pated [CGl.m Can reduce the rate
of photosynthesis to a level equal to or lower tti@nrate under ambient conditions (Erda
et al, 2005; Tang & Liren, 1998).

The results described in Chapter 4 also show thajeged rainfall under all
emission scenarios (Figure 4-4), regardless ofélections from the 2030s to the 2050s
and from the LES to the HES, will be sufficient 10K barley production. Generally, a
reduction in ETc (Figure 5-4), as well as improvetria water productivity, was observed
from the 2030s to the 2050s and from the LES toHES. This confirms the belief that
projected changes in temperature and elevated;]f&QOmight increase radiation use
efficiency, water use efficiency and photosynthesisC; crops assuming there is no
severe water stress and nitrogen is not limitingbffledoet al 2011; 2007; Manderscheid
et al, 2009). In this thesis, water stress was rare duiit fertility stresses were not
considered in the simulations. It has been reppheavever, that nitrogen stress could
substantially reduce the positive effect of elegidt€O,]am on crops (Erdat al, 2005).
This indicates, regardless of models used, a needufure studies to incorporate an
improved understanding of the effect of climatergeand elevated [GQ3im On nitrogen
dynamics and acquisition from soil by different gsan different environments. This is
particularly important for barley as grain nitrogeontent is a key determinant of quality

for either animal feed or malting (Robreelbal, 2011).
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In this thesis, even though water stress was ootasionally encountered among
the model variants, it still constitutes a potdntisk to stable barley yields, especially in
the East and South East English regions. Other ritapb sources of risks identified
include heat stress and saturated soil conditi®estion 4.4.3, Figure 4-11a, b). While
barley can tolerate soil water deficit well, it cha vulnerable to heat stress in spite of
elevated [CQam (Clausenet al, 2011; Roétteret al. 2011). The adverse effect of heat
stress on g€crops has been emphasized in previous studies Géagsenet al, 2011;
Rotteret al. 2011; Semenov & Shewry 2011; Richter & Semend52@uhrer, 2003). In
this thesis, however, anaerobiosis stress was fouree an equally important source of
potential risk to barley yields (Section 4.4.3).ush future management of soil water
should not be aimed at minimizing only the riskdsficit but also the risk of excess
supply. In all, this thesis has shown that barléy remain a viable rain-fed crop in the

UK under projected climate change.

7.2.3 Land, Not Climate Change, Will Limit UK Barley Production Capacity

This thesis has shown that UK barley productionacdp will be constrained by
reductions in the area of land allocated to bapl@guction (Chapter 5) but not by climate
change or water scarcity (Chapter 4). The largeciteiin UK future feed barley supply
suggested in Chapter 5 arise from projected reolugtin the area of croplands in general
and barley in particular in the face of increasethdnd due to increase in population and
per capita demand (Tables 5-2, 5-7, 5-8). Feeapadmand increases by approximately

8.0 million, 8.6 million and 9.3 million tons in 30, 2040 and 2050 respectively over that
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in the baseline period (Table 5-1a, 5-8). Thus,dkeected increase to satisfy projected
demand is approximately three times the quantiggdus the baseline period. Using barley
yields under the HES (Chapter 4, Tables 4-6, 4<f 48), approximately 1.7 million ha
of land will be required from 2030 to 2050 to méle¢ projected feed barley demand
(Table 5-8). This implies additional 700 thousaral df land over current area of land
under barley production will be required by 205@h& UK is to maintain a 100% self-
sufficiency rate in feed barley supply (assumingaltadomestic barley produced is
allocated to feed). Additional land would surelyfeguired to produce malt barley (as a
competitive end use) or wheat (as either a compiéang or substitute feed grain). The
guestion remains whether the UK would be able tocate sufficient land for the
production of barley or find alternative means do@ss the deficit.

In 2011, total agricultural land in the UK (inclugy common rough grazing) was
18.3 million ha (Defra, 2011). Total utilized agritural area (UAA, comprising arable
and horticultural crops, uncropped arable land, mom rough grazing, temporary and
permanent grassland and land used for outdoor migs)17.2 million ha, representing
70% of total land area in the UK (Defra, 2011). tbi, arable cropping accounted for
36%, distributed according to Figure 7-1. Of theeaés, wheat covered nearly 2.0 million
ha (64%) whereas barley occupied 970 thousand h&%3. Uncropped arable land
(including uncropped set-aside land and all othrabla land not in production, such as
wild bird and game cover and land managed in GogdcAaltural and Environmental
Condition — GAEC12) was 156 thousand ha. Contrgdiire current land use with the
projected land requirement for barley, it becomb=arcthat it would be difficult to

increase barley production through expansion gbped area.
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Figure 7-1: Distribution of total croppable land area in 2. Figure taken fror Defra
(2011).

Croplands are projected to decrease not only inUKe(Thomsonet al, 2013;
Angus et al, 2009; Rounsevell & Reay, 2009) but also acrdes EU (European
Commission, 2011; Rounsevelet al, 2006) and the industrialized countries
(Alexandratos & Bruinsma, 2012). As a result, isHeeen projected that, by 2050, the
global area of cereals could suffer a net reductib28 million ha after adjusting for
expansion in other regions (Rosegrah@l, 2008). Analysis of the current global agro-
ecological zones data suggests that the net bat#fngiebal prime and good arable land
potentially available for agricultural expansion about 1.4 billion ha, of which 960
million ha are located in developing countries (fdrdratos & Bruinsma, 2012; Fischedr
al., 2011). Africa and Latin America account for 4&80d 360 million ha respectively
(about 85%) of the 960 million ha located in depaly countries (Alexandratos &

Bruinsma, 2012; Fischeegt al, 2011). There is almost no prime or good arahlel|
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remaining in many countries in the Near East andtiNdfrica, South Asia, Central
America and the Caribbean (Alexandratos & Bruinsg@d,2; Fischeet al, 2011). This
suggests that the UK, like many industrialized ¢dags, might facéand scarcityfor crop
production, which occurs when more than 60% ofunty’s prime and good arable land
is actually cultivated (Alexandratos & Bruinsma,12). Moreover, because agriculture is
the dominant land use in the UK (Angas al, 2009; Rounsevell & Reay, 2009) and
Europe (Audsleyet al, 2006), changes in land use in the interest whate change
mitigation and energy security policy goals wikdly affect crop production. In all, the
potential land scarcity found in this thesis agredth the conclusion of the Foresight
Regional Case Studies Rth¢ UK in the context of North-West Eurppleat the most
plausible effect of land use changes in the UK wdu a net reduction in the area of
croplands and production penalties (Pollock, 20B)hough allocation of land to a
particular crop will be dictated by interaction pblicy, profitability and domestic
imperatives, this thesis has shown that projecgeldictions in land allocation to barley,
rather than climate change, will be the key comstreo UK’s future barley production

capacity and self-sufficiency rate in feed barlegy.

7.2.4 Risk of Deficits in Feed Barley or Meat Supgl

This thesis has shown that the UK faces risks mgfelaleficits in feed barley and
meat supply from the 2030s to the 2050s (Table -B)). The projected deficits in feed
barley supply range from 7.2 to 9.8 million tonslfle 5-9) while the projected deficits in

feed barley equivalent meat demand range fromadl274 million tons in the 2050s (Table
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5-10). The deficit in meat supply is due to progecincrease in population and per capita
meat demand (Table 5-7) in combination with redudiin the area of land allocated to
barley production (Table 5-2). Meat constitutesraportant component of the UK diet or
food balance sheet (FAOSTAT, 2009). However, aggeegneat production in the UK
already lags behind aggregate demand, resultitigeimmport of 2.4 million tons of meat
largely from the EU (Table 5-1b; Defra, 2011; FAGST 2009). This means the UK
consumes the bulk of its locally-produced meat.

