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Abstract 

The ódrought and water scarcityô programme was a £12 million+ Natural Environment 

Research Council (NERC) programme, in collaboration with ESRC, EPSRC, BBSRC 

and AHRC.   The key concern for drought was that óour ability to characterise and 

predict their occurrence, duration and intensity, as well as minimise their impacts, is 

often inadequateô.   Within this program the Drought Risk and You, DRY, project was 

funded and included an investigation involving crop production, which was based at 

Harper Adams University, Shropshire.  For this element of the investigation the team 

at HAU chose not to simply repeat the extensive research already published on crop 

responses to drought, but to investigate if cropping within the UK could tolerate the 

most severe climate change projected under the high emissions scenario for the UK 

in 2050.    This work investigated effects on the mainstay cereals of common wheat 

and barley, the lesser grown triticale, and the current niche crops durum wheat and 

quinoa which favor warmer climates.   In addition, as the UK uses significant amount 

of land for forage the performance of perennial ryegrass and its suggested drought 

tolerant equivalent Lucerne were also included as important crops for the study.  

Overriding findings are that acceptable crop yields were still achieved in the main 

cereal crops of wheat and barley, and the lesser grown triticale, even with the 38% 

lower spring and summer rainfall quantities projected under the 2050 high emissions 

for the midlands region.   Durum wheat performed less well and quinoa performed 

inconsistently.  Lucerne however outperformed perennial ryegrass in all three 

seasons demonstrating its better suitability to drier and warmer climates.  However, 

as this work simulated the monthly average Central England rainfall pattern by using 

a 3x week application strategy this ensured a constant, if small, regular water supply 

which is not a true reflection of within month precipitation.   However, as the soil 

moisture deficits did not become severely limiting until past the yield critical stages 

for the cereals this would have been influential of the maintenance of acceptable 

yields in the DRY scenario. Notably, this work also identified the importance of the 

return of the soil to field capacity from the increased winter rainfall which is also a 

key element within this climate change scenario.   Replenishing the soil moisture, 

even at only a 4% precipitation increase, during this slow plant growing period from 

October to March, ensures significant soil water reserves are available to support 

plants during the active cereal growing period of April to July.  In respect of the 

forage crops the effect of this scenario on PRG was substantial both in terms of yield 

loss and ultimately a failure of soils to return back to FC in the final winter, in contrast 

to the return to FC and and high yields of Lucerne.   Water productivity was shown to 

be superior for the spring sown crops but as the winter rainfall in the UK adds little to 

the yield of winter sown crops the inclusion of this precipitation in the calculation is 

debatable. 

Soil analysis before and after the investigation revealed that pH was significantly 

reduced in the DRY scenario whereas soil K and P were both significantly lower in 
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the CEave scenario, thus suggesting a link with nutrient availability or movement in 

the moister environment and crop removal by the greater yielding plants. 

This work did mimic the normal monthly rainfall pattern for Central England so it did 

provide some measure of semblance to historic rainfall patterns.    The overall 

conclusion from this work however suggests that should the UK experience the 

reduced summer rainfall and increased winter rainfall investigated, whilst maintaining 

the same pattern of rainfall, our mainstay cereals and Lucerne should not encounter 

significant yield reductions.   For other crops which have active growing seasons 

from April to October, such as those in the fresh produce sector, the issues would be 

more critical unless the winter rainfall was sufficient to also recharge depleted 

aquifers so that adequate irrigation was then available in the drier April to September 

growing period.  

Headline: 

The projected rainfall pattern for the 2050 high emissions 10% probability, plus 3% 

winter rain & minus 38% summer rainfall, did not significantly reduce cereal, wheat, 

barley, triticale, durum, quinoa, yields but did substantially reduce perennial ryegrass 

yield in comparison to lucerne. 

  

In progress publication outputs: 

Paper 1: Mesocosm simulation of climate change impacts on cereal and forage 

crops in the UK  

Paper 2: Cereal and forage crop climate change simulation using the Saltmed 

model. 

 

Technical outputs: 

How do cereals and forage crops respond to predicted UK summer droughts?   

Project report 131.  Harper Adams University, Shropshire. 

 

Knowledge transfer outputs and planned outputs: 

Dissemination of results at the DRY catchment meetings at Bevills Leam and Eden 

(Scotland). 

Dissemination of the results at appropriate conferences. 

Use of material within HAU postgraduate and undergraduate teaching programme 

Use of material within BASIS óSoil and Water managementô modules. 
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1. Background to the project and the HAU contribution 

The UK Drought and Water scarcity programme is a £12 million+ National 

Environment Research Council (NERC) programme, in collaboration with ESRC, 

EPSRC, BBSRC and AHRC.   The concern was that both drought and water scarcity 

are a significant threat to óthe environment, agriculture, infrastructure, society and 

culture in the UKô.  However, the concern remains that óour ability to characterise and 

predict their occurrence, duration and intensity, as well as minimise their impacts, is 

often inadequateô.    Consequently a five- year interdisciplinary UK Droughts & Water 

Scarcity research program was initiated to ósupport improved decision-making in 

relation to droughts and water scarcity by providing research that identifies, predicts 

and responds to the interrelationships between their multiple drivers and impactsô 

(NERC, 2018). 

Five projects were funded under the UK Droughts & Water Scarcity program 
including the Drought risk and you, DRY:  

¶ DRY: Drought risk and you, which uses narrative, modelling and physical 
investigations to create a utility which enabled decision makers to foresee 
drought/water scarcity impacts at both social and physical levels.  

