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Record-breaking high temperatures were experienced across the United Kingdom
during summer 2022. The impactsof these extremeclimatic conditionswere felt across
the food system, including increased energy costs for cold storage, the failure of
refrigeration systems in numerous retail facilities, and impacts on livestock including
heat stress. Future climate projections indicate an increased likelihood and duration of
extreme high temperatures like those experienced in 2022. Learning from the impacts
of the 2022heatwaveon theUnitedKingdom food systemcanhelp identify adaptations
that build resilience to climate change. We explore the impacts through two case
studies (United Kingdom poultry and wheat sectors), discuss potential adaptation
options required for a climate-resilient, net-zero United Kingdom food system and
consider future research needs. United Kingdom chicken meat production was 9%
lower in July 2022 than July 2021; in contrast, energy costs increased for both
production and refrigeration. Potential heatwave adaptation measures for poultry
include transitioning to heat tolerant chicken breeds, lower stocking density,
dehumidification