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Abstract

Droughts are a major global natural hazard, creating negative environmental and socio-
economic impacts across a broad spectrum of sectors. However, agriculture is often the first
sector to be impacted due to prolonged rainfall shortages reducing available soil moisture
reserves with negative consequences for both rainfed and irrigated food crop production and
for livestock. In the UK, recent droughts in 2018 and 2022 have highlighted the vulnerability
of the agricultural and horticultural sectors since most production is rainfed and entirely
dependent on the capricious nature of summer rainfall. Surprisingly, despite recognition of
the agronomic and economic risks, there remains a paucity of evidence on the multi-scalar
impacts of drought, including the impacts on crop yields and quality, the financial impli-
cations for farming and the consequences for fresh produce supply chains. Drawing on
published grey and science literature, this review provides a comprehensive synthesis of
drought impacts on U.K. agriculture, including characterisation of the sensitivity of the main
sub-sectors to different types of drought, a critique of the short-term coping responses and
longer-term strategies and identification of the main knowledge gaps which need to be
addressed through a concerted effort of research and development to inform future policies
focussing on climate change risk assessment for agriculture. Although the review focuses
predominantly on U.K. evidence, the insights and findings are relevant to understanding
drought impacts and risk management strategies in other temperate and humid regions
where agriculture is a fundamentally important component of the economy.

Impact statement

The significant financial and societal impacts of drought events on agriculture are not solely
limited to arid and semi-arid regions, but increasingly occur in more temperate and humid
regions. This review characterises the sensitivity of the main agricultural and horticultural
farming sectors, focussing on the UK, to different types of drought, considering both impacts
and the short- to long-term responses, to draw out the salient knowledge gaps to inform future
research priorities, data needs, and practitioner and policy priorities. Despite recognition of the
agronomic and socio-economic risks, there remains poor quantitative and empirical explanatory
evidence of the multi-scalar impacts of drought, ranging from the impacts on production (yields
and quality) to the financial implications for farm businesses, and the consequences for fresh
produce supply chains and consumers. Drought impacts are exacerbated by highly competitive
financial environments that drive farm business decision-making strategies to increase the
economic efficiency of production to the detriment of system redundancy, diversity and
resilience to drought. In humid-temperate climates, increasing drought risk carries costs that
in most years do not return financial benefits. Enablers such as enhancing social capital and
collaboration, therefore, need to be better understood. The reactive responses of most farmers to
drought are partly due to a lack of information on expected changes in environmental
conditions. There remain key knowledge gaps regarding the forecast lead times and reliability
of droughtmonitoring and early warning (MEW) systems that are required to influence business
decisions in such variable climate regimes. Finally, future changes in agroeconomic policy,
dietary and market needs, climate and water resources availability and regulation will pro-
foundly change the spatial nature and composition of agricultural and horticultural production.
Agricultural futures that are co-developed with representatives from across the primary pro-
duction and food supply chain sectors are needed to inform future research needs and policy
priorities to support sustainable agricultural transformation.

Introduction

Agriculture is often cited as one of the most drought-sensitive economic sectors (e.g., Wilhite,
2007), with crop failure, reduced yields, livestock loss and reduced fertility, soil degradation and
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agricultural abandonment being widely reported, particularly in
arid and semi-arid climates (Howitt et al., 2014; FAO, 2017).
However, such drought impacts are not only limited to arid and
semi-arid regions (e.g., Azadi et al., 2018; Kuwayama et al., 2019),
but increasingly occur inmore temperate and humid regions where
droughts have not been previously posed a major risk to agricul-
tural production and food security (Europe: Bachmair et al., 2015;
UK: Rey et al., 2017; Parsons et al., 2019).

Wilhite and Glantz (1985) classified the many definitions of
drought at the time into four basic approaches with three being
considered as a ‘physical’ phenomenon (meteorological, agricul-
tural and hydrological) and one as a socio-economic phenomenon
(e.g., where reduced water availability leads to a reduction in hydro-
electric power generation). Whilst the term ‘agricultural drought’,
which refers to the impacts of low rainfall levels leading to low soil
moisture content, is often used to mean ‘drought affecting agricul-
ture’ much research has sought to find relationships between
indicators of meteorological drought (prolonged periods of low
rainfall) and agricultural impacts such as crop yield deviations
(e.g., Bachmair et al., 2018; Vergni et al., 2021), qualitative impact
reports (e.g., Stagge et al., 2015; Parsons et al., 2019) or remotely
sensed vegetation indices (e.g., Bachmair et al., 2018; Xu et al.,
2018). However, the spatial differences in correlation and the most
influential drought indicators and accumulation periods (e.g.,
Stagge et al., 2015; Parsons et al., 2019) are indicative of an unchar-
acterised spatially varying drought sensitivity within agriculture
which may be a consequence of different farming systems and their
ability or willingness to invest in adaptation, irrigation utilisation,
or adaptive capacity and its dependence on business scale.

Farming systems in the UK are highly diverse in terms of
specialism (livestock to mixed to arable); management intensity
(extensive upland to intensive lowland farms); water-dependency
(rainfed to irrigated); environmental conditions (outdoor farming
to protected cropping in polytunnels and glasshouses; outdoor and
indoor livestock); business size (small family farms to large agri-
businesses) and so forth. The UK has also experienced a number of
significant droughts over the last five decades including 1975–1976
(Dornkamp et al., 1980), 1988–1992 (Bryant et al., 1994), 1995–
1997 (POST, 1995), 2003 (Marsh, 2006), 2004–2006, 2010–2012,
2018 (Turner et al., 2021) and 2022. Studies have evaluated
U.K. drought impacts and responses in agriculture but these have
tended to be either generalised (e.g., Parsons et al., 2019; Holman
et al., 2021) or focused on specific sub-sectors, for example, irri-
gated agriculture (Hess and Knox, 2013; Rey et al., 2017) and
outdoor livestock (Salmoral et al., 2020). There remains a need to
better understand how drought affects the sector and its different
key farming systems.

Consequently, this review, focussing on the dominant agricul-
tural and horticultural production systems within the UK, aims to
characterise their sensitivity to the different types of drought,
considering both impacts and responses, to draw out the key
knowledge gaps from both research and policy perspectives.
Although focussing on the UK, the insights and recommendations
are directly relevant to informing drought risk management in
other temperate and humid regions.

Overview of U.K. agriculture and horticulture

Agriculture, as measured by the utilised agricultural area (UAA),
covers 71% or 17.2 million hectares of the UK, with 6.1 million
hectares being croppable (Defra, 2021) and 99% being rainfed
(Hess et al., 2020). The significant spatial variability in the U.K.’s

agroclimate, topography and soils has resulted in multiple different
outdoor and protected farming systems resulting in large regional
differences in the distribution of crops and livestock (Figure 1) and
in the spatial distribution of different agricultural sub-sectors
including livestock, arable (cereals), outdoor field scale horticulture
and indoor (protected) horticulture (Figure 2). For example, the
milder, wetter maritime-influenced areas (SW and NW England,
Wales and Northern Ireland) support near three quarters (74%) of
the dairy industry which relies extensively on good grassland
production for forage, in contrast to the colder and wetter upland
areas of Wales that contain almost 30% of the U.K. sheep and lamb
herds. The drier Eastern and Midlands regions are dominated by
combinable cropping with arable and high-value field vegetable
production. In SE England, due to the continental climatic influ-
ence, nearly 40% of both orchard fruits (e.g., apples and pears) and
small fruits (e.g., strawberries) are concentrated.