 1.1 The HAU proposal for DRY 

This text is a direct extract from the proposal: óAgricultural mesocosms: The second 

set of mesocosm experiments involves agricultural crop species in large polytunnel 

style structures. The wide ranging implications of drought for food security extends 

from the direct loss of yield in arable and horticultural crops, to the less obvious 

reduced forage production and subsequent lower milk and meat production, and 

consequent impacts on farm income and the rural economy. This part of WP4B will 

address the foremost issue, loss of yield and food production for both human and 

animal use that results from reduced precipitation. Wheat, the UK s staple food, 

requires up to 650mm of water for optimum yield. In the arable areas around 

Cambridge and Shropshire, annual rainfall since 1961 has been below 550mm for 

44% and 23% of the time, respectively, putting excessive pressure on food supplies. 

Breeding crops for drought tolerance is a slow and difficult process, and so 

strategies must include alternate cropping to cope with future drought events - a 

common practice in Australia. Commercially grown drought resistant alternatives to 

wheat, include pearl millet, sorghum, amaranth and quinoa. These crops may 

provide suitable alternatives but research is required to determine both their potential 

and productivity in UK soils. Other óintermediate crops  include Durum wheat (pasta 

wheat), a Mediterranean crop which survives the hotter climates and is currently only 

grown in the south of England. Work with anti-transpirants (Harper Adams) has 

demonstrated their potential to increase wheat yields under drought conditions. The 

proposed research will investigate the production of a range of crops using 

mesocosms under controlled (polytunnel) conditions to assess crop production under 

drought conditions. This system will also enable a range of water supply, fresh, 
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brackish and waste water to be tested as supplementary water. It is planned that 5-8 

crops, anti-transpirants and 2-3 water sources will be investigated. Drought will be 

simulated through irrigation closely linked to soil moisture monitoring and data 

capture will include growth parameters, fresh/dry weight, stomatal conductance, leaf 

area, crop yield and harvest index. Information on environmental conditions, soil 

types, organic matter content, air temp (max and min), RH, wind speed, transpiration 

rates, simulated rainfall, soil moisture, plus the plant growth characteristics such as 

stomatal conductance, relative growth rates, yield, harvest index, leaf area index and 

leaf area duration. This data will allow modelling of how the plants might perform and 

allow predicts of the minimum water requirement (rainfall). As the mesocosms are 

covered, irrigation in the experimental work will mimic rainfall conditions. This 

matches the drought conditions when all abstraction for overhead agricultural 

irrigation is stopped so that public and industrial water supply is maintained, 

Establishing drought effects on the UK s rain-fed agriculture is therefore the priority. 

WP4B(b) will be linked to stakeholder engagement (see WP5). Stakeholder 

engagement (visits to site) would be expected to be May/June as they would be 

during the most informative of the growing periods. Media outputs will involve on-

going web presence in the style of a photographic diary (crop progress) and 

research updates.ô 

 

2.0 General introduction to the experimental work at HAU 

The UK is categorised as having a temperate maritime climate, with relatively cool 

summers and mild winters.   From Thornthwaiteôs climate classification the UK would 

be ómicrothermalô, having cold winters and low potential evapotranspiration whereas 

the Köppen system, which includes vegetation, would classify the UK as ótemperate 

oceanicô with warm summers and mild winters.  The UK patterns for temperature and 

rainfall however are quite variable for an island of only 93,628 miles2; the western 

Scottish mountains average 4000mm precipitation p.a, the Lake District averages 

3000mm p.a., whilst parts of eastern England receive less than 700mm p.a.  The 

mean annual temperature is also reported as approximately 7°C in the Scottish 

Shetland isles to over 11°C in the South-west and the channel islands of Guernsey 

and Jersey (Met Office, 2018).   In 2018, following on from a wet winter, it was 

reported that Northern and Western England had experienced unusually dry spring 

and early summer weather in contrast to Eastern and Southern England which 

experienced very wet conditions (UKIA, 2018). For agriculture these variations 

certainly affect the crops grown, their management and potential productivity and 

have a considerable impact on the need for supplemental water from irrigation for 

higher value crops.  Crop choice therefore is inextricably linked to climate and then 

further refined by other considerations such as soil type, market availability and its 

volatility, labour availability, notwithstanding personal and practical preferences.   

Increasingly however there is concern about changing climate and weather patterns.  

According to many of the projections produced by the Intergovernmental Panel on 
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Climate Change (IPCC) there is significant potential for an increase in the 

occurrence of drought due to changes in the global climate (Intergovernmental Panel 

on Climate Change [IPCC] 2007).   It was reported by Chaves and Oliveira (2004) 

that drought was already one of the greatest limitations to crop expansion beyond 

the 2004 agricultural area.  Therefore any increasing occurrences or expansions of 

drought could only reduce our ability to feed an ever increasing world population, 

estimated to reach 9 billion by 2050 (Godfray et al. 2010).   During 2017 Spain was 

reported to have experienced significant drought and received substantially less rain 

than normal for the last 3 years. Whereas Portugal have experienced significant 

droughts with 94% of the country in óextreme droughtô (Vicente, 2017).   

At the present time it is reported that the UK is 76% self-sufficient in indigenous type 

food and 60% self-sufficient in all food (Defra, 2017), and therefore retains some 

degree of food security.   Although the UK is classed as a temperate climate it is not 

unknown for drought, table 1.1. 

Table 1.1   Major droughts in England and Wales 1800-2006 (Marsh et al., 2007) 

 



4  IGG/DRY/2018 
 

In addition to these events droughts have also been recorded for 2004-06 and 2010-

12 (Met Office, 2018) and concerns surrounding an drought development were 

reported in the farming press in 2017 (Burns, 2017).     