On the balance of such supply deficits and landgsttamt found in this thesis, the
UK might have to rely on increased imports of aitfeed barley or meat to offset the
deficits. The questions that need to be addresged pwhere the imports will come from,
(2) what the security of supply will be and (3) whall be the cost implications for
domestic production and the consumer. First, tlea af barley is likely to reduce in the
EU in favour of biofuel grains (European Commissi?@11) and meat import to Europe,
as well as animal feed, is projected to increabstantially in the future (Bruinsma, 2012;
European Commission, 2011). This suggests unceedsirregarding the ability of
traditional sources of imports to generate substasurpluses (after satisfying their
domestic demand) to sustain exports to the UK iuréu Second, EU-level biofuel
production might intensify competition for grairtgat can either substitute or complement
feed barley unless second generation biofuel tdolgres become operational. Third,
sustainability and regulatory pressures on livdsfmoduction in the EU might intensify
to reduce the environmental footprints of meat pobidn and consumption (Foresight,
2011). Fourth, globally, potential yield gains frachimate change in notably northern

temperate regions might be neutralized by losse®tiver regions (Alexandratos &
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Bruinsma, 2012; Foresight, 2011; Rosegrainal, 2008; IPCC, 2007). Finally, overall

global area of cereals might reduce substanti&®bsgégranet al, 2008) while feed use of
grains might also increase substantially in develppcountries (Alexandratos &
Bruinsma, 2012; Kruse, 2011), suggesting a potintight grains market. Overall, given
the socio-economic importance of barley, it is lykéhat the UK would respond through
appropriate domestic adjustments to moderate #keofi large deficits and its cascading
effect on meat production. Such a response wodfdthe UK contribute to future global

food security substantially.

7.2.5 Rethinking Water Scarcity and Food Security

This thesis has argued that the conventional caaadpvater scarcity (which are
essentially based on the socio-economics of bluemnsupply) are not compatible with
water availability and consumption in crop prodgcareas (Chapter 6, Section 6.2.1). To
address this deficiency, the concept of ‘agri-cotiye water scarcity’ was introduced
and elaborated in Section 6.2.1. Due to the predante of green water in crop
production, it is appropriate to quantify the tatabf water availability and consumption
from all sources by a given crop at a given arahtane. By so doing, water scarcity is
rendered compatible with a specific crop over agigpatio-temporal scale. Throughout
this thesis, it has been shown that green watemdswill be sufficient, even under climate
change, for barley production in the UK. It willtnze exaggerating to extend this finding

to the production of cereals in northern tempeeatgronments.
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The spatio-temporal scale in agri-compatible watarcity is important as yield-
limiting crop water stress can occur over eitheorshime periods (within the crop
growing season) or long time periods (due to melegical drought) even at a
conventionally water-rich location. It makes a €iffnce when one says there is drought
or water shortage in the UK, or in England or inntBeEast England. Similarly, potato and
barley in the same environment will make differel@mands on water and respond
differently to different degrees of soil water @#6. While at the moment, using a specific
water scarcity indicator, the UK or a part thereoght be considered water-scarce, such
water scarcity might not be entirely agri-compatilfror example, only about 2% of total
UK water withdrawal is allocated to irrigation, mbji horticulture, in the driest parts of
England and Wales (Knoxet al, 2010; 2009; Weatherhead & Howden, 2009;
Weatherhead, 2008) where water scarcity issuegrarsinent (Charlton & Arnell, 2011).
This suggests that demand for irrigation watermyusummer droughts in these parts of
the UK can have profound localized effect on waésources and crop production (Hess
et al, 2011). Agriculture (largely cattle productiorgcaunts for about 0.2% of blue water
withdrawal in Scotland (Moraet al, 2007). Hence, discussions on UK water scarcity a
food security (or any other country) ought to beperand location-specific in order to be
agri-compatible and meaningful. Moreover, water ragta due to socio-economic
constraints (economic water scarcity,) has litlenothing to do with food production as
this type of water scarcity is caused by low inwesits in water resources development
and not by agricultural withdrawals (Rijsberman 080 Therefore, the idea of agri-
compatible water scarcity and the calculation sahgmoposed (Table 6-1) to quantify

crop- or catchment-specific water scarcity opens agportunities for analyzing or
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thinking about the effect of crop production on @atcarcity and vice versa. Use of agri-
compatible water scarcity will reveal the true extef the effect of water scarcity on the
production of specific crops or vice versa in aegivarea and time. This shows a need to
match crops to suitable environments accordingh&ir tphysiology, water requirements
and root systems to allow them to exploit water anttients in the soil effectively and
efficiently. Agri-compatible water scarcity theredodraws attention to the need to
incorporate soil and green water management imigrated framework for water-food

security and policy.

7.2.6 Rethinking the Role of Virtual Water in Polig

The concept of virtual water will continue to atraonflicting views regarding its
relevance for policy. Progress in this debate magpend on defining what ‘policy’ is
being considered, what are its goals and requirtsreerd at what spatio-temporal scale it
is being considered in order to determine the $gnef applying the concept of virtual
water to a specific problem. Hitherto, these haserbthe missing elements in the debate
which is too focused on water resource endowmergoticy at national scale (Roth &
Warner, 2007). In Chapter 6, it was shown thatgheary purpose of food import is to
serve food security needs, whereas savings inalittater are only a secondary benefit
(Figure 6-1, Section 6.2.2). However, food impah de necessitated or driven by several
factors including water scarcity (Ramirez-vallejo RBogers, 2010; Vermat al, 2009;
Roth & Warner, 2007). In the context of water sitgr¢he proposed ‘agri-compatibility’

framework (Figures 6-1 and 6-2) can be used toyaeabr understand the role of food
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trade in ensuring food security and mitigating éffiect of water scarcity on food security
in the importing economy, as well as the effecttlom water resources of the exporting
economy. In the context of agri-compatibility, foadport should be driven mainly by
agri-compatible water scarcity and should serveewdépendent food security. Thus, the
proposed agri-compatibility addresses or harmonizesconflicting views by combining
both the intensive and extensive dimensions of/ttteal water concept (Allan, 2003).

It was argued in Section 6.4 that the applicatibeapnomic or trade theories to
the virtual water concept in order to explain theicture and flow of virtual water is
inappropriate and would often yield undesirableiltdsecause both water (as a productive
resource) and food do not bear a true economicarostlue. Moreover, whatever cost or
value attached to water and food, and conditionacokss to water for food production,
will differ considerably between nations and ovieret. Further, food production or trade
serves one or more of cultural, socio-economic @aditical purposes, which are
consistent with food security goals (Mcintyet al, 2009). Consequently, it is not
surprising that the application of trade theoriesdad on relative water endowments to
virtual water often does not yield the desired lss{Seekellet al, 2011; Ansink, 2010;
Ramirez-vallejo & Rogers, 2010; Wichelns, 2010at @) Vermeet al., 2009).