Drought impacts and adaptation in arable and livestock
farming

Arable and livestock systems that rely on rainfall are the two
dominant farming systems in the UK, but the climate means that
they tend to be the most extensive farming types in the south/east
and west/north of the U.K., respectively Figure 2). There are much
fewer drought studies related to livestock systems in the UK com-
pared to crop-based systems, despite international understanding
of the impacts of high temperatures and drought on grass yield and
quality (e.g., Sheaffer et al., 1992); animal productivity (quality and
quantity of meat, milk, wool) and livestock fertility and health,
particularly in cows (e.g., De Rensis and Scaramuzzi, 2003; Alves
et al., 2013).

Meteorological drought

Wreford and Topp (2020) suggested that rainwater harvesting
(RWH) and storage, which is sensitive to meteorological drought,
may be used in some livestock farms but there were no cited studies.

Agricultural (soil moisture) drought impacts

All rainfed agricultural systems in the UK are sensitive to the
impacts of soil moisture drought as there is little opportunity for
reactive adaptation (Rial-Lovera et al., 2017). However, the impacts
on productivity (yield and quality: Knox et al., 2010; Keay et al.,
2014) differ between individual drought events (depending on the
timing, duration and severity), between individual crop types
(including fodder crops), target markets (whether crops are des-
tined for processing or pre-pack [fresh]) and between crop and
grass varieties (due to differences in drought tolerance).

Wheat is less sensitive to drought than barley but has greater
sensitivity than rye and triticale (Cho et al., 2012). Although most
wheat is cultivated under rainfed conditions, around 25% (Foulkes
et al., 2001a) of the U.K. wheat crop is grown on shallow or sandy
soils which are easily droughted. Yield losses from drought can
range between 2 and 4.5 t/ha (Foulkes et al., 2001b), with modelled
historic yield losses for cv. Claire near Cambridge due to key
drought events ranging from 15% in 1943 to 29% in 1976 and
38% in 1921 (Clarke et al., 2021). The importance of cultivar
and drought timing was shown in a lysimeter study by Dickin
andWright (2008), who found that yields were reduced by drought
from growth stage (GS) 61 by 17% (cv. Xi-19) to 24% (cv. Deben),
whereas drought fromGS 45 reduced yields from cv.Claire by 53%.
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Within crops, genetic improvements due to crop breeding
coupled with changes in agronomy also makes estimating yield loss
to drought problematic when separating natural variability from
drought response (Talbot, 1984;MacKay et al., 2011). Mechler et al.
(2010) suggested that decreasing deviations from a 5-year moving
average of yield during drought years in oilseed rape, unlike barley,
was evidence of adaptation but may have reflected the most severe
(1976) drought being at the beginning of the time series.

Notwithstanding impacts on yield, food crops have minimum
quality assurance standards that are required for their target market
and drought during key growth phases may adversely affect the
post-harvest quality, shelf life (OECD, 2018; UK Flour Millers,
2023) and thus price. However, there are very few studies that have
assessed drought impacts on crop quality (e.g., Rey et al., 2016).

The majority of studies investigating drought impacts in
U.K. outdoor livestock systems have assessed the impacts of soil
moisture drought on fodder and forage crops. Perennial ryegrass
(Lolium perenne L.) is the most important grass species in Britain,
being a major constituent of both permanent and temporary grass-
land but is drought sensitive (Lambert et al., 2020). Grass growth
during the 1976 drought was negligible in the south of Englandwith

many areas completely desiccated and animals needing supplemen-
tary feeding (Roy et al., 1978). Lee et al. (2019) found that drought
caused a reduction in productivity in perennial ryegrass, but there
was substantial variation between varieties (up to 82%), with the
optimal variety changing depending on drought severity. Grass
yields in dry years can be increased through inclusion of other
grasses (Lambert et al., 2020) and legumes (Kuchenmeister et al.,
2013). Forage maize (Zea mays L.) is an increasingly important
fodder crop for intensive production systems, which requires 300–
400mm fromMay toOctober in southern England (Bunting, 1978)
and is reported to have medium–high sensitivity to drought
(Brouwer and Heibloem, 1986) but a good yield response to irri-
gation (Klocke et al., 2007, 2014).

Agricultural practices can also increase the drought sensitivity of
grassland, with reductions in soil water retention in improved
grassland compared to neighbouring semi-natural grassland being
ascribed to soil compaction (Wallace and Chappell, 2020), which is
common in some grassland systems (Palmer and Smith, 2013).
Irrigation is currently not commonly used in grassland systems in
the UK to reduce drought sensitivity (Wreford and Topp, 2020),
but the impacts of drought on permanent pasture in Wallace and

Figure 1. Regional percentages of key cropped areas and livestock numbers in the UK in 2021 (adapted from Scottish Government, 2021; Welsh Government, 2021; DAERA, 2022;
Defra, 2022). (Regions shown in ESM1) NB: OSR, oilseed rape; HNS, hardy nursery stock.
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Chappell (2020) were offset by the addition of moisture from
summer slurry applications which enabled continued sward growth
and reduced sward damage. Future changes in climate with
increased aridity and drought risk will inevitably change land
suitability for some crops (Daccache et al., 2012) and the economic
viability of irrigation for crops that were previously rainfed includ-
ing grassland and cereals.

Surprisingly, there are very few studies that have investigated the
indirect impacts of drought on U.K. livestock and meat and milk
production. Salmoral et al. (2020), combining analysis of
U.K. national farmers magazines with farmer interviews in Derby-
shire, showed that the reported impacts of drought were over-
whelmingly negative and spanned pasture growth and reduced
yields, feed and bedding availability, animal growth and welfare,
milk production, financial performance and farmer wellbeing.
Wreford and Adger (2010) analysed the deviation from the
5-year moving average around historic drought years in
U.K. cattle, sheep, pig and poultry production, and showed that
sheep and cattle production tended to both increase and decrease

whilst pig and poultry production mostly decreased. However, they
recognised that their method could not absolutely separate the
effects of drought, policy changes and farmer responses. Mechler
et al. (2010) similarly found livestock production to have a varying
response to drought/heat wave years over time and that it was
difficult to separate the effects of weather on livestock production
from policy and/or other shocks. Similarly, in their study of heat
stress impacts on milk yields, Dunn et al. (2014) concluded that
their observed changes could be the combined effects of reduced
pasture quality due to drought associated with the hot weather and
heat stress in the animals.