Although there are several key factors which can affect the manner, severity and 

timescale of the changes, such as global carbon dioxide emissions, the central 

estimates using current models tend towards increased temperature and reduced 

summer rainfall for the UK.   Whether this just leads to drier summers or a greater 

frequency or severity of droughts in the UK is difficult to predict.  However, as 

drought is the most serious abiotic stress which can limit crop productivity to levels 

far below their genetic potential (Boyer, 1982; Cattivelli et al., 2008) this may require 

that UK growers include the impact of drier weather or drought conditions when 

making crop choices.    Whether this can be achieved simply by adopting different 

management strategies, utilising varieties from drier countries or requiring new 

breeding lines from UK varieties is yet to be determined.   In Europe, a study by 

Brisson et al. (2010) reported that although some countries achieve significant cereal 

breeding advances, the yields remained static under hostile environments such as 

drought which occurred during key growth stages such as stem elongation.   

Similarly in Australia (Turner, 2004a, 2004b) indicated that both agronomic 

management contributed 50% of yield maintenance to overcome the problems of 

crop production as soils dry and temperature and evapotranspiration increase in 

early summer.  As these same climatic conditions are projected for the UK these 

same approaches will no doubt form the mainstay of our own approaches to drying 

summer conditions.    A recent study by El Chami et al. (2015) considered the 

potential for irrigation of the common wheat (Triticum aestivum L.) in the East of 

England, a key producing area.  Although economically it was deemed feasible for 

the higher value milling wheats the qualification was that with water abstraction 

limitations the competing demands for the water would make it unsustainable and 

therefore not an option.   Investigations regarding the response of a range of crops to 

one of the most severe UK projected scenarios was therefore designed to be run for 

DRY within a protected environment, polytunnel, utilising mesocosms.  These 

mesocosms allow a small representative crop stand to be achieved whilst 

experiencing the same environmental conditions but can receive different irrigation 

quantities without affecting the neighbouring mesocosm.   This system also then 

allowed a randomised complete block design without confounding issues.    

Mesocosms can offer the potential for reduced water, drought experiments, in a 

temperate climate and are a good bridge between protected glasshouse work and 

unprotected field experiments as long as their limitations are recognised (Stewart et 

al., 2013).   

In relation to plants the importance of water cannot be overstressed.   It is a major 

component of cells, it is a solvent for the uptake and transport of nutrients, an 

essential medium for biochemical reactions, a reactant in biochemical processes 

such as photosynthesis, creates the pressure (turgor) which causes cell elongation, 
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growth and structural integrity and is a thermal buffer whereby the plant is cooled by 

the process of transpiration. 

2.1 Dry weather and drought 

Drought is often shown as a progressive phenomenon classified into several key types 
from meteorological to agricultural and then to hydrological drought along with 
economic, social and environmental impacts, figure 2.1.   Drought can also be 
classified using ódrought monitoring indicesô related to drought severity, figure 2.2.    
For the purpose of this report the main concern is the impact of agricultural drought 
which focuses on reduced ósoil moisture deficitô (SMD) and its effect on reduced crop 
growth and yield.    However, as the next ólevelô of drought, the hydrological droughtô 
impacts on river flow and ground water (aquifer) availability it must be considered due 
the impact on growers ability to utilise these water sources for irrigation of crops.   For 
growers in the UK a drought risk web based tool, D-Risk, has been launched by 
Cranfield University to allow growers of irrigated crops to understand and planning of 
their drought and water abstraction risks (D-Risk, 2018). 
 

 
Figure 2.1.   Drought type related to drought progression over time. 
(Source: National Drought Mitigation Centre, 2013) 
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Figure 2.2.   Drought severity related to drought monitoring indices. 
 
 
3.0 UK cropping 
 

The UK has a land area of approximately 24.5 million ha, of which 18.4 million is 

agricultural but only 17.5 million ha are óUtilised Agricultural Areaô, 72% of the total 

area.  Of this total there was 11.2 million ha of grassland of which 7.1 million ha was 

either temporary or permanent grassland and from which the national dairy herd of 1.9 

million head would partly depend for forage.   There were 4.67 million ha of arable and 

horticultural crops, of which 3.1 million ha were cereal crops, which includes 1.8 million 

ha of wheat and 1.1 million ha of barley, the dominant crops by volume and area in 

the UK (Defra, 2018), key crops are listed, table 3.1. 

 

There are a range of forage/fodder crops grown such as the maize (194,000ha), forage 

turnips, Lucerne and fodder beet and a substantial number of óminorityô crops such as 

borage (1,000ha), Quinoa, calendula and evening primrose, these crops are seldom 

irrigated. 

 
The UK has a wide range of crops which can be grown with the majority being C3 

plants which function well in our temperate climate, requiring an optimum temperature 

range of 15-25°C.  There are several C4 crop plants which have been bred specifically 

for production in Europe and the UK, such as the forage crop Maize (Zea mays ssp 

mays) which normally require an optimum temperature range of 30-40°C. 
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Table 3.1 Key crops grown in the UK by land area, production amount and use.  
(Source Defra, 2017a, 2017b) 

Crop Area 
ó000 ha 

Production 
ó000t 

Irrigated 
in UK 

Main uses 

Wheat 1, 823 14, 383 No Bread, biscuits and animal feed 

W. Barley 
S. Barley 

439 
683 

2, 823 
3, 832 

No Brewing and animal feed 

Oats 141 816 No Milling & animal feed 

Minor 
cereals 

45 113 No Rye, triticale & mixed corn. 

Oilseed 
rape 

579 1, 775 No Cooking oil, lubricants & biodiesel 

Linseed 27 48 No Technical oils & animal feed 

Sugar 
beet 

86 5, 687 Yes Sugar, animal feed & bioethanol 

Field 
beans 

177 649 No Animal consumption (human 
consumption not included) 

Potatoes 139 5, 373 Yes All food uses (not stockfeed) 

Fresh Veg 113 (a) 
1     (b) 

 Yes 
Yes 

Cabbages, carrots, cauliflower, 
calabrese, lettuce, mushrooms, 
onions & tomatoes. 