Agri-compatibility essentially shifts the focus die policy debate from water
(hydrocentricity, Brichieri-Colombi, 2004) to fooskcurity goals by strengthening the
practical and conceptual relationship between watgilability and crop production. It
enables the identification and quantification of tevaresource constraint to food
production and the consequent import of food assashfor distinguishing between agri-

compatible and non-agri-compatible food import @mological and economic virtual
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water flows, respectively). Moreover, it introducastemporal aspect to virtual water
analysis which is important with regard to crop daration. That is, the virtual water
concept could be temporarily applicable to a reéyi water-secure economy in the event
of, say, a severe drought. In that case, positp@iction of the virtual water concept
becomes instrumental in transitioning from foodemgity to food security, a situation
that has hitherto been neglected in virtual watealysis (Allan, 2003). Agri-
compatibility, therefore, narrows and focuses ttaps of application of the virtual water
concept in order to expose its usefulness to watsd- security policy. The agri-
compatibility framework can be used to analyzertie of, or effect of water scarcity on a
crop, the main driver of food import and the effetfood import on the water resources

of the exporting economy.

7.2.7 Implications for Food Security and Policy

In this thesis, food security was defined #se‘risk of adequate food not being
available’ (Chakraborty & Newton, 2011; Newtoet al, 2011). This thesis has shown
that the UK faces the risk of large deficits in delkarley supply (Table 5-9) with a
cascading effect on domestic meat production. Beraueat constitutes a substantial
source of calorie and nutrients in the UK diet (FAT, 2009), the projected shortfall in
feed barley and meat supply will clearly have avease effect on food security. Altering
demand for food in a consumerist-oriented worldifBcult but not impossible (Gerbens-
Leeneset al, 2010; Ingranet al, 2010; Kearney, 2010). Food demand and consumption

levels can be altered through a suite of policgaleand market instruments, as well as
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public educational campaigns aimed at desirabl@webral changes (Gerbens-Leemés
al., 2010; Kearney, 2010). For example, efforts canntagle to keep per capita meat
demand well below projected levels, ensure efficiese of meat or alter the composition
of total meat consumption. Options for dealing witie projected supply deficits and their
implications are discussed below.

Future increase in crop production is expectedrigeanainly from productivity
gains per unit area and the expansion of cropldAtesxandratos & Bruinsma, 2012;
Pollock, 2011; Araust al, 2002). It was concluded earlier in this discossihat the
ability of UK to expand the area of barley prodantin future would be limited (Section
7.2.3). Since the mid-1980s, declines in areagaglands in high income countries have
been more than compensated for by productivitygpér unit area and very intensive use
of land (Alexandratos & Bruinsma, 2012; Pollock120Rounsevelét al, 2006; Araust
al., 2002). These mitigation options have sustaingdcaltural growth, lowered food
prices and are likely to continue to 2050 due twaasing pressures on land (Alexandratos
& Bruinsma, 2012; Pollock, 2011).

Apart from potential gains from climate change, réhare opportunities for
increasing barley yields per unit area and oveyadduction through crop improvement,
intensification and alterations in agronomic mamaguet practices (Pollock, 2011; Araus
et al, 2002). The same can be said of animal produciibare there is still scope for
improving carcass Yyield per unit feed intake (ReKlo2011; Godfrayet al, 2010).
Assuming the projected maximum UK barley yieldassed from 8 tons Ha(Table 4-8)
to 10 tons hd, together with the projected land area under tA&) Br Mid+20% scenario

(Table 5-2), it will almost neutralize the feed legr deficit. This yield increase is
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achievable through a combination of conventionakeding (complemented with
genomics and molecular techniques) and suitablenagnic practices (Pollock, 2011,
Zwartet al, 2004; Arauet al, 2002). A yield of 10 tons Hehas been observed in a field
experiment with the genotype Westminster in Souatst-&cotland (Chapter 3, Table 3-6;
McKenzieet al, 2009). Obviously, even if this yield level isha&eved, any reduction in
the area of land for barley below the current levll result in a proportional production
penalty. However, as indicated in Chapter 2 (Sac2id), there are constraints and limits
to the extent of genetic or physiological improveinand there is yet to be a compelling
evidence forsustainablentensification in relation to biodiversity andosystem services.
Cereal yields seem to have already plateaued imgeuand yields cannot be raised
indefinitely even if other factors are not limitiiBrissonet al, 2010). Nonetheless, given
the socio-economic importance of barley and théeschprojected deficits, raising the
yield of barley remains the most likely and viablation if the UK is to maintain self-
sufficiency in feed barley supply.

Other measures could include exploring alterngtnegluction systems that require
less land, upgrading low productive land uses toenpwoductive uses, reducing the rate
of degradation and loss of agricultural lands, sarigally reducing food waste along the
entire food chain, and using waste or by-product®ss production systems or sectors
(Alexandratos & Bruinsma, 2012; Pollock, 2011). flimg around the components of
current production might also help. For examplejegi the increasing preference for
poultry, pig and processed meat in the UK (Deff@l3® 2011) and the EU (European
Commission, 2011), one can imagine that increapmgtry and pig production at the

expense of other animals might help address trggrguidemand for meat in the UK. The
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observed decline in the consumption of carcass neainly beef and lamb) and
preference for poultry (Defra, 2013; 2011) can hiawglications for future meat demand
and production mix, and therefore feed grain demartds is because poultry, for
example, requires about 5 times less kcal of femthgo produce a unit kcal of meat
compared to beef cattle. However, the socio-ecanaransequences of this for the
supply of, example, beef and dairy products and tledated economic activities would
require a careful examination. The implications fooduction cost due to, for example,
bought-in feed (especially concentrates) and fprade to the consumer equally require
attention as the cost of feed has been rising lsteéeprecent years (Defra, 2011).
Increasing grazed production might reduce deperedencprepared feed but this would
require accepting a certain overall production figna

The UK could be exposed to several risks if it lmes a net importer of feed
barley or its meat production capacity is subs#dgtireduced due to unavailability of
feed. Projections of world demand for meat and dehfar grains for biofuel and feed
(see Chapter 5, Section 1.1) suggest that futwkeagimeat and grain markets could be
tighter. Across the EU, where the UK’s imports &lygcome from, the UK is the"s
largest cereal producer (but with th8 [argest cereal area), second largest producer of
poultry meat, the largest producer of sheep antsgtiee ' largest producer of cattle and
9" largest producer of pig meat (Eurostat, 2012). s€hetatistics give a general
impression of the UK’s position and the scale ofatnaroduction and trade flows in the
EU. A linear extrapolation might suggest that aifatincrease in import of grains or meat
from the EU could be difficult (Section 7.2.4). Mower, without substantial subsidies,

UK and European agriculture could have a limitepacity to absorb increased costs and
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regulatory burdens unless profitability remainshh{§ollock, 2011). Demand for biofuel
might also add to the pressure on croplands andgiaat could complement or substitute
feed barley (Rounsevedit al, 2006). Consequently, the UK might have to impuodre
from markets other than the EU and thereby exptsséarmers to global competition
where profitability is the key determinant of whatd how much is produced. This will
raise the additional challenge of sustaining a Igigkgulated agricultural system that
delivers food and ecosystems services and remalmally competitive and profitable in
the absence of trade barriers and other marketri@t mechanisms. In the event of acute
deficit in domestic production of feed barley orateavailability and affordability could
be contingent on the profit interest of supply olaiand retailers. In this regard,
uncertainties regarding global supply and demandesdt and grains for feed and biofuel,
driven by competition, prices and asymmetric praigitg and policies, would profoundly
influence the stability of UK’s future food secyrit

To reduce the insecurity of a potentially tight lwb supply, the UK can adopt
measures to influence proactively regional or gildbad production and land use. There
is considerable potential to increase food producin areas where there are yield gaps
due to inefficient farming practices or where ther@otentially available arable land for
expansion (e.g. Eastern Europe and Africa; Alexatiodr & Bruinsma, 2012; Pollock,
2011). From a global sustainability perspective, thK can influence and drive genuine
investments in research and development, develdpaidanctional markets and related
services, as well as appropriate institutional f#amorks and support services to increase

productivity and effectiveness of land use goveceain such areas. Whatever the future
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turns out to be, the UK would remain an integrat jod the global food system and the

earlier these measures are employed the betteuld de for the UK in the future.