Hydrological drought impacts

Livestock farms require access to reliable supplies of water as
animals need a regular daily water supply to regulate body tem-
perature and maintain organ functions (Ward and McHague,
2007). Drinking water for livestock is the largest agricultural use
of water accounting for 41% of total use or 75 million m3, with a
further 13 million m3 used for washing down (Defra, 2011). Con-
sequently, they can be highly reliant on private boreholes and small
water sources such as drainage channels, streams and springs to
provide drinking water for cattle and sheep (Hess and Sutcliffe,
2018; Salmoral et al., 2020) and to form ‘wet fences’ to control
livestock movement (Holman et al., 2019).

In 1975, a set of designations for agricultural land use were
developed to support special measures to assist farming in areas
where local geographical conditions were particularly challenging.
Within this designation, less favoured areas for agriculture
include ‘severely disadvantaged’ and ‘disadvantaged areas’ and
represent (mainly upland) areas where the natural characteristics
including geology, altitude and climate make it difficult for farm-
ers to compete. The proportion of farms abstracting water direct
from surface water is significantly higher in farms in hill farming
and mountainous areas (about 53% in ‘disadvantaged areas’ and
about 69% in ‘severely disadvantaged areas’) compared to lowland
farms (about 25%) (Defra, 2017), although no volumes were
recorded. Consequently, such ‘less favoured areas’ grazing live-
stock farms used the lowest percentage of mains water of all farm
types (Defra, 2017). Given that between 25 and 39% of sheep, beef
cows and other cattle have access to watercourses (Defra, 2011),
the drying up of such small water sources during droughts leads to
significant livestock risks and costs to provide vital alternative
water supplies. Riley et al. (2018) considered that the high con-
nectivity of small water bodies with their surrounding environ-
ment makes them particularly vulnerable to having highly
modified discharge as a consequence of agricultural and forestry
drainage, with implications for flood and drought control further
downstream but make no mention of the associated hydrological
drought risk to livestock-based agriculture. Consequently, the
financial implications of the short-term failure of small water
supplies during a hydrological drought, particularly in upland
areas which could lead to a reduction in herd size through slaugh-
ter or sale of stock (Hess and Sutcliffe, 2018), are unknown.

Drought responses

Research in the UK has shown similarities in reported drought
responses within outdoor livestock farming at national and local
scales that are largely reactive, crisis-driven and contribute to the
hidden personal burden of extreme events on farmers (Salmoral
et al., 2020). The main farm-level coping strategies reported from
the 2018 drought were: (1) management of available grazing and

Figure 2. Spatial distribution of main farming systems in the UK based on Eurostat
(2016) data, expressed as regional percentage of national farm numbers of a given farm
type, for (upper left) specialised livestock farms (dairy, beef and lamb, pigs and
poultry), (upper right) specialist cereal farms, (lower left) specialist outdoor horticul-
ture (vegetables and fruit) and (lower right) specialist indoor horticulture. (Source:
Office for National Statistics licensed under the Open Government Licence v.3.0;
Contains OS data © Crown copyright and database right 2023)
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feed; (2) selling livestock to reduce feed demands and improve cash
flow and (3) purchase of additional feed (Salmoral et al., 2020).
Additional short-term measures included government derogations
or temporary prescription adjustments (TPAs) to relax certain
regulations on farming activity; and private sector actions including
flexible loan agreements from financial institutions; and modifica-
tions to retailers’ and processors’ contractual terms and specifica-
tions of livestock products (Salmoral et al., 2020). Feed purchases in
2018 were affected by socio-economic drought impacts as fodder
import subsidies in the Republic of Ireland increased competition
for domestic feed (Byrne, 2018).

Wreford and Topp (2020) identify many longer-term adapta-
tion options to variable precipitation and water availability for the
livestock sector. For example, drought impacts may be reduced by
introducing drought tolerant species (e.g., Neal et al., 2009; Mar-
shall et al., 2016), incorporating legume and herb forage species that
provide greater nutrition into pastoral systems (e.g., Kemp et al.,
2010) or general species diversification (Kirwan et al., 2007), but
consideration needs to be given to growth patterns and production
trade-offs (Lee et al., 2013; Wreford and Topp, 2020). However,
there is scant evidence of increased drought resilience resulting
from adaptation within the outdoor livestock sector (Wreford and
Adger, 2010; Salmoral et al., 2020). The majority of farmers inter-
viewed by Salmoral et al. (2020) reported no measures being
implemented or considered to reduce the impact of future
droughts. Wreford and Adger. (2010) suggested declining produc-
tion impacts of recurring U.K. droughts were indicative of evidence
of adaptation within pigs and poultry production, although the
national scale of analysis does not allow for the differing regional
nature of the droughts or balance of indoor versus outdoor pro-
duction systems. Wreford and Adger (2010) did not look at dairy
production due to the impacts of changing policy on production.

Protected cropping

Protected cropping (Figure 2) can include both edible and non-
edible produce and relates to crops which are grown under poly-
thene or glass. The area of protected cropping under glasshouses
and polytunnels (including Spanish polytunnels) has increased
greatly in recent years, particularly in the soft fruit sector. In the
last Glasshouse Survey (Defra, 2007), a fifth (22%) of the total
protected area was under polythene but this is expected to have
increased significantly in both area and proportion since. There are
currently around 800 ha of protected fresh vegetables, worth
£374 M, and 3,000 ha of glasshouse crops (Defra, 2021). However,
an unknown proportion of the 12,000 ha of plant and flower
production, worth £1,137 M, and 10,000 ha of soft fruit worth
£629 M (Defra, 2021), is grown under protection. However, 81%
of hardy nursey stock growers used irrigation, based on the 2005
irrigation survey (Knox et al., 2010). Earlier estimates of the pro-
portion of strawberries (the main soft fruit) grown under poly-
tunnels include grower estimates of at least 70% (Evans, 2013);
whilst Calleja et al. (2012) estimated that 81.3% of the strawberry
crop on ‘large farm enterprises’ was grown under polytunnels in
2009. Defra (2011) estimated that 9 ± 2% of farms use rainwater
storage, but no indication of use is provided, although irrigation
using collected rainwater was estimated at 442,000 m3 in 2010.
Mains water supply, which makes up about 1% of total irrigation
water for agriculture, is mostly used on protected edibles cropping
to ensure reliability of supply and to minimise risks associated with
low microbiological water quality (Hess et al., 2020).

Impacts of drought

Salad crops are increasingly grown hydroponically using artificial
substrates (coir) or by nutrient film technique (NFT), whilst the
U.K. soft fruit and ornamental horticultural industry are increas-
ingly using container grown systems, including bags, buckets,
troughs and modules (Atwood, 2013). The underlying drought
sensitivity of protected cropping stems from their complete reli-
ability on irrigation and, particularly in container or pot-based
production, the smaller soil volumes available for water storage
mean the production process is particularly susceptible to short-
term drought stress (Lea-Cox et al., 2001). These are also all high-
value sectors that are entirely reliant on irrigation to maintain
yields and quality (Rey et al., 2017). Increasing pressures to reduce
the volumes of water used due to rising costs for mains water,
reduced availability of water in some catchments and changes to
abstraction licencing combined with concerns regarding runoff
and enhanced downstream flood risk (Entec, 2006; Centre for
Rural Research, 2008), has led to growing interest in switching to
RWH as an alternative source of supply. This can be as a sole
water source, or in combination with surface water abstraction,
groundwater abstraction or mains water supplies (Dunn and
Adlam, 2019).