Fresh fruit 25 (c) 
10 (d) 

 Yes 
Yes 

Apples, pears, raspberries & 
strawberries. 

Notes:  (a) Fresh vegetables grown in the open or (b) grown under protection but 
does not include mushrooms.   Fresh fruit: (c) Orchard fruit and (d) soft fruit. 

 
    

 3.1 Irrigated cropping and water requirements 

 

According to Chaves and Oliveira (2004) approximately 70% of the available water 

globally is employed in agriculture and 40% of food production is done under 

irrigation.    As seen in table 3.1 many of the main UK arable crops rely on rainfall as 

their sole water source but others require supplemental water.  This is normally 

abstracted from surface or groundwater sources, applied as irrigation, and used to 

maintain yield and meet the ever increasing crop quality demanded by buyers, 

retailers and consumers.   One of the most comprehensive sources of information for 

crop water requirements is published by the Food and Agriculture Organisation 

(FAO, 2012).  The information contained in the publication is extensive but 

information pertaining to the key UK crops is provided, table 3.2. 

 

When considering the annual rainfall pattern in the UK for 2017, figure 3.3, it could 

be predicted that in terms of the crop water required, table 3.2, these needs can be 

easily met.    However, the UK climate is extremely variable, as the annual rainfall 

map for 2011, figure 3.4, demonstrates that in some years the crop water 

requirements cannot be met from rainfall alone.  In addition, as the peak plant growth 
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and water demand from crops in the UK is during the warmer months from April to 

September the availability of water is considerably below the requirements identified. 

 

Table 3.2. Water requirements of key crops (adapted from Brouwer & Heibloem, 

1986) 

Crop Water required 

(mm) 

Winter Wheat 

Spring Wheat 

450 ï 650 

Spring Barley 

Winter Barley 

450 - 650 

Lucerne 800-1600 

Potatoes 500 ï 700 

(FAO: 400-700) 

Sorghum 450 - 650 

Grass 600 - 90 

 

 

 
 

Figure 3.3. Annual rainfall map for the UK 2017 (Met Office, 2018) 
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Figure 3.4  Rainfall map for the UK 2011 

 

When crop water demand cannot be met by rainfall the higher value crops such as 

potatoes and vegetables can be irrigated if an appropriate abstraction permit is held 

and there is sufficient water available for abstraction.   In England, Defra (2017) 

report that water abstraction for all agricultural uses is less than 1% of the total 

abstraction by volume.  For spray irrigation alone the Environment Agency reported 

that there were 9,437 spray irrigation licences abstracting 84 million m3 from surface 

and groundwater sources in 2016, of which the Anglian, also known as Eastern, 

region abstracted 53 million m3, equating to approximately 63% of spray irrigation 

abstraction.  This regional abstraction bias exists as the area has a beneficial 

climate, landscape and fertile soils (NFU, 2016) suitable to higher value cropping 

which reached output values of £1, 756 million, 25% of the England crop output in 

2016, of which £339 million was from fresh vegetables alone (Defra, 2018).   Over 

the period of 2000 ï 2016 the variability of the rainfall and thus spray irrigation water 

demand in England is demonstrated by the range of abstractions from 118 million m3 

in 2011 to only 50 million m3 in 2012 (Environment Agency, 2017).  The close link 

between the peak irrigation periods of spring and summer in the Anglian region and 

rainfall in the east Anglian region is demonstrated by a strong correlation, r = 0.77, 



10  IGG/DRY/2018 
 

between the two, figure 3.5.  This emphasises both the supplemental nature and the 

requirement for the irrigation. 

 

 

 
 

Figure 3.5.   Summer & Spring rainfall (mm) in East Anglia vs spray irrigation 

volume (m3) in the Anglian Region (Data sourced from: Environment Agency, 2017). 

 

In contrast to the actual recorded 53 million m3 abstracted however, the amount of 

water ólicencedô for abstraction for spray irrigation in 2016 was 325 million m3, 

indicating that only 26% of the licenced quantities was actually used.   Whereas in a 

wet year of 2012 only 10% of potential abstraction was used.  These current figures 

do not cover the abstraction for trickle tape (drip) irrigation, which until 2018 has not 

required a licence and which could add up to 5% additional abstraction to the total. 

 

In years where rainfall does not meet requirements for commodity (relatively non-

perishable, storable, transportable, and undifferentiated) crops, such as cereals and 

oilseed rape, and for forage crops the yields and quality will decline as they experience 

drought.    For these crops irrigation is neither economic nor available in the UK due 

to the restrictions on water abstraction for spray irrigation.    

  

 

3.2  Crop water use 

 

Plants need water for both structural and physiological reasons.  Structurally water 

provides cell turgor as it fills the cell vacuoles creating pressure and a type of flexible 
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rigidity.  This pressure drives cell expansion and is important for plant growth.   

Physiologically water is important as a carrier for nutrients and hormones through the 

plant, is essential for biochemical reactions and all importantly for its role as 

hydrogen provider in the process of photosynthesis. 

The amount of water required by plants can be broadly calculated by use of the FAO 

Penman-Monteith formula (FAO, 2012a), figure 3.6: 

 

 
 

Figure 3.6. FAO Penman-Monteith reference crop evapotranspiration ETo (FAO, 

2012a) 

 

This equation is based on climatic data and provides a reference value for a defined 

short grass crop.   To calculate actual crop values crop coefficients are used to refine 

the predictions based on individual crop growth parameters (FAO, 2012a).    The 

need for these type of calculations arises from the prediction of crop water 

requirements for either irrigation or modelling purposes.   In the UK water 

management per se is only considered for irrigated crops as the application of 

irrigation is only carried out where an economic return is possible, driven by the 

constraints of water availability, licence restrictions and in water limited situations 

then irrigation is based on the most financially responsive crops (Knox, 2012).  In 

water limited situations the key goal should be to maximise the use of the water 

available and improvement of crop water productivity whereby the greatest 

production of usable material, food, is produced from the least amount of water.   