7.3 Conclusions

This thesis evaluated water availability for barfggduction under future climate
change and the effects on UK feed barley supplgd feecurity and trade in order to
examine the role and usefulness of the virtuakwebncept for policy. Like all futures
analyses, the results of this thesis indicate @réupossibility within the boundaries of the
prevailing circumstances or assumptions employéduakrdfore, within the limits of this
thesis, and based on its findings, the followingatosions can be drawn.

One, the evaluation of the water-driven models gidile RMSE and D-Stat
(Chapter 3) showed that AquaCrop and WaSim perfdrexellently, while CropWat
performed poorly in estimating the green water afsé0 barley genotypes. The seasonal
water use simulated using WaSim was greater thainathAquaCrop which was greater
than that of CropWat. These differences appearedirige from differences in the
sensitivity of the models to (a) crop developmenrd éb) partitioning of rainfall. CropWat
might not be suitable for estimating crop water usder Scottish or northern temperate
environments. Even though WaSim performed sligh#fter than AquaCrop, AquaCrop
is recommended for studying crop water use andetfext of water stress or climate
change on yields, as it simulates canopy developnmeore realistically and also
incorporates atmospheric G@oncentration. The ten barley genotypes studiednait

show substantial differences in their pattern dlfiesi daily or seasonal water use. The
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consistency of this finding across the models ane tanopy temperature profiles
indicates that, under sufficient soil water suppbgriey genotypes might not differ
substantially in their water use in a northern terape environment.

Two, future climate change would have positive @ffen UK barley production.
For all UK regions, barley yields were predictediriorease substantially over baseline
yields for all time slices and emissions scenaf@isapter 4). The magnitudes of increase
in yield were greatest under the high emissionsate (HES) in 2050 and lowest under
the low emissions scenario (LES) in 2030. For iatlet slices and emissions scenarios,
atmospheric C@ concentrations explained about 80% of variatiangegional barley
yields and 50% of UK national yield. This suggesigt future increases in atmospheric
CO, would be beneficial to the production of barley@rcrops in the UK and northern
temperate environments. Even though barley wouldane a viable rain-fed crop, the
potential for occasional yield dips due to heag¢sdror soil water stress (from both deficit
and excess) should be integral to the portfoliosk management. Other biotic or abiotic
stresses that might potentially reduce barley gielére beyond the scope of this thesis
but would be worthy of consideration in future work

Three, regardless of projected increase in UK Bayields, the UK faces a risk of
large deficits in feed barley supply from domesgtioduction from the 2030s to the 2050s
(Chapter 5). This deficit translates, proportiohateo a large deficit in meat production.
The deficit in feed barley supply arises from potgel reductions in the area of land for
barley production in the face of escalated aggeedamand for meat. This suggests that
future feed barley capacity of the UK will not bmited by water availability or climate

change but by land use change and increase in g@puland per capita meat demand.
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Therefore, the total area of land allocated todyadroduction in the future will largely
determine UK'’s self-sufficiency in feed barley styppnd, for that matter, domestic meat
production. The area of barley production will betetmined largely by future policy
goals regarding mainly energy and climate mitigatnd, to some extent, market signals.
Currently, the UK is self-sufficient in barley supfut a net importer of meat. Given the
potential for land scarcity and the scale of thgjguted deficit, the options available to the
UK include further increasing barley yield per uaiea or carcass yield per unit feed
intake, intensifying production, increasing impoofsfeed barley or the equivalent meat,
slowing down increase in per capita meat demandeanduraging genuine investments to
raise productivity and effectively govern land wskere there is available arable land.
Given its high agricultural capability, the UK cdube expected to increase global food
security rather than diminish it through large inmtpo

Finally, this thesis has shown that virtual waten e a useful tool in water-food
security policy if properly applied (Chapter 6). Wiever, its conceptual basis requires a
refinement. To this end, agri-compatibility was posed as a simple but powerful way to
address the policy-deficiency of virtual water. Agpmpatibility better aligns the virtual
water concept with water availability and consumptin crop producing areas on one
hand and food trade on the other hand. The agrpetibility framework allows not only
the quantification of water-dependent food impaut Blso the crop-specific impact on
water resources at the location of production. Byiguishing between agri-compatible
and non-agri-compatible virtual water flows in asan spatio-temporal context, agri-
compatibility enhances understanding and evaluatiothe role or usefulness of virtual

water for water-food security policy in both wasmarce and water-rich countries.
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Countries such as the UK can use the calculatiberse of agri-compatible water scarcity
as a tool for environmentally responsible food impoln the case of countries in the
position of the UK as shown in this thesis, it islgably helpful to begin to pay attention
to virtual land (the area of land virtually saved which could haeen used to produce a
given quantity of a given food commodity that isponted). The agri-compatibility

framework can be adjusted to analyze or isolate carathtify the virtual flows of scarce

productive resources that are difficult to transpdysically (for example, land).

7.4 Recommendations for Future Work

1. Due to constraints of data and time, the evalnadf the models (AquaCrop,
CropWat and WaSim) employed limited calibrationr Bacrop like barley that has much
wider geographic coverage, a robust calibratiom multi-site and multi-temporal data is
required. AquaCrop has limited calibration inforroaton barley. Future work should
therefore consider a robust calibration with loga@énerated and multi-year data.
Moreover, in wet environments, such as Scotlandher UK, drainage is important to
estimating soil water balance and crop water useiré work should test and compare the
suitability of the drainage sub-models in these etad

2. The sensitivities of simulated crop water usditferent phenophases employed
by different crop growth simulation models shouts dxplored in future work to identify
effects on final estimate of crop water use.

3. The barley genotypes studied could be exposeater deficit conditions to test

the similarity in their water use under contrastiveger availabilities.
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4. Revised projections of atmospheric £€ncentrations, together with other
climatic variables, as they become available, gshbelemployed to assess the consistency
of the findings described in this thesis.

5. There is a need to study the effect of climd@nge on both winter and spring
barley production and how this will affect the scaf future feed barley deficits.

5. There is little information on agricultural langse futures in the UK and
globally (Foresight, 2011; Angust al, 2009; Rounsevell & Reay, 2009). In this thesis,
the current ratio of area of barley to total cropla was assumed to remain unchanged to
2050. Future work can focus on how much land cbel@vailable to a given crop given a
matrix of production targets of several crops areha of croplands under different land
use change scenarios.