Protected cropping can therefore potentially be vulnerable to
meteorological drought when rainfall supplies (frequency and
amount) are insufficient for RWH to meet irrigation needs; and
hydrological drought if abstraction licences are constrained
through abstraction restrictions and unable tomeet irrigation need.
Although crops grown under protection and container-grown
crops have an exemption from the Water Resources Act (1991)
Section 57 emergency drought restriction on surface water abstrac-
tion (AHDB, 2022), abstraction licences for irrigation of protected
cropping can be subject to so-called Hands-off Flow (HoF) condi-
tions. However, due to the high financial value of protected crops
(Rey et al., 2017) and their very high sensitivity to water stress, such
businesses are likely to have back-up from groundwater and/or
mains water. There is also a statutory exemption from Drought
Order restrictions for irrigating plants that are grown or kept for
sale for commercial use using mains water, reducing the likelihood
of supply restrictions. Consequently, the direct impacts of drought
are likely to be felt through reduced product quality and increased
production costs, but there is little science or industry published
information on drought impacts on this sub-sector.

Responses to drought

The protected cropping sector is entirely dependent on irrigation
and therefore most vulnerable to hydrological droughts and the
consequences of partial or total restrictions on direct abstraction,
due to declining river levels and low flows. As a response to the
increasing likelihood of drought-imposed abstraction restrictions,
many businesses have invested in alternate sources of supply to
spread the risk and reduce their system vulnerability. These include
investing in on-farm storage reservoirs as an insurance policy to
buffer peak irrigation demand periods when abstraction could be
restricted. RWH is also increasing in popularity (Environment
Agency, 2009), with runoff from polytunnels and glasshouses being
diverted into farm reservoirs. Because many soft fruit businesses
have recognised the potential resource and drought response bene-
fits of RWH but have lacked access to drought risk-based tools to
inform their investment decision making, Holman et al. (2022)
developed a nationally-applicable tool to evaluate the hydrological
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viability and reservoir storage requirements for RWH for soft fruit,
ornamentals and salad crops growers.

Outdoor irrigated cropping

Unlike many cereal crops which are milled or processed prior to
sale, the value of fresh produce is strongly determined by visual
aspects and buyer protocols which define stringent requirements
relating to colour, size, shape and skin finish (Hingley et al., 2006;
OECD, 2018). Consequently, controlling soil moisture through
supplemental irrigation becomes critical for growing high quality,
high-value fresh produce in drier regions of the country (Figure 2),
and for meeting the consistent supplies of produce demanded by
the retailers. Irrigation was second largest user of water in agricul-
ture accounting for 38% of the total volume used or 70 million m3

(Defra, 2011), although this volumetric demand varies significantly
from year-to-year, both spatially and temporally, with recent esti-
mates for ‘dry year’ irrigation demand in Eastern England being
140,000,000 m3 (Knox et al., 2018). Main crop potatoes and

vegetables for human consumption dominate the irrigated area
(38% and 25%, respectively) and volumes applied for irrigation
(48% and 26%) in 2010 (Defra, 2011). U.K. potato and outdoor
vegetable production were estimated to be worth £820 M and
£1,320 M, respectively, in 2020 (Defra, 2021), although not all
production is irrigated. High-value irrigated vegetable cropping
typically abstracts 160,000,000m3 in a dry year (Weatherhead et al.,
2015) with half the total irrigated area and 57% of the total volume
of water applied concentrated in the EA Anglian region (corres-
ponding approximately to Eastern region in Table 1).

Impacts of hydrological drought

The emphasis of retailers’ on quality standards within the fresh
produce supply chain has resulted in supplementary irrigation
becoming an essential component of production for quality assur-
ance and to ensure the viability and profitability of key crops,
including potatoes, field-scale vegetables and orchard fruit, in some
regions (Vicario et al., 2023). Rey et al. (2016) estimated that the

Table 1. Sensitivity of farm types to different types of drought (adapted from Holman et al., 2019)

Sensitive to:

Farm type
Meteorological
drought

Soil moisture (agricultural)
drought Hydrological drought Socio-economic drought Supporting references

Outdoor
livestock

✘
• Local sensitivity if
rainwater harvest-
ing is employed

✓

• Lack of feed/fodder pro-
duction

• Increased supplementary
feeding

• Use of stored feed/fodder
reserves

• Increased costs
• Reduced livestock prod-
uctivity

✓

• Failure of springs and
streams to support stock
watering; abstractions
for washing, cooling, etc.

• Increased labour for
stock watering

• Drainage ditches failing
to function as ‘wet’
fences

✓

• Lack of availability of fodder
supplies due to increased
competition

• Increase costs

Mechler et al., 2010; Dunn
et al., 2014; Hess and
Sutcliffe, 2018; Riley et al.,
2018; Holman et al., 2019;
Lee et al., 2019; Lambert
et al., 2020; Salmoral et al.,
2020; Wreford and Topp,
2020

Arable
(rainfed)

✘ ✓

• Generally educed crop
yields

• Differences between crop
cultivars, between soils
and between regions

• Limited information on
crop quality impacts

✘ ✘ Foulkes et al., 2001a,b;
Knox et al., 2010; Cho et al.,
2012; Keay et al., 2014; Rey
et al., 2016

Arable and
horticulture
(irrigated)

✘ ✓

• Unacceptable soil mois-
ture deficits develop if
annual licenced irrigation
volume or reservoir stor-
age is insufficient

• Reduced crop quality and
yield

✓

• Restrictions on direct
abstraction, but can be
reduced by on-farm res-
ervoirs

• Increased pumping costs
• Reduced crop quality
and yield

✓

• Lack of second hand irrigation
equipment and limited sup-
plies of new equipment due to
national and international
competition

Hingley et al., 2006; Rey
et al., 2016; National
Farmers Union (NFU), 2019;
Salmoral et al., 2019;
Vicario et al., 2023

Protected
cropping

✓

• If reliant on rain-
water harvesting

✘
• Completely reliant on irri-
gation

✓

• Where reliant on direct
abstraction or mains
water, although exemp-
tions on some restric-
tions exist

• Reduced product quality
• Increased production
costs (especially if mains
water used)

✘ Lea-Cox et al., 2001; Rey
et al., 2017; Dunn and
Adlam, 2019
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on-farm net financial benefits of irrigation for these outdoor crops
that would be lost in a ‘design’ dry year if irrigation in England
Wales were banned were around £204 million, reflecting the crop-
specific loss of quality and yield benefits. Anglian Water and the
University of Cambridge (2013) reported that drought in 2011 led
to an estimated 15% reduction in potato yield.

However, abstraction of water for agricultural irrigation has
the lowest priority for water allocation in the UK under drought
conditions to protect public water supplies and the environ-
ment (Salmoral et al., 2019). Salmoral et al. (2019) probabilis-
tically estimated the national- and regional-scale economic
impacts arising from mandatory abstraction restrictions
(Section 57 restrictions) within drought management plans
(taking account of catchment-specific river flows and irrigated
crop areas). However, these estimates did not reflect the impacts
arising from any irrigation constraints which would have been
imposed by HoF conditions which are stated on many abstrac-
tion licences.