This is often classified as ówater use efficiencyô (UWE) or óirrigated water use 

efficiencyô (IWUE) for predominantly irrigated crops, as opposed to rain-fed crops. 
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 3.2.1 Water use efficiency 

WUE has been defined in several, if not many, variations.  Stanhill (1986) suggested 

the ratio of the volume of water used productively.   Steduto (1996) suggested that 

óWater use Efficiencyô as a term is rather ambiguous because it can be related to 

many aspects of water use such as the efficiency of the water conveyance system 

from the source to the application equipment, the efficiency of the application of that 

water by the application equipment or other use.   Steduto (1996) therefore 

suggested that in all other instances the term óefficient use of waterô should be used 

and ówater use efficiencyô should only be used where the term is relates to the 

carbon gained via Ps relative to the input of the water lost via transpiration, figure 

3.7.   

 

Figure 3.7.   Equation used for WUE as proposed by Steduto, 1996. 

 

Machibya et al. (2004) defined Water use efficiency (WUE) ñas the ratio between the 

amount of water that is used for an intended purpose and the total amount of water 

supplied within a spatial domain of interestò. 

Medrano et al. (2015) expand the WUE whilst working on grapevine to include 

instantaneous WUE (leaf level, whole plant WUE and productivity WUE), figure 3.8. 

 

Figure 3.8. Measurement levels of grapevine water use efficiency  

   (Medrano et al, 2015) 
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From these considerations therefore it can be suggested that although WUE is 

generally regarded as the ratio of the water used in plant metabolism to the amount 

of water lost by the plant through transpiration, the term should be clarified 

contextually before use and would take the form of: 

WUE (kg/mm) = Yield of plant (kg/ha) / ET (mm) Actual transpiration from seedling to 

harvest. 

French and Schultz (1984) proposed WUE as a benchmark for wheat production in 

Australia and gave a guide of 20kg/ha/mm water applied from equation1.   This was 

developed further and an improved formula was suggested eqaution2 

Yield = ET * T/ET * TE * HI eq. 1  

Yield/ET = WUE = T/ET * TE * HI eq. 2  

ñWhere ET (evapo-transpiration) is the total water used in growing a crop (mm), ET 

consists of productive water use (transpired water), and water losses i.e. primarily 

soil water loss through soil evaporation, though in some cases run-off and deep 

drainage below the rooting depth of the crop could also be significant. T/ET is the 

fraction of ET captured as productive water use by the crop (i.e. taken up by the 

roots and transpired through the leaves); TE is the efficiency with which the plant can 

accumulate total growth for a given amount of transpired water (kg/ha.mm); and HI, 

is the harvest index, which is the fraction of total crop mass at harvest allocated to 

the grains i.e. grain yield divided by the total crop mass (excluding roots)ò 

 3.2.2 Water Productivity 

In contrast to WUE there is an increasing call for use of the term water productivity, 

WP.  Sharma et al. (2015), Machibya et al. (2004) and Ragab (undated) suggest that 

the current use of WUE is actually inappropriate because óefficiencyô is expressed as 

a ratio or percent: i.e. if 10mm of water is applied and only 8mm is used, the 

efficiency of water use is 80%.   Whereas reports which indicate the quantity of crop 

returned from a given application/quantity of water such that ókg per cubic meter of 

waterò there is no ratio implied and therefore should be reported as WP kg/m3. 

 

 3.2.3 Irrigation Water Use Efficiency 

In contrast to WUE a modified term can be used when dealing with irrigated crops, 

IWUE.    The equation is given as: 

IWUE (kg m3) = Yield of total dry biomass (kg/ha / TWA total amount of water used 

including irrigation and rainfall from planting to harvest (m3 ha) 
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3.3 Effect of drought on crop production 

Haverkort and Goudriaan (1994) stated that one of the most limiting factors for crop 

production in north-western Europe was lack of water even though rainfall was 

relatively abundant.   This has been reiterated and updated by BarnabáS et al. 

(2008) who agreed that drought was a major limitation to crop production coupled 

with global warming and a greater frequency and intensity of droughts was affecting 

the most productive areas in the world.   In some countries droughts or very dry 

conditions are common and are considered in cropping plans.   For instance in 

Australia growers are advised to change crop types based on predictions for El nino 

or La nina weather phases of the El Nino Southern Oscillation (ENSO).   Wheat 

requires significantly less water, 450-650 mm, than cotton, 700-1300 (FAO, 2012.  

El Nino generally leads to drier and hotter conditions, while La Nina usually leads to 

cooler and wetter conditions.  Although the UK is connected to the North Atlantic 

oscillation (NOA) the effects are less predictable and droughts are more sporadic 

and difficult to accommodate.   In 2017 it was reported that cereal production was 

reduced by up to 70% in the Castilla Y Leon region of Spain where they 

experienced the 3rd driest year on record (Euronews, 2017).  

As discussed earlier the term drought has several layers, figure 2.1, but for 

agriculture it is predominantly connected to soil moisture depletion, figure 2.2, and 

growers ability to access and use irrigation water for high value crops.  Drought is 

associated with reductions of crop production or yield beyond those experienced 

within typical seasonal variability and also reductions in crop quality (Stagnari et al., 

2016; Lopez et al, 2012; Balla et al., 2011).   All reductions of soil-water availability 

to plants/crops below an optimum range restricts their ability to satisfy the demands 

from evapotranspiration (ET), reducing plant growth and functioning until cellular 

collapse and death occurs.  For xerophytic plants such as cacti, which exhibit 

survival mechanisms over prolonged droughts, the overall aim is plant survival.  