6. The proposed agri-compatibility framework regsirfurther applications to
different areas and crops to test its robustnasarfalyzing and understanding the role of

virtual water in water-food security policy.
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APPENDICES

Appendix 1: Geographic locations of the 14 UK admiistrative regions
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Appendix 2A: Temporal variations in total seasonatainfall under the LES in the 2030s,
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2040s and 2050s.
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Appendix 2B: Temporal variations in total seasonatainfall under the MES in the 2030s,
2040s and 2050s.
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Appendix 2C: Temporal variations in total seasonatainfall under the HES in the 2030s,
2040s and 2050s.
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Abstract

Virtual water has been proposed as a mechanismpaitbntial to reduce the effects of
water scarcity on food security. To evaluate tHe af virtual water in reducing the effect of water
scarcity on food security, all components of thailable water resource in agricultural areas must
be quantified to provide a basis for evaluatingdf@mports driven by water scarcity. We refer to
this situation as ‘agri-compatible connections’ aowater scarcity, virtual water, and food
security. To date, this has not been capturededitérature on water scarcity, virtual water flows
and food security. The lack of agri-compatibilitgshrendered the virtual water concept seemingly
inconsistent with trade theories and water-foodusc policy needs. We propose two
requirements for achieving agri-compatible conmei (i) the limit of crop production imposed
by water scarcity should be captured by quantify@iigcomponents of the water available to
satisfy specific crop water requirement in the imipg economy, and (ii) food import should
satisfy ‘water-dependent food security’ need, whighthe actual or potential food security gap
created by insufficient available water from alusses for crop production (all other things being
equal). Further, we propose that agri-compatibleenscarcity should capture three key elements:
() a reflection of aridity or drought potentiali) (quantification of all the components of water
resource available to a given crop at a given iycand time, and (iii) use of crop- and
catchment-specific water scarcity factors to evaluhe effect of crop production and virtual
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water on water scarcity. In this paper, we show dbeceptual outlines for the proposed agri-
compatible connections. Achieving agri-compatibtnrmections among water scarcity, virtual

water and food security will enhance the analysi$ enderstanding of the role of virtual water for

food security in the importing economy and watersity in the exporting economy. We suggest
that achieving agri-compatibility will improve these of virtual water as a mechanism to reduce
existing and future pressures on global food sgcuri

Key words. water scarcity, food security, virtual water, agpimpatibility, crop water use

1. INTRODUCTION

Access to water and food is essential to humanivairand is recognized as a
fundamental human right (UN, 1948; Dubreuil, 2008Yater scarcity is however
projected to be a key limiting factor to food protan and development in the 21st
century (WRI, 2003; UNDP, 2007). Many reports hight the precariousness of global
water security as water scarcity increases in smadescope due to increasing demand for
water (e.g. de Fraiture and Wichelns, 2010; Falleknet al 2009; Falkenmark and
Molden, 2008; Oki and Kanae, 2006). Projected charig the global population, climate,
economic growth and urbanization are expected &werbate water scarcity and further
destabilize food security (Gregory et al. 2005)e Bleonomic theory of efficient allocation
of resources tells us that as water becomes sasca|ocation increasingly shifts from
low economic-value activities (agriculture and otpemary sectors) to relatively high-
value activities (industrial and service secto@hléson and Turton, 1999). This potential
shift of water away from crop production raises aams over the destabilizing effect of
water scarcity on food security.

Food security is fundamentally linked to water &iaility for crop use as it is
known that, on a global average, crop productionthis largest water use sector
(Thenkabail et al. 2010). Globally, the volume ofater loss through crop
evapotranspiration (ET) ranges from 6,685 to 7,600 yeaf* (Thenkabail et al. 2010),
accounting for over 70% of global water abstractemny. de Fraiture and Wilchens, 2010;
Hamdy et al. 2003; Yang et.a?006). For example, in 2000, the global crop water
abstraction amounted to 7,130 %¢of which irrigation accounted for 2,630 Rnand total
abstraction for domestic and industrial use was#i7(de Fraiture and Wilchens, 2010).
However, soil water deficit experienced under digugonditions during crop growing
season is one of the major threats to achievin higl stable crop yields (Boyer, 1982;
Rockstrom et al2009), making food security overly vulnerable tat&r scarcity (Liu,
2009). Water scarcity will, however, never be glogbaomogenous; it will always be
geographically differentiated due to differences dimate and the management of
different stocks and flows of water in the localdhylogical system and differences in
usage of water in economic activities.

To address the uneven distribution of global weteerves and increasing demand
of water for food production, the movement of watbrough the trade of food
commodities has been rationalised into the conckypittual water. Virtual water refers to
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the volume of water used in the production of & arap commodity traded (Allan, 1998a,
1998b; 2003). The virtual water concept hypothastbat, by importing water-intensive
food products from water-rich areas, water-scam@emunities can offset local water
scarcity and maintain food security (Allan, 1998898b; 2003; Yang et .ak006; Liu et
al., 2007; Aldaya, 2010a). It is this hypothesis thaeg virtual water the potential to link
water scarcity and food security through trade. sThoporting food products saves the
volume of water equivalent to the crop water regmient under the local conditions of
production while augmenting domestic food secuf@gntrasted to engineering solutions,
which move water to people, virtual water is anoagconomic mechanism that moves
water embedded in traded food commodities from gpetdn sites to people in a water-
scarce economy (Allan, 1998a). A large body ofréditere exists on virtual water,
highlighting the utility of the concept as a potaty useful policy instrument for
addressing the coupled problem of food-water insgc(see e.g. Allan, 1998a; Hoekstra
and Hung, 2005¢Chapagain et aR006; Chapagain and Orr, 2009; Yang et2806; de
Fraiture and Wilchens, 2010)irtual water is, therefore, now regarded as a key
component of the options available to economiesgadigt or potentially exposed to food
insecurity as a result of water scarcity (Roth ®atner, 2008; Allan, 1998a).

Some studies (e.g. Ansink, 2018amirez-Vallejo and Rogers, 2010) have,
however, shown that some water-abundant countneport water-intensive crop
commodities from water-scarce countries. Basedh@elvidence, these authors argue that
food commodity trade is not motivated by water emeent and, therefore, the virtual
water concept is insufficient for addressing polreguirements for improved food and
water security. Wilchens (2010) also argued thdaual water does not offer sufficient
insight for important policy questions regardingterasecurity as it suffers conceptual
limitations regarding relative water endowments amgportunity costsof production
among trading countries. This paradox emanates feontack of agri-compatible
connections (or agri-compatibility) among waterrsitg, the virtual water concept and
food security (Figure 1). Specifically, the watertaxity considered excludes some
components of the water resource (mainly soil Waitercrop producing areas and its
evaluation is entirely from an economic perspective

Virtual water is a dual concept that has a cropewase component and a trade
component. The two parts, however, require detabegimination so that the ability to
match sustainable water use to food security cagvhkiated accurately. In this paper, we
concentrate on the crop specific elements of Vinveter. We promote the concept that
agri-compatibility is required to understand theklibetween water scarcity and food
security through the movement of virtual water &mdender virtual water more amenable
to water and food security policy. To date, this mot been attempted and this paper
proposes to show the requirements for agri-comigatibnnections by (i) demonstrating
the need for such agri-compatible connection, gipviding a formula for calculating
crop- and catchment-specific water scarcity (iipwing the use of agri-compatible water
scarcity in the evaluation of the effects of vittweater movements on water and food
security.
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Definition of Terms

Agri-compatibility: refers to the condition in which food is importedfill the
food security gap created by insufficient aggregedéer supply from all relevant sources
to satisfy the water requirements of crop produrctiothe importing economy. The idea
of agri-compatible connections is illustrated below

Water Virtual /\ Food
scarcity | X | water | Y| security

X = agri-compatible water scarcity Y ater-dependent food import

Agri-compatible water scarcity: insufficient water availability from all relevant
sources (blue, green, grey) to satisfy the watgquirement of a crop or crops at| a
particular area.

Water-dependent food import: import of food to fill potential or actual food
security gap resulting from insufficient water frath relevant sources to meet the water
requirement of crops.