Responses to drought

Agriculture’s low priority for water during drought partly
reflects perceptions that the financial value of water use in
agriculture and horticulture is relatively low compared to other
sectors despite high financial benefits per unit of water applied
for some crops (Rey et al., 2016), and that there is scope to
increase the ‘efficiency of use’ of agricultural irrigation during
drought conditions (Knox et al., 2020). Whilst irrigating at night
to reduce evaporation losses was the most common short-term
coping strategy identified by Rey et al. (2017), changing irriga-
tion schedules to either reduce irrigation depth over the full area
or reduce the area irrigated were also common strategies (Knox
et al., 2000), both of which lead to (uncertain) yield and quality
penalties. Socio-economic drought impacts also hindered
responses in 2018, when hiring or buying additional irrigation
equipment was challenging due to a lack of equipment on the
second-hand market and limited supplies of new irrigation
equipment being imported due to the wider European drought
(National Farmers Union (NFU), 2019).

In common with many other countries, the allocation of water
for agricultural irrigation remains economically sub-optimal. The
lack of regulatory flexibility to overcome the historic limitations of
licence allocations (e.g., those awarded on a first come, first served
basis) means that many irrigation licences have allocated water that
is rarely or sometimes never abstracted (often referred to as ‘sleeper’
licences), even in drought years (Chengot et al., 2021); whilst other
abstraction licences are often fully utilised and businesses have
unmet demand. Multiple bureaucratic, regulatory, financial and
timing constraints on water trading and contract options (Rey,
2015; Rey et al., 2019) limits their utility to address this mismatch
in the UK.

Longer-term actions reported in Rey et al. (2017) included the
development of a farm drought management plan to inform
drought responses (76% of respondents), investment in alternative
water resources and more efficient irrigation infrastructure (43%)
and modification of crop choice and planting programmes (18%).
There has also beenmajor investment in on-farm storage reservoirs
to synchronise the timing of abstraction with water availability
(harvesting high flows) rather than irrigation need (National Farm-
ers Union (NFU), 2015; Rey et al., 2017), which may partly explain
the perceived improvements in drought resilience within irrigated
growers in easter England (Rey et al., 2017).

Discussion

Given the complexity of the U.K. agricultural and horticultural
sector, it is apparent from the review of evidence that sub-sectors
have differing sensitivity to the different types of droughts, from
meteorological drought to socio-economic drought (Table 1).
Drought impacts on agriculture develop over multiple timescales
and can persist, materialise or be realised long after rain has
returned and the drought has been considered to have ended
(Parry et al., 2016). Such delayed impacts range from reduced crop
yields and/or quality at harvest; shortages of stored fodder and
bedding in the following winter; difficulty in filling on-farm water
storage reservoirs affecting irrigation supply in the following grow-
ing season; to reduced livestock fertility affecting births in the
following year; to economic impacts on business profitability and
viability (Figure 3). Drought impacts can also be cumulative and
often have unexpected ‘knock-on’ (i.e., secondary and tertiary)
impacts that are difficult to track.

Because of these lags between the termination of a given drought
event and some of the adverse consequences for farms and busi-
nesses, drought impacts in agriculturemay be ignored, or forgotten,
both by society and government (Holman et al., 2021). However,
the large economic damages associated with drought events,
whether in the UK (e.g., Salmoral et al., 2019), Spain (Perez and
Barreiro-Hurle, 2009), Australia (Wittwer and Waschik, 2021) or
the USA (Ziolkowska, 2016) are expected to increase in both
magnitude and frequency under a changing climate (Naumann
et al., 2021), emphasising the urgency to better understand and
respond to drought in agriculture and horticulture. However, there
are important uncertainties in our understanding, many of which
will be shared with other humid-temperate climates. The key issues
to emerge from this review relate to (i) the need to better under-
stand the impacts arising from past droughts; (ii) assess the barriers
and enablers for improving drought resilience, (iii) evaluate the
potential of droughtmonitoring and early warning (MEW) systems
and (iv) develop future scenarios and trends to forecast agricultural
water demand.

Understanding past and current impacts

Despite agriculture’s widely acknowledged sensitivity to drought,
there remains poor quantitative and empirical evidence of the
impact of drought on U.K. farming. This includes understanding
drought impacts on production (yields and, especially, quality) of
crops, livestock and livestock outputs through to the financial costs
to farm businesses, the supply chain and consumers. Consequently,
there is a lack of baseline evidence to underpin operational and
regulatory decisions and to demonstrate the need to pro-actively
support agriculture and food supply chains to become more
drought resilient (Table 2). This partly contributes to the largely
reactive, short-term responses from regulators, farmers and the
food industry that are seen during each drought event.

The impacts of each drought are different due to the inter-
action of drought event characteristics (location and spatial
extent; duration, timing and severity) with agriculture and
horticulture’s drought vulnerability which differs regionally,
between farming systems and between farms due to different
soils, soil condition (Table 2: Q1), water sources (Q2), farming
systems (crops or livestock) and target markets. Modelling
assessments provide simplified insights into potential crop-
specific yield losses due to drought but, for example, only one
wheat cultivar on the U.K. recommended list to growers had
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been calibrated in the widely used Sirius wheat model (Clarke
et al., 2021) that was estimated to be grown on 2% of the total
U.K. wheat area.

The complex inter- and intra-farm differences mean that under-
standing the financial impacts of drought is challenging as multiple
effects make up the aggregate drought impact, including drought-
induced changes in productivity, disease burden, input costs and
output prices (Salmoral et al., 2020; Clarke et al., 2021). All of these
can change positively or negatively as a consequence of a drought,
leading to a spatially complexmix of winners and losers at all scales.
For example, crop yields can be adversely impacted by soil moisture
stress or be increased due to higher radiation levels where soil
moisture stress is low due to soil type, marginal climatic areas or
due to irrigation. Consequently, regional droughts do not clearly
affect national yields (Clarke et al., 2021) but often have significant
regional economic damages and local impacts.

There are few robust assessments of the regional or national
impacts of drought on crop production (Q3 and Q5) and finan-
cial damages in the UK due to lack of up-to-date data on, for
example, polytunnels areas (Q3), water sources (Q4 and Q6),
on-farm reservoirs (Q5 and Q9), irrigated crop areas (Q7) and
irrigation application methods and scheduling approaches (Q8).
It is difficult to separate out the impacts of soil moisture drought
from restrictions on irrigation abstractions during a hydrological
drought, but dry weather between 2010 and 2012 was estimated
to have caused losses of £400 million to U.K. agriculture (Anglian
Water, University of Cambridge, 2013) with losses in 2012 valued
at £72 million to irrigated potato production in England (Akande
et al., 2013). Knox et al. (2000), Rey et al. (2016) and Salmoral
et al. (2019) have all assessed the potential financial impacts of
restrictions on irrigation abstraction, based on integrating the
severity and timing of restrictions, irrigated cropping, crop prices
and the crop-specific yield and crop quality benefits arising from
supplemental irrigation that would be lost. However, irrigated
areas had to be derived by applying regional crop-specific

irrigated percentages from earlier (2005 and 2010) irrigation
surveys to crop maps (Q7), whilst the latter component of the
methods were based on Morris et al. (1997) which may no longer
adequately reflect more recent irrigation benefits. Given that the
environmental benefits of such mandatory abstraction restric-
tions have yet to be determined, there is an urgent need for an
evidence-based justification for restrictions on agriculture and
horticulture (Q12).