Whilst with the mesophytes used for food production, suited to neither prolonged 

wet or dry conditions, the ability to produce a optimum and usable yield is 

paramount.   A significant exception within the major food crops group however is 

rice, Oryza sativa (Asian rice) or Oryza glaberrima (African rice) the 2nd most 

important food crop worldwide (740 Mt), which is suited to prolonged wet conditions 

and is classed as a hydrophyte. 

Within the mesophytes there is considerable variation relating to their ability to 

withstand dry conditions, generally termed ódrought resistanceô or ódrought 

toleranceô which must be defined for agriculture in terms of yield in relation to a 

limiting water supply (Passioura, 1997).   It was further suggested by Passioura 

(1997) that drought should not be seen only as prolonged periods when rainfall fails 

to keep up with ET but should be viewed at ontogenetic time scales, being weeks to 

months for an annual crop and with floral initiation and rate of development of leaf 

area key considerations.    Furthermore it was suggested that plants also need the 
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ability to respond to rapid environmental changes, such as daily temperature rises, 

with short term physiological and biochemical responses to overcome temporary 

deficits, table 3.3. 

Table 3.3. Plant response to environment conditions at different timescales (Source: 

Passioura, 1997) 

 

Farooq (2009) also outlines some of the effects ontogenetically as: impaired 

germination and poor crop establishment (probably from low soil moisture and thus 

low imbibition and low available water for early growth); reduced or slow crop growth 

resulting from poor cellular growth/elongation linked to reduction in turgor pressure; 

reduced plant height and leaf area due to impaired mitosis, cellular elongation and 

expansion.   Subsequent effects then occur in relation to specific crops and yield 

forming components: Water stress pre-anthesis in triticale reduced time to anthesis 

but post anthesis stress reduced the grain filling period; In barley (Hordeum vulgare) 

drought stress reduced the number of tillers, spikes and grains per plant and grain 

weight thus reducing overall yield, whilst any level of drought stress post-anthesis 

reduced yield;   Drought stress in maize delayed silking and increased kernel 

abortion;  soybean total and branch seed yield was reduced.  As many of these 

effects were related to timing and duration of the drought stress Farooq (2009) 

produced a table giving the economic yield reduction by drought stress in Barley, 

Maize, Rice, chickpea, pigeon pea, common bean, soybean, cowpea, sunflower, 

canola and potato.    Other effects reported include reductions in wheat pollen 

viability (Weerasinghe et al., 2016) and grain quality (Balla et al., 2011). 

Sinclair and Ludlow (1986), working on four tropical legumes, suggested that plants 

response to soil water deficit can be split into 3 phases, figure 3.9:    

Stage 1 covers the range of soil moisture when water is freely available and 

transpiration is at its maximum related to the prevailing environmental conditions.   

This would encompass approximately 30 -50% of available water capacity, when 

the soil moisture is held at less than 2 bars (0.2MPa).   Leaf gas exchange and leaf 

growth are affected towards the latter part of stage 1 and into stage 2. 
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Stage 2 begins when the rate of uptake cannot match the rate of potential 

transpiration and stomatal conductance declines to match water uptake, thus 

maintaining plant water balance. 

Stage 3:  Minimum transpiration occurs and water loss relates to epidermal 

conductance. Plant available soil water content is then minimal and plant death 

occurs at the latter part of stage 3.  

 

  

Figure 3.9. Normalised transpiration against the fraction of transpirable soil water 

(FTSW) adapted by Serraj and Sinclair (2002) from the data of Sinclair & 

Ludlow (1986). 

 

 3.3.1  Quantifying crop responses to drought 

Any reduction in water availability below that required by the evaporative demand of 

the crop will reduce the ability of the crop to produce its maximum yield within the 

constraints of other limiting factors, e.g. crop nutrient demand and solar radiation.  

The primary or ultimate effect of reduced water availability on crop production is a 

reduction in total production or crop yield.  In order to quantify this effect the Food 

and Agriculture Organisation (FAO) related the relative yield reduction to the 

corresponding relative reduction in evapotranspiration and expressed it as in 

equation 3 (FAO, 2012):     
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Equation 3: Relative yield response to ET 

ñwhere Yx and Ya are the maximum and actual yields, ETx and ETa are the 

maximum and actual evapotranspiration, and Ky is a yield response factor 

representing the effect of a reduction in evapotranspiration on yield losses. Equation 

3 is a water production function and can be applied to all agricultural crops, i.e. 

herbaceous, trees and vinesò (FAO, 2012).   The various parameters within the 

equation include differences between crops allowing it to be related directly to 

potential and actual evapotranspiration, which is linked to productivity.   These crop 

yield reductions are however the result of physical, physiological and biochemical 

changes within the plant as a result of reduced water availability and uptake.   

 Crop models 

Carrying out physical research on all the crops of interest, under different soil, 

climatic conditions and water availability scenarios would not only be extremely 

difficult and time consuming it would also be extremely expensive due to the vast 

number of permutations.   For this reason the use of computer models has become 

an acceptable method of investigating scenarios based on data collected in many 

experiments in those climates and soils.  Key models available include FAO-

CROPWAT, DSSAT (Including CERES), Aquacrop, CropSyst, InfoCrop, APSIM and 

SaltMed, all varying in complexity and input requirements.   Some of these are 

reviewed by Palosuo et al, 2011)   AquaCrop (FAO, 2018a) is a well-known 

simulation model that works for herbaceous plants and can predict yield relative to 

the water supply without any other yield limiting factors but does have a fertility 

model.  Although it can be used to investigate responses in a wide range of 

environments it should be calibrated and validated with physical experimental data 

from that region.  SaltMed (Ragab, 2002) is a program principally designed as a 

generic model which can accommodate a variety of irrigation systems, soil types, 

soil layers, crop, trees, water management strategies leaching and water quality 

parameters.   It has a wide range of background data files from a wide range of 

environments.    As part of the DRY project at HAU the SaltMed program will be 

used to investigate the data produced from the mesocosms. 