Figure 1: Definition of terms

2. FOOD SECURITY

Food security must necessarily refer to a statehich the food system is secured.
Food systems include production and related supipiyns of commodities and foods in
the production-consumption nexus (Gerbens-Leened. 2010; Gregoryet al. 2005).
Food security is complex as a number of biophysacal socio-economic factors interact
in dynamic and complex ways to affect food systémas underpin food security (Gregory
et al 2005). Food security is generally defined as ‘“iality of and assured access to
sufficient food that is nutritionally adequate, tawally acceptable, safe and which is
obtained in socially acceptable ways” (Gorton et 2009). The most widely used
definition of food security emerged from the WoHdod Summit (1996):food security
exists when all people, at all times, have physical economic access to sufficient, safe
and nutritious food that meets their dietary neadd food preferences for an active and
healthy life”. The components of food security are availabilitygessibility, utilization
and stability of access (FAO, 2006).

The preceding definitions of food security revatle of the issue of food crop
production, but the ability to supply food relies the availability of harvested food crops
produced domestically or imported. In this papemdf security is equated to food
availability in sufficient quantity to satisfy thidetary requirements of a given population
and is understood to have a specific spatio-tenhmanatext. Water is a key factor that
links crop system productivity with food availabyli Consequently, domestic food
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production to satisfy food security is subjecttie tonstraint of water availability but food
security is achievable through domestic productioimport.

3. WATER SCARCITY

Water used in crop production is classified inti@émain colours: blue, green and
grey (Chapagain and Orr, 2009). Blue water refergroundwater and surface water
(streams, lakes, rivers, dams) available for humaa that is introduced into crop
production systems through irrigation. There isagge competition for blue water from all
water use sectors compared with the other watewucsl Green water refers the fraction of
precipitation that infiltrates and remains in thesaturated zone of the soil after drainage
and is available for crop evapotranspiration. Grajer represents recycled water that is
used in crop production after treatment. In asagdsie effect of crop production on water
availability, grey water is defined as the wateguieed for diluting pollutants from agro-
chemical inputs in crop production (Chapagain ana, Q009). These definitions,
however, leave out or mask the use of rainfall &sting by collecting runoff or by direct
interception from roof for crop production (but tla¢ter is also used to augment domestic
water use in developing countries) and desalinatgr that can potentially be used in
agriculture. Perhaps, these can be referred toyelow water’ and ‘red water
respectively. We label the former ‘yellow’ waterchese, in terms of crop production, it is
considered to be at the interface between bluggeaeh water (Wisser et.&010; Hoff et
al. 2010); and the latter ‘red water’ because it ipemsive and difficult to obtain,
particularly in terms of energy consumption.

3.1 Types of Water Scarcity

According to Rijsberman (2006), an individual wisounable to access safe and
affordable water to meet personal basic requiremensaid to béwater insecure”. An
area is “water scarce” when a significant proportaf the population become water
insecure for a prolonged period. In the EuropearirBnment Outlook (2005), water
scarcity is defined as the incidence of insuffitierater resources (as a result of low
availability or demand exceeding the supply capaoit the natural system) to satisfy
long-term average requirements. Rockstrom et &l09} state that ‘water scarcity is a
general collective term used when water is scaocenvhatever reasonin this paper,
water scarcity is defined as insufficient waterikamality from all sources to satisfy long-
term average crop water requirement.

A distinction exists between economic and physicatler scarcity. Physical water
scarcity refers to inadequate quantity of availabiater to satisfy demand or water
requirement. Economic scarcity or social water @gbarelates to constrained access to
water as a result of limited investment in watdrastructure or socio-economic constraint
(Rijsberman, 2006). A third type of water scarcitybrid water scarcity, relates to a
combination of physical and economic scarcity whever-abstraction combines with
limited socio-economic adaptive capacity. Ohlssod durton (1999) argue, however,
that these are not distinctive types of water styardsut progressive orders or levels which
are emergent from immediately lower orders. Thaysjeal scarcity is first order scarcity.
An effort to resolve this scarcity, through engireegksystems to augment supply, leads to
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the emergence of a second order economic typeigcafadressing a second order

scarcity through enhanced water conservation aeckfiiency leads to the possibility of

a third order scarcity which is a combination ofygibal and economic scarcities and
signals a shift in water allocation from low-valieehigh-value use. It can also be argued,
however, that economic scarcity can be first osdarcity which, when resolved, can lead
to the second order physical scarcity. Rijsberm2006) provided a comprehensive

overview of water scarcity indicators, discussingit merits, demerits and potential uses.
On the basis of computational approaches and inhessumptions, three broad types of
water scarcity indicators can be distinguishedhdnawal to availability ratio, per capita

water availability, and hybrid water scarcity inaliors.

3.1.1 Withdrawal to Availability Ratio

This indicator compares water withdrawal with thenewal capacity of a
watershed or natural system of a given geograptea.aA widely used method for
calculating scarcity is the Water Resources Vuloiéta Index (WRVI) developed by
Raskin et al. (1997). This technique computes #gaas the proportion of total annual
withdrawal to total available water resources. Wlamual withdrawal is 20-40% of
renewable water supply, the region suffers watarcity. When the value is above 40%,
the region suffers severe water scarcity. Otheragmhes include the criticality ratio
(Alcamo et al. 1997) which is the quotient of watethdrawal to total renewable water
supply. A value of 0.4 indicates high water scgrcg&imilar methods of calculating water
scarcity can be found in Vorosmarty et al. (2008gamo et al. (2003), and Oki and
Kanae (2006). Another variant is the Water Exptmta Index (WEI) which is used to
gauge water scarcity in Europe (European Environrerlook, 2005). The WEI is the
guotient of total water abstraction and the lomgnt@annual average water resources. A
WEI value of 0.2 is the threshold that indicatesewacarcity. A value higher than 0.40
indicates severe water scarcity.

3.1.2 Per Capita Water Availability

This category of indicators presents the amountaiér potentially available to an
individual in a given population that depends ogi\&en amount of water resources in a
particular geographic area (Rockstrom et28l09). An example of such a method is the
Falkenmark indicator (Falkenmark et 4B89). The Falkenmark indicator is commonly
used because it is easy to measure and is readilgrstandable and meaningful, even
though it also has certain limitations such as nmaskariability across spatial-temporal
scales, infrastructural capacity and demand dubfferences in socio-economic contexts
(Rijsberman, 2006). According to the Falkenmarkigatbr, a country is suggested to
suffer water stress if its per capita annual rerevavater supply (surface water and
groundwater) is less than 1706, rwater scarcity if its per capita available wagei000
m® or less, and absolute scarcity when its per capéter availability is less than 50°m
It is easy to deduce from this indicator that anreéase in population automatically
increases water scarcity as the same amount ofr wateulates within the local
hydrological cycle.
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3.1.3 Hybrid Water Scarcity Indicators

Hybrid indicators combine physical and economic ewagcarcity into a single
value. Examples include the water poverty indexili{&un, 2002) and the social water
stress index (SWSI) (Ohlsson, 1999). Ohlsson (19%@®)example, generated the SWSI
by weighting the Falkenmark indicator using the t8diNations Development Program
(UNDP) human development index and, thereby, inm@ted social adaptive capacity
(Rijsberman, 2006). Seckler et £.998) incorporated social adaptive capacity ihigir
analysis to distinguish physical water scarce awesitfrom economic water scarce
countries.