Outdoor vegetable growers typically maintain a buffer or ‘head-
room’ (Q15) between the expected dry-year irrigation need of their
cropping plan assumed to be based on the 16th driest year in
20 (Weatherhead et al., 2002) (Q10) and their water resources
allocation (licenced volume). This aims to reduce the likelihood
that a volumetric shortage during a drought will reduce their output
of marketable produce and/or lead to financial loss. Consequently,
most irrigation abstraction licences are not fully used inmost years,
leading to a perception of an inefficient allocation of water. How-
ever, there are other legitimate agronomic and economic reasons
formaintaining a reasonable level of licence ‘headroom’, even in dry
years, which needs to be understood (Q11). Otherwise there is a risk
that reducing licence volumes to reduce (apparent) headroom will
lead to reduced crop production and/or increased risk of financial
penalties to growers and increased costs through the food supply
chain during drought.

Not all hydrological drought impacts on irrigated agriculture
and horticulture arise from abstraction restrictions imposed
through regulatory drought plans as required under the Water
Industry Act (1991) or from Section 57 restrictions. The inability
to meet crop irrigation needs in a given year can also arise from the
irrigation need being greater than the ‘design’ dry-year need, HoF
conditions stipulated within abstraction licence conditions, insuf-
ficient capacity in the irrigation system design (in pumping, con-
veyance and application) to meet peak irrigation need and
insufficient reservoir storage. The relative significance of each of
these potential constraints is uncertain (Q10).

Figure 3. Negative (red) and positive (green) drought impacts reported in Farmers Weekly and Farmers Guardian trade magazines in 2018 (adapted from Holman et al., 2021).
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Understanding drought responses

Increasing the resilience of agricultural systems to drought can be
achieved by farmers reducing the probability of the drought event,
increasing the robustness of the system to drought or facilitating
recovery (Hess et al., 2020). Probability can be reduced by lower-
cost options such as improving the water holding capacity of soils
(soil moisture drought), increasing organic matter content, tied

ridging or by mulching or higher capital investments such as
reservoir storage (hydrological drought). However, large scale
investments can lock growers into their existing production system
leading to limited scope and reduced flexibility to change planting
programmes. Robustness is generally achieved through building
diversity (having access to different water sources; growing a wider
range of crops; being able to substitute grazing for conserved fodder
(Salmoral et al., 2020) and/or redundancy (e.g., having under-
utilised grazing: Salmoral et al. (2020); spare irrigation equipment,
licence headroom). However, there is a tendency to reduce diversity
and redundancy, as (1) market pressures drive increased economic
efficiency, economies of scale and reduced marginal costs of pro-
duction (Abson et al., 2013); (2) regulatory pressures are moving
towards reducing headroom and (3) both diversity and redundancy
have opportunity costs (Abson et al., 2013) that, unless outweighed
by the avoided penalties of infrequent droughts, lead to the ‘spare’
resources being utilised. This situation has been reported in
South Africa where investments intended to build drought resili-
ence have instead led to business expansion with resources under-
pinning increased irrigated production (Lankford et al., 2023).
Consequently, the highly competitive financial environments
facing most farmers has a tendency to lead to farm business
decision-making strategies that increase the economic efficiency
of production to the detriment of system redundancy, diversity and
resilience to drought (Hess et al., 2020) (Table 3: Q18). This leads to
a trade-off between the high expected gross margins (a common
indicator of the economic performance of farm enterprises) of
specialised production systems and the expected variance of those
margins as a consequence of variability in environmental, eco-
nomic and policy perturbations (Abson et al., 2013). Consequently
the current and future land use choices are, and will be, influenced
by the risk to returns preferences of individual farmers (Di Falco
and Chavas, 2006; Baumgärtner and Quaas, 2010) and their per-
ceptions of drought risk.

Although there is an unknown potential for short-term ‘no- or low
regret reductions in irrigation abstraction during drought events

Table 2. Identified key knowledge gaps for understanding drought impacts
within selected farming systems

Farming system Knowledge gap

Outdoor
livestock

Q1: What is the frequency and severity of soil compaction,
given it reduces soil water holding capacity and sensitivity
to meteorological drought?

Q2: How resilient are small upland and lowlandwaterways
to hydrological drought? Enabling better understanding of
hydrological drought impacts in grassland areas; and
potential stresses on rural mains water supplies?

Protected
cropping

Q3: What is the current area and spatial extent of
polytunnels, given that 100% of crop water need is met by
irrigation? Permanent and seasonal polytunnels (as
opposed to glasshouses) widely associated with the
productionof soft fruit andornamentalsarenot capturedby
many national mapping products or government surveys

Q4: What sources of water does protected cropping use,
and what proportion is met from rainwater harvesting?

Q5: How common are on-farm reservoirs within the
protected cropping sector, where are they located and
what is their capacity?

Q6: What are the trends in the use of mains water in
protected cropping?

Irrigated
agriculture

Q7: What are the areas and geographical distribution of
supplementary irrigated annual crops? There are no
robust high-resolution datasets of the area and
distribution of individual irrigated annual crop types that
receive supplementary irrigation. GIS derived land-cover
products do not separate rainfed from irrigated crops.

Q8: What are the proportions of the different application
methods and scheduling approaches being used within
irrigated agriculture and horticulture? Methods have
evolved but the most up-to-date results are from the
detailed water module within the 2009/10 Farm Business
Survey (FBS) and the last (2010) Irrigation Survey
published by Defra (2011).

Q9: What is the extent of on-farm reservoirs and total
storage capacity? Whilst there are data on storage licence
limits, the relationship between this and reservoir capacity
is unknown.

Q10: Are businesses still designing irrigation schemes and
reservoirs based on an 80%probability of non-exceedance
or are they assuming more stringent design criteria to
cope with a change climate?

Q11: What are the reasons (and their relative importance)
for maintaining licenced headroom and its annual
variability beyond weather? That is, as a safety net for dry
years; having insufficient irrigated land; rotational limits of
irrigated crops; or for land tenure (land rented out to
larger irrigators)

Q12: What are the economic and environmental costs and
benefits of mandatory abstraction restrictions (e.g.,
so-called Section 57 restrictions in England) to provide an
evidence-based justification for restrictions on agriculture
and horticulture

Table 3. Key knowledge gaps regarding agricultural responses to drought

Farming system Knowledge gaps

Irrigated
cropping

Q13: What is the potential for ‘no- or low regret’ reductions
in irrigation abstraction during drought events?

Q14: What are the enablers and barriers for investment in
more efficient irrigation application systems and
scheduling systems including precision irrigation?