   

Harvest Index 

As drought not only affects yield but also dry matter partitioning it is useful to 

investigate this with harvest index, HI.   Kay (1995) suggested that several 

approaches or calculations had been proposed over the preceding years to identify 

the cereal productivity of new varieties.   The Harvest Index is therefore designed to 

quantify the fraction of óusefulô (grain) plant material relative to the total mass 
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produced óabove groundô and as such is now recognised as the decimal fraction of 

wheat grain yield to the above ground biological yield or biomass.   The crop should 

be cut by hand, at maturity at ground level, dried to constant weight, threshed and 

the component parts weighed.   Indications of HI for a range of crop is given, table 

3.4. 

Table 3.4.   Reported Harvest Indices for a range of crops (Hay, 1995)  

 

 4.0 Drought Tolerance/resistance mechanisms 

Basu et al. (2016) summarises the mechanisms behind drought resistance as 

mainly morpho-physiological changes which are ultimately controlled by the 

molecular mechanisms which control gene expression.    In addition they suggested 

that when breeding new variety lines the selection for drought tolerance cannot be 

the only consideration as under normal growing conditions these tolerant varieties 

often have a yield penalty when grown under non-drought conditions.   The work 

went on to suggest that as there is a direct correlation between their performances 



19  IGG/DRY/2018 
 

in the two environments the selection process should be tested simultaneously to 

gain the best insights. 

Drought resistance is generally a broad term used to describe the plant adaptions 

which help them to survive shortage of water.  From an agronomic viewpoint Sade 

et al. (2012) suggest that it could be classed as enhanced productivity under 

stressful conditions.  According to Basu et al. (2016) these adaptions can be split 

into three broad categories: 

óDrought escapeô is an adaption which avoids drought (arguably therefore this could 

be called drought óavoidanceô).  However, ódrought escapeô is the ability of the plant 

to complete its life cycle before the onset of drought and so has no requirement for 

physical, physiological or biochemical drought resistance or tolerance mechanisms.  

The lifecycle needs to be matched to the time of more favourable environment and 

then involves one of two key mechanisms: rapid phenological development, which 

encompasses very rapid plant growth, and the production of minimal seed number 

before the onset of the dry period, or developmental plasticity whereby plants 

produce few seeds in dry periods but can produce significant seed numbers in 

wetter periods.    As the time of flowering is critical for most crop reproduction the 

adaption which uses short duration varieties is an effective strategy to reduce yield 

losses to terminal drought (Kumar and Abbo, 2001) but may significantly reduce 

overall yield potential in infrequent drought areas. 

óDrought avoidanceô typically is the term used to describe a plants ability to maintain 

a relatively higher tissue water content even when the soil moisture content is lower 

than optimum for the plant.    This trait has two mechanisms: minimisation of water 

loss by reduced transpiration, transpiration area and radiation absorption, and/or 

optimisation of water uptake by increased rooting, maintenance of xylem hydraulic 

conductance by regulation of stomatal conductance (gs) and thus prevention of 

xylem cavitation due to embolism (Nardini and Salleo, 2000), the hydraulic 

disconnection between leaves/aerial parts and roots (Vilagrossa et al., 2012).   

Glaucousness, classed as the bluish-grey or green bloom of epicuticular wax seen 

on the surfaces of leaves, sheaves and spikes, has also been associated with 

drought avoidance and increased wheat yields in droughted soils (Richards et al., 

1986).     

óDrought toleranceô (DT) is a plants ability to grow, flower and display an economic 

yield under sub-optimal water supply (Farooq et al., 2009).  However it is also 

described as the ability of the plant to ótolerateô low tissue water content through 

traits such as maintenance of cell turgor through osmotic adjustment and cellular 

elasticity, and increasing protoplasmic resistance (Basu et al., 2016).    Bartlett et al. 

(2016) investigated the correlations and sequences of drought tolerance responses 

of 262 woody angiosperms and 48 gymnosperm species and suggested that the 

plant drought tolerance trait triggered by water potential thresholds at minimum leaf 
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water potential (ɣleaf) follows a sequence that limits severe tissue damage through 

stomatal closure, wilting, and substantial stem embolism. 

óResurrectionô: another more extreme type of drought resistance is found in the 

resurrection plants which are capable of substantial water conservation over 

prolonged droughts.  These plants use a survival mechanism where seed 

production is foregone and so is not a mechanism that is immediately suitable for 

food production (Basu et al., 2016). 

In addition to the drought resistance/tolerance adaptions other drought mechanisms 

may be achieved in some or all of these adaptions:  

 4.1 Morphological mechanisms:  

When soil moisture becomes limiting it is the shoot and roots which are most 

affected, whereby the number and area of leaves are reduced to limit plant water 

requirement (Farooq et al., 2009)  but root growth, density, proliferation and size all 

increase to access more water (Kavar et al., 2008).   Work reported by Nguyen et al. 

(1997) shows that the ability of root systems in rice to meet evaporative demand 

from deep soil moisture is a major drought resistant trait.    Drought stress is also 

suggested to increase the number of trichomes, fine hairs, on both sides of wheat 

leaves but this was not suggested as a mechanism to lower leaf temperature or 

transpiration in wheat, unlike in other species, but merely a response to it.        