4. TOWARDS AGRI-COMPATIBLE VIRTUAL WATER

4.1 Scope for Agri-compatibility

Currently, any reference to water scarcity is aabity linked to food insecurity
and any food import qualifies as virtual water. 'himits the utility of virtual water for
addressing specific water and food security politke therefore present and elaborate a
framework for agri-compatible virtual water (Figutg

Food
Security

~> 9r
Virtual Water

water losses

Food Import/Export or savings
type -blue
-quantity -green
-price -arey
| Agri-compatible Water Scarcity |
Crop Type Climate Water Components
-area -drought -green (soil type, amount of
-water requirement -aridity precipitation) .
_scarcity factor PET" -blue (quantity, quality,
scarcity factor)
-other sources (e.g. grey)

Figure 2: Agri-compatible framework for understarglthe role of virtual water in
achieving food security in a water-scarce commufihe base of the triangle captures the
elements of agri-compatible water scarcity whichité crop production and necessitates
food import (virtual water). The apex of the trisghows food security achieved through
virtual water. Conversely, food security, achieveugh virtual water, also affects water
scarcity in the crop production area from whichdaoops are imported.

* Potential Evapotranspiration
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Current methods of calculating water scarcity aret rcompatible with
environmental water availability for crop producti@and therefore do not reflect crop
water scarcity. These methods are limited by tHewvang factors: i) current water
scarcity indicators are based on blue water ant-smonomics but do not capture green
water availability and use, as well as yellow watethe possibility of red water use. The
potential of deep groundwater as a buffer hasvedescant attention (Koehler, 2008); ii)
increasing water scarcity in a certain area mayehahigh potential to cause a shift in
water allocation from agriculture to non-agricuétiuses even though the contribution of
actual crop water use to overall water scarcityaigly considered; iii) it is rare to include
climatic variables such as temporal changes inipitaton which is critical for crop
performance; iv) not all water scarcities are ajngicance for crop production, e.g.
economic water scarcity has little relevance fam-fad agricultural systems; (v) the scale
of analysis is often too coarse to reveal importpdtial, temporal and socio-economic
differences within a given country, region or cabemt.

Figure 2 shows that virtual water can be used aseehanism to bolster food
security while offsetting water scarcity in an infpag economy, but can also affect water
scarcity in the exporting economy. Figure 2 shokes tivo requirements for evaluating
agri-compatible virtual water estimates. One, watarcity must be agri-compatible, the
other, food importation should servevater-dependent” food security requirement
(Aldaya et al, 2010b). Water-dependent food security refersctoe or potential food
security gap created by insufficient available wdtem all relevant sources for crop
production (all other things being equal) to meeidf security requirement.

4.2 Agri-compatible water scarcity
Agri-compatible water scarcity refers to insufficiewater availability from all

relevant sources to satisfy crop water requirementhe extent that food security is
undermined. The components of agri-compatible watarcity (crop type, climate and
water components) are shown at the base of FiguExigting water scarcity indicators
give useful information on water availability foser by human populations. There is,
however, relatively scant information on the linletlween water scarcity for food
production and security. For water scarcity to beaningful for virtual water and food
security, the concept must be agri-compatible. theeowords, water scarcity should be
analysed through agricultural systems and expresséerms of normal water balance
concepts and the role of imported food commoditiethe food balance sheet and water
consumption in the importing economy. Agri-compltibvater scarcity, therefore,
accounts for the totality of environmental wateraitability (green, blue and other
sources) and consumption in relation to specifigpcwater requirement (CWR) at a
particular place and time. CWR, usually equatedrop evapotranspiration, is a function
of climatic and weather conditions, soil propertiagronomic practices and crop factors.
As a result and due partly to differences in craggew use efficiency (amount of water
used per unit yield), crops can suffer genotypesifipewater scarcity under the same
production conditions. Agri-compatible water scgraghould capture three elements as
discussed in the next sub-sections.
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4.2.1. Aridity and Drought

Aridity describes the extent of dryness of the aphere, in terms of the
relationship between precipitation and potentia@pstranspiration (PET), of a given agro-
ecosystem (Rockstrom et al. 2010). In arid agresgstems, PET exceeds effective
rainfall, spatial-temporal variability of rainfals high and drought and dry spells are
frequent (Rockstrom et .aP010). The occurrence of seasonal and intra-sahseater
deficit for crops is therefore high and frequentderscoring a high potential for physical
water scarcity. Drought is a temporary shortagevater, over periods of months to few
years, due to below-normal precipitation (Dai, 20IMhe occurrence of drought during
the growing season of crops can ultimately impeap@rowth and yield if not addressed.

While aridity is a permanent climatic feature ofrta&n geographic regions,
periodic and seasonal drought is common in manp @r@duction areas of the world.
Drought is a complex abiotic stress and difficaltpredict because of the interaction of
multiple factors related to crop, climate, soil agtonomic practices (Richards, 2006).
Assessment of the effects of drought on yield ighier complicated by the varying
effectiveness of different crop response and adaptiechanisms, the time of incidence in
the crop cycle and the severity of the drought. &ndhin-fed systems, drought can
seriously decrease yield and can necessitate fopdrt even though some crops have a
physiological capacity to maintain high plant wasestus and minimize yield loss under
short term water stress conditions (Blum, 2005)di&y and drought increase CWR and
increases the need for irrigation. These featurakenvirtual water particularly relevant
for regions with arid and semi-arid agro-ecosyst&us to the high potential for agri-
compatible water scarcity. Thus, in evaluating uatt water flows, it is important to
consider the contribution of aridity and droughtatater scarcity for crop production and,
consequently, food import.

Allan (2000) argues that virtual water is particlylaeffective and efficient in
addressingrogressive and occasional local agricultural drdiigDrought can compel a
relatively water-secure economy to restrict foogak and increase food import in order
to maintain food security. Consequently, agri-cotifyp@ water scarcity estimates should
reflect the effectiveness of the climate and weaitherelation to the specific water
requirement and phenology of a particular crop igiven area and time. Understanding
the environmental effects of periodic and seasairalight on crop yield response
constitutes a more rigorous basis for evaluatimgdiignificance of virtual water for food
security and water savings.

Cereal grains have the largest water use in glotmgd production, can fail due to
seasonal drought and are the most traded crop cdityr{yang et al. 2006). World crop
water use was over 7000 krim 2000 (Figure 3a), of which cereals accountad5ft
(Figure 3b). Cereals also accounted for over 70%otafl crop water use in the Middle
East and North Africa (MENA) region in 2000 (Figud®). The higher aridity of the
MENA region largely accounts for the high irrigatiovater requirement of cereal
production (de Fraiture and Wilchens, 2010; Alla898a; 1998b), giving rise to agri-
compatible water scarcity. Not surprisingly, ceseebnstitute the largest food import to
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the MENA region. According to de Fraiture and Wads (2010), in 2000, Egypt alone
imported 8 million tonnes of grains from the USAs A result of the grain import, Egypt
saved 8.5 billion rhblue water which could have been used to prodheeirnported
grains (de Fraiture and Wilchens, 2010). Evaluatiohvirtual water show that the higher
import of cereals and grains to the MENA regiorvesrthe purpose of water-dependent
food security (Allan, 1998a; 1998b) as water avmlily is limited substantially by aridity.
Therefore, it is important that the analysis ofi-@gmpatible water scarcity incorporates a
‘climate’ factor that reflects the effect of arigibr drought potential.

(@)
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Rrazil
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India
China
SSA

0 1000 2000 3000 4000 5000 6000 7000 8000
Total consumptive water use in croplands (km?)