Q15:What is anappropriate level of currentdry-year licenced
headroom to provide resilience for future droughts?

Q16: What are the barriers and enablers to establishing
additional water abstractor groups, where should they be
located, and what additional roles might they play in
resolving local (catchment) agricultural water
management issues?

Q17: What is the potential of secondarywatermarkets and
water sharing to allow agriculture tomake better use of its
allocated water? More flexible and collaborative
approaches to irrigation abstraction have the potential to
enable better water efficiency but the implications of
regulatory barriers and abstraction restrictions are not
sufficiently understood

Q18: How do retailer contracts limit (or enable) responses
to hydrological drought and change the financial
consequences of abstraction restrictions?
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(Q13), increasing resilience to drought carries costs, including capital
investment costs (e.g., farm reservoir construction), operational costs
(e.g., soil management) and/or profit-foregone (e.g., reduced cropped
areas), so that there will not be financial benefits of change in all years.
Consequently, different typologies of farms will have different con-
straints and risk appetite which need to be better understood (Q14) –
farms with limited financial capacity to adapt may be more likely to
adopt practices that save money in all years (Rial-Lovera et al., 2017);
whilst capital intensive production systems may select risk averse
options that minimise regret (Knox et al., 2010).

Increasing social capital has also been shown as a low-cost
means of enhancing drought resilience (Holman et al., 2021). As
there are many farms, both large and small, dependent on sup-
plemental irrigation, irrigators arguably need to have a more
coordinated and coherent voice at the local level. This can be
facilitated by the formation of water abstractor groups (WAGs)
(Whaley and Weatherhead, 2015a) that fosters trust between
farmers and between farmers and the regulator (Whaley and
Weatherhead, 2015b), increased negotiating power (Leathes
et al., 2008) and increased adaptive capacity through improved
social networks and knowledge exchange (Holman and Trawick,
2011). However, despite the acknowledged benefits of WAGS,
there remain only a limited active number (Whaley and Weath-
erhead, 2015c) mainly in Eastern England, although recent
droughts in 2018 and 2022 have refocused attention on their
potential role in building social capital and local resilience to
droughts and water scarcity (Q16).

Collaboration also has the potential to deliver further benefits in
irrigated agriculture through facilitating the collaborative manage-
ment of licenced water resources (Whaley and Weatherhead,
2015b) through water trading (Rey et al., 2019), secondary water
markets (Rey, 2015) and water sharing (Haro-Monteagudo et al.,
2019; Chengot et al., 2021) to support more efficient water alloca-
tion (Q17). Chengot et al. (2021) showed that water sharing could
potentially significantly reduce irrigation deficits during drought
across a group of abstractors in an Eastern England catchment
within the pre-existing abstraction licence andHoF constraints that
prevent environmental degradation. However, there remains a lack
of understanding around the potential operationalisation (Q17)
and need for near real-time hydrological data to support practical
implementation of such approaches (Rey et al., 2021).

Understanding these drought responses across and within dif-
ferent sub-sectors remains challenging. A number of knowledge
gaps, particularly in the context of promoting collaborative water
management, still need to be addressed through future research
efforts (Table 3).

Drought forecasting

The reactive responses of most U.K. farmers to drought (Rey et al.,
2017; Salmoral et al., 2020) is partly due to a lack of reliable
information on the state and expected changes in environmental
conditions. Drought MEW systems offer the promise of enabling
appropriate and timely management actions (Hannaford et al.,
2019) (Table 4: Q19). They typically use drought severity indicators
(WMO and GWP, 2016) to monitor the changing status of rainfall,
river flows, groundwater levels, and other hydrometeorological
variables, relative to historical conditions, rather than impact indi-
cators (Bachmair et al., 2016).

Key questions relating to MEWS implementation in agriculture
are given in Table 4 and the design criteria for a useful MEW for
agriculture are summarised below:

• Choice of indicators: It is unclearwhether standardised indicators
(such as the SPI used in the UK Water Resources1 portal),
quantitative multivariate composite indicators as recommended
by Hannaford et al. (2019) or impact indicators (Clarke et al.,
2021) will have resonance and uptake within the diverse agricul-
tural and horticultural industry (Q20). Clarke et al. (2021)
reported that the correlation between SPI and SPEI with simu-
lated yield loss were similar, suggesting that SPI may be suitable
for U.K. drought monitoring for wheat. However, evapotrans-
piration rates are expected to increase due to climate change, so
that SPEI may be more appropriate for longer-term use (Haro-
Monteagudo et al., 2017). Reinforcing this, Parsons et al. (2019)
found that a generalised linear model using SPEI-6 gave better
results against reported impact data. Standardised indicators
cannot be interpreted reliably at a national scale in a country
with as much regional variation in climate and agricultural
practice as the UK. The same value of SPEI in different locations
corresponds to very different soil moisture deficits and growing
conditions (and thus soilmoisture drought severity), but Parsons
et al. (2019) found that this did not fully explain observed
regional differences in reported drought impacts. They reported
that such standardised indicators would need to be calibrated on
a regional (or smaller) scale to be used with confidence as an
indicator of agricultural drought within a MEW system. Future
research may also benefit from the increased availability of high
resolution multispectral remote sensed imagery (e.g., Sentinel 2)
coupled with spatial soil moisture sensing networks, both in situ
and from the cosmic ray (COSMOS) monitoring network
(https://cosmos.ceh.ac.uk/) to derive improved composite based
drought indicators.

• Forecast lead times: A business-appropriate forecast lead time is
needed to enable farmers to take pre-emptive action to min-
imise the financial impact of drought (Q21). However, these
lead times are likely to be different in different agricultural
production systems, for example, informing buying in add-
itional livestock feed during the early stages of a drought
compared to changing the crops or varieties selected for plant-
ing programmes.

• Forecast reliability: Given the reliability of forecasts with suffi-
cient lead-time to inform decisions and the relative infrequency
of drought risk, farmers are reluctant to make changes that they
know will lead to reduced returns if a drought does not occur
(Rial-Lovera et al., 2017; Hess and Sutcliffe, 2018) (Q21 and
Q22). Over 76% of potato growers reported by Vicario et al.
(2023) had forward contracts for between 50 and 100% of their
potato crops, with over 50% of contracts specifying financial

Table 4. Key knowledge gaps related to MEW systems for agriculture

Key questions

Q19: What evidence is there internationally, that farmers havemodified their
decisions (if at all) based on currently available MEW outputs?

Q20: What drought or drought impact indicators are meaningful to the
agricultural and horticultural sector?

Q21: What MEW lead times are needed to inform decisions in different
agricultural and horticultural sub-sectors?

Q22:What forecast reliability is needed to provide the business confidence to
implement pro-active drought responses?

1https://eip.ceh.ac.uk/hydrology/water-resources.
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penalties if the grower were unable to fully deliver due to a
water-related issue.