Xu and Zhou (2008) reported key changes in stomatal density on grass, Leymus 

chinensis, in response to drying soil conditions.   Under moderate water deficits there 

was an increase in stomatal density whereas more severe water deficits the stomatal 

number decreased per leaf area.  In addition stomatal size declined with increased 

water deficit.   The conclusions were that both stomatal density and stomatal guard 

cell size would change in response to the degree of water deficit experienced.     

 Root morphology:   

Root systems in the majority of plants are the mechanisms by which water and 

nutrients are procured.   Ultimately therefore their ability to locate, absorb and 

transport water is fundamental to plant functioning.   In water limited environments 

Schenk & Jackson (2002) highlighted that availability of water and nutrients depends 

both on the size and shape of the root system and root competition.  Their work 

identified that absolute rooting depth of a range of plant types generally reduced with 

aridity but relative root depth (relative to above ground biomass) increased with 

aridity.   These differences between plant types or crop species are well documented 

but Dardenelli et al. (1997) also showed that differences exist between varieties of 

the same crop species.  Example root depths from the work include: Soybean 

cultivars 85, 112 and 230cm and sunflower cultivars 250 and 290cm.    
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Basu et al. (2016) suggests that primary root growth is not affected by drought stress 

in contrast to lateral root growth which is significantly affected.   However, small root 

production is apparently increased in order to provide a greater absorptive surface 

area for water uptake and the presence of specialised thickened/suberised cell walls 

occurs as a drought stress survival adaption.  Work by Chaiwanon and Wang (2015) 

agree that optimal root growth rate is necessary for drought survival and 

demonstrated the antagonistic roles of brassinosteroids and auxins in the root 

growth process of cell division and cell elongation which is crucial for sustainable 

and optimum root growth.    Bao et al. (2014) also demonstrated how different root-

zones are dedicated to different functions.  Their work on root patterning, termed 

hydropatterning, highlighted that growth around the circumference of roots can be 

influenced by contact with moisture or air which stimulates the root to induce lateral 

root growth towards the moisture or root hairs. 

Overall, the importance of deep rooting in plants and the greater need for emphasis 

on these traits within breeding programs was recommended for wheat by Wasson et 

al. (2012) and also by Kell (2011) due to their key role in carbon, nutrient and water 

sequestration. 

 

 4.2 Physiological & biochemical mechanisms: 

Under mild drought or variable soil moisture Yordanov et al (2003) and Cornic and 

Massacci (1996) suggest that plants have the ability to maintain leaf relative water 

content (RWC) by regulating the balance between water loss and water uptake with 

little or no change to Ps capacity.  This will initially be through the closure of the 

stomatal aperture, reducing stomatal conductance (gs), for which the mechanisms 

are suggested to be achieved through ABA modulation (Zhang et al., 2006; Dodd, 

2003; Cornic and Massacci, 1996).  Dodd (2003) suggested at that time that there 

was limited evidence to support key roles for other hormones in the stomatal 

responses, however work by Chen (2013) has since identified reduced stomatal 

sensitivity to ABA due to reduced stomatal sensitivity to ethylene in aged wheat 

leaves, demonstrating the complexity of the interactions.  Basu et al. (2016) show 

the ABA gene dependent pathway in rice, figure 4.1 but suggest that under severe 

drought stress several mechanisms will interact to protect the plant largely 

dependent on the plant species affected. 

Although this identifies the key ABA relationship for drought stress other hormones 

such as cytokinin (CK), gibberellic acid (GA), auxin, ethylene, Jasmonic acid (JA), 

Salicylic acid (SA) and strigolactone are now also thought to have key roles in 

moderating drought stress.  Cytokinins can delay premature leaf senescence 

whereas Gibberellins promote growth inhibition and ethylene can increase embryo 

and grain abortion and reduce grain filling rate (Basu et al., 2016).     The most 

recent work in this area (Takashi et al., 2018) also highlights the role of the peptide 

CLE25 which is reported to move from roots to shoots in response to drying soil and 
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induces ABA synthesis in leaves, which then leads to stomatal closure and reduced 

water loss to the atmosphere. 

 

 

Figure 4.1.   The abscisic acid (ABA)-dependent gene regulatory pathway in rice.  

(source: Basu et al, 2016)  

Although the primary role of stomatal closure for the plant is a survival óstrategyô to 

reduce water loss to the atmosphere and maintain an adequate plant water status, 

plant productivity and yield can be reduced.  The primary effect of stomatal closure is 

reduced CO2 diffusion into the leaf and thus reduced CO2 for metabolism.   Work by 

Tezara et al. (1999) on sunflower (Helianthus annuus L.) however shows that 

although drought stress decreased the CO2 diffusion into the leaf it was not the 

cause of the reduced CO2 assimilation. It was the inhibition of ribulose biphosphate 

synthesis by the stress which was related to lower adenosine triphosphate (ATP) 

content as a result of loss of ATP synthase.  This suggesting therefore that other 

drought stress reactions were contributing to Ps reduction.   Manivannan et al. 

(2007), Mafakheri et al. (2010) and Nyachiro et al. (2001) also showed that drought 

stress significantly reduced chlorophyll a, b and total chlorophyll content in 

sunflower, chickpea and wheat respectively.  It was noted that the photosynthetic 

apparatus themselves however appear to be resistant to drought.  In contrast to 

these reductions the osmolyte proline has been shown to accumulate in drought 

stressed plants debatably as a stress adaptive response to aid osmoregulation 

(Maggio et al. 2002).    

Stomatal closure can be assessed by measurement of stomatal conductance, gs, 

using porometry or infrared gas analysis which quantify water vapour or carbon 