(b)

World
USA-EU
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China
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0 10 20 30 40 50 60 70 80

Cereal water consumption (% of total water use)

Figure 3: (a) Total crop water use in the world artected major crop production
regions in the year 2000 and (b) water used byat®ges a percentage of total crop water
use in the world and selected major crop producti@as in 2000. Data from de Fraiture
and Wilchens (2010). MENA, CAEE and SSA denote NadHast and North Africa,
Central Asia and Eastern Europe, and Sub-SahararaAéspectively.
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4.2.2 Green and Blue Water Availability

Green and blue water are the main components oérwatource that serves
specific crop water requirements in crop produ@nggas, even though other components
may exist in some other crop producing areas. A bmrmof studies highlight the
dominance of green water in global crop productipnindicating that green water
consumption is about 4-5 times higher than blueewabnsumption (Hoff et ak010;
Aldaya et al 2010b), yet green water volumes and consumptienrarely estimated
(Hess, 2010).Hoff et al (2010) suggest that two-thirds of global precipita is stored as
green water while the remaining third is blue watéven the MENA region, which
depends largely on irrigation, meets 50% of tha&altcrop water requirement from green
water, either in rain-fed agriculture or from ppatation over irrigated land (Hoff et .al
2010).

Rockstrom et al(2009) showed that global water scarcity for gpopduction can
be significantly diminished when green water isgenty sourced and managed. Liu and
Yang (2010) undertook a spatially-explicit assesgnoé global green and blue water use
on croplands and pasture fields. Their work denmratest that high water use occurs in
China and India, the southern part of West Afrtba, mid-belt of USA and parts of South
America. However, while blue water use could blessantial in global crop production
(figure 4a), its proportional contribution to totadater use is small (figure 4b). Green
water therefore significantly moderates water dtarand should be reflected in agri-
compatible water scarcity.
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a. Consumptive Blue Water Use (Unit: million m®/yr)

b. Blue Water Proportion (Unit: %)
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Figure 4: Global pattern of (a) blue water useropgroduction (b) blue water use

as a proportion of total water use in crop seakangnd Yang, 2010).

3.2.3 Calculation of Crop and Catchment Water Sepadadicators

Allan (2000) asserted that analysis of drought rbesspecific to a given crop type
or land use. Similarly, agri-compatible water sdgrmust be specific to a particular crop
and catchment at a particular area and time inrdodbe meaningful and purposeful. The
work of Ridoutt and Pfister (2010) is significarst i creates opportunity for quantifying
the specific contribution of each product to watearcity, through its life cycle, and the
location of water scarcity. Nevertheless, it does fally capture agri-compatible water
scarcity. We propose a calculation scheme for egmpatible water scarcity factors at

crop and catchment levels (Table 1).

Table 1: A scheme for calculating agri-compatiblatev scarcity at crop and

catchment scales. Note:

(i) BWRi denoteslue water requirement of croger unit time 1) (m®); Peg
denotes effective rainfall (mm) (effective rainfellithe proportion of rainfall that remains
in the root zone after runoff and deep percolati&)xc denotes crop evapotranspiration
(mm); A denotes areal coverage of cidpn?); BWfdenotes the fractional amount of blue
water in the catchment available for to ciof?); | denotes length of crop growing

period (days).
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(i) TBWRdenotes total blue water requirement of all cropssidered in the
catchment (r);
n denotes number of crops considered; @addnotes catchment.

(i) CROP FIELD (i) CATCHMENT

Per unit time (t):

BWRI[t] (m?) = (ETc[t] — Relt]) x A BWRt] = > BWRIt]
[where ETc> Peg =1
Per season: .
| _ _
BWRi[season] = BWRJt] BWR season] IZ:; BWR([seaso
= TBWR
Scarcity factor Cfi) =
BWR[seasoh Scarcity factor Cfc) = —IBWR
BWfi D BWfi
i=1

Scarcity factor (Cf) < 1 implies no scarcity; Cfiiimplies water scarcity.
Thus, taking Cf = 1 as the threshold for water @tarit implies water scarcity
increases as Cf increases from 1 and vice versa.

The development or use of these crop and catchepadific scarcity factors is
important for the following reasons:

i) not all the catchments in a country might hawgiaultural withdrawals or
abstractions of blue water

i) different catchments will have different scaycifactors with respect to
agriculture and overall withdrawal; and for diffaterops grown in the catchment

iii) there can be water scarcity in a particulaeaamwithout there being water
scarcity for a particular crop in the same areausJlgreen water availability could be
sufficient to support the production of some crpjpfsa catchment that might be suffering
blue water scarcity.

iv) intra-seasonal dry spells might adversely dff@op yield in a country or an
area that is not considered as water-scarce iodheentional sense.

v) knowing the crop and catchment water scarcitydis will help match crops to
catchments in order to save water or reduce thextetif the production of a particular
crop on a given catchment. This will, in turn, #@ analysis of the effect of land cover
change on water scarcity in a given catchment.

vi) the equations also have operational signifieaas they can be used to monitor
temporal water scarcity (for only green water, biuater or both) at crop, field and
catchment scales.

vii) the crop- and catchment-specific scarcity dastcan be used in calculating
crop water footprints and related effects on humand ecosystems at both sites of
production and consumption.
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4. SUMMARY AND CONCLUSIONS

Virtual water has been proposed as an essentigbaoemt of the policy toolkit
available to water-scarce communities to reduceetffiect of water scarcity on food
security. As water scarcity becomes more widespraad crop production becomes
increasingly constrained, interest in virtual waitergrowing in the water research and
policy community. However, the connection and inechanism by which virtual water
can reduce the effect of water scarcity on foodigcremains unclear and contested. We
attribute this situation to a lack of agri-compditip, which should provide a basis for
evaluating the role of virtual water in reducinge teffect of water scarcity on food
security. To evaluate the role of virtual watethe global issue of water scarcity and food
security, all components of the available watercmop producing areas need to be
guantified to provide a basis for evaluating foatports necessitated by water scarcity.
This makes virtual water agri-compatible.

The agri-compatibility framework improves understing of the connections
among water scarcity, virtual water and food seguend shows the relevance of virtual
water as a mechanism for reducing the effect ofewatarcity on food security. This
paper shows scope for agri-compatibility and hagued, that, to ensure agri-
compatibility, two key requirements must be metstiwater scarcity should be agri-
compatible and, second, food importation shouldeséwater-dependent” food security
requirement. Addressing the former significantlypnoves overall agri-compatibility.
Agri-compatible water scarcity must capture thresments: i) It should account for the
totality of water availability and consumption fraatl relevant sources in crop production.
This requires further research effort in the ac®muraeasurement and monitoring of the
dynamics of green water availability and consumpfiio croplands; ii) The analysis of
water scarcity for food production should incorgera ‘climate’ factor that reflects aridity
and drought potential; iii) Water scarcity factosbould be specific to crops and
catchments to show the scale of crop and land fiiset en local hydrological system and,
therefore, water scarcity. A conceptual framework fanalysing agri-compatible
connections among water scarcity, virtual water fod security has been presented and
a scheme for calculating agri-compatible water @taat crop and catchment scales has
been proposed. Making virtual water agri-compatisid require a multi-disciplinary
research effort that spans socio-economics, hygyolosoil-water-crop-atmosphere
dynamics, spatially-explicit modelling and policyadysis. Nevertheless, achieving such
agri-compatibility will significantly advance thetility of virtual water for policy in
addressing the effect of water scarcity on foodisgc
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