Understanding future trends

Following a long period of increasing abstraction, Weatherhead
et al. (2015) reported that the volume of water abstracted for
irrigation was declining by �1.4%/year between 1990 and 2010
after allowing for annual weather variability, partly reflecting
increased yields and hence decreasing crop areas, increased effi-
ciency, better irrigation scheduling and reduced water availability
and reliability. However, it is questionable to project such past
national (and regional) trends forward due to potential future
changes in agroeconomic policy, market needs, shocks (Table 5:
Q25), agroclimate variability and change, and resources availability
(Knox et al., 2018). Agricultural water demand forecasting is essen-
tial to informing future policy and strategies (e.g., Knox et al., 2013;
Weatherhead et al., 2015). There have been numerous published
studies of the impacts of climate change on irrigated agriculture
including the implications for (unconstrained) irrigation needs of
currently irrigated crops (e.g., Weatherhead and Knox, 1999; Dac-
cache et al., 2011) and potential changes in the spatial distribution
of irrigation demand due to changing land suitability (e.g., Dac-
cache et al., 2012). However, there aremultiple barriers (Knox et al.,
2010) to transformational changes in farming and food systems,
such as movements in key commodity production areas in the UK,
in response tomore extreme conditions (Folke et al., 2010; Rickards
and Howden, 2012).

Supermarkets have increasingly dominated the U.K. grocery
market so that their focus on product specification (aesthetics, size
and quality standards) has driven supplemental irrigation practice
and investment (Knox and Hess, 2018; Sutcliffe et al., 2021;
Vicario et al., 2023). Widespread use of irrigation depends on
the profitability of irrigation, which in turn depends considerably
on the price differentials offered for quality produce in themarket.
The combination of the challenges of meeting product specifica-
tions within forward contracts during drought years (Vicario
et al., 2023); price competition with discounting supermarkets
and the reducing profitability of fresh produce coupled withmajor
water regulatory reforms may lead to some major changes in
market preference (pre-pack vs. processing) and irrigation prac-
tice (Q18).

There is much less understanding of the increased future water
requirements for currently rainfed crops and livestock systems
(Q23 and Q24). The main adaptations to drought within rainfed
cropping include earlier planting, selection of more drought toler-
ant crops and varieties cultivars, changed cultivation practices, and

increasing soil organic matter (Rial-Lovera et al., 2017). As pro-
active measures, they cannot reduce impacts once a drought has
started, unlike supplemental irrigation. Irrigation of wheat in the
UK has traditionally been considered uneconomic, but increases in
world wheat prices, increased drought frequency and the impacts of
climate change are likely to make the financial benefits stronger
(El Chami et al., 2015) (Q24). Similarly, given observed drought
impacts on maize yields in 2018 and the rapid expansion of anaer-
obic digestion plants, supplemental irrigation ofmaizemay become
more widespread (Knox and Hess, 2019) particularly in regions
where water resources are constrained and smaller irrigation appli-
cations deliver alternative sources of income.

Irrigation is currently not commonly used in livestock systems
in the UK. Future changes in drought and/or climate that reduce
growing season rainfall will reduce the quantity and quality of grass
forage produced and may (where abstraction water is available)
increase the adoption of supplemental irrigation in intensive grass-
land systems (Wreford and Topp, 2020) (Q23) to reduce the need
for supplementary feeding (Roy et al., 1978).

However, for most currently rainfed crops and on most soils,
supplementary irrigation will not be needed in most years. Conse-
quently, there is a need to better understand the regions and
conditions in which rainfed farms would invest in supplementary
irrigation (leading to increased demand for irrigation abstraction)
(Q23), the situations within which irrigated farms would increase
irrigation of the currently rainfed crops in their rotations (leading to
increased usage of their volumetric limits) (Q24) and the potential
for socio-economic change and shocks to change the spatial pat-
terns of production and volumetric needs for irrigation (Q25).

Food system vulnerability to international drought and water
scarcity

The UK relies extensively on fresh fruit and vegetable imports
mainly from arid and semi-arid countries where there is already
severe pressure on freshwater resources but where increasing
drought risks pose a major threat to our food system. Three
quarters (76%) of the freshwater consumed in the supply of fresh
fruit and vegetables to the UK is withdrawn overseas, with our
supply chain being particularly vulnerable to climate (drought) and
water-related risks in seven ‘hotspot’ countries (Hess and Sutcliffe,
2018). Collectively, these account for >90% of the blue water
scarcity footprint associated with the import of fresh fruit and
vegetables, including Spain (46%), Egypt (15%), South Africa
(11%), Chile (6%), Morocco (6%), Israel (5%) and Peru (2%)
(Hess and Sutcliffe, 2018). For all these countries, drought is a
major agricultural production risk, and with a changing climate
with increased aridity this only exacerbate the current situation.

Whilst significant attention has been given to addressing the
on-farm impacts of drought including adaptation options and
responses, there remains a gap in understanding how different
components of export orientated food supply chains are impacted
by drought including their options to build resilience not only
within the specific components (packing, processing, distribution)
but also more generally to the food system per se. Recent research
by ReyVicario et al. (2022) focusing on potato supply chain showed
it has increased its resilience to such weather extremes by retailers
and packers having a wider geographical spread of supply, increas-
ing their reliance on forward contracts, and favouring farm busi-
nesses that have water security (e.g., reservoirs). However, their
analysis also showed that these resilience-building strategies were
measures that were largely intended to reduce their own business

Table 5. Key knowledge gaps related to future trends

Question

Q23: Under what conditions (climate, soil, prices, etc.) is investment in
irrigation in currently rainfed livestock farms likely to be profitable, exerting
potential new agricultural pressures on water resources?

Q24: Under what future conditions (climate, soil, prices, etc.) is investment in
irrigation in currently rainfed arable and general farming farms likely to be
profitable, exerting potential new agricultural pressures onwater resources?

Q25: What are the implications of socio-economic change and shocks (such
as Brexit, the Ukraine war, future trends in crop prices, changing crop
markets, etc.) for the migration of production and changing spatial and
volumetric needs for irrigation?
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drought and water scarcity risks rather than considering the
consequences within other parts of the fresh produce supply
chain. A more integrated approach to drought resilience that
facilitates both horizontal and vertical collaboration and import-
antly trust between the different system components was recom-
mended (Vicario et al., 2023).

Conclusions

This review has shown that the sensitivity of farming to drought
differs between agricultural and horticultural sub-sectors, due to
their reliance on different sources of water to sustain production.
Consequently, agricultural and horticultural sub-sectors are vari-
ably affected by meteorological, soil moisture, hydrological and
socio-economic drought – hence the term ‘agricultural drought’
when referring to high soil moisture deficits grossly over-simplifies
the drought challenges facing the sector. Drought impacts manifest
themselves in many different ways over a range of timescales and
geographies, including through changes in productivity, quality,
livestock welfare, business profitability and farmer wellbeing. Due
to the resulting spatial complexity and major economic damages,
there is an urgency to improve the granular understanding of
drought impacts and the barriers and enablers of both reactive
and pro-active drought responses. This includes understanding
the minimum performance requirements for drought MEW sys-
tems, including the lead times and reliability needed to give busi-
ness decision confidence in different agricultural sub-sectors.
However, drought risk management responses need to increasingly
recognise that drought interacts within an agricultural industry that
is constantly evolving in response to a complex mix of agronomic,
market, regulatory and financial externalities.
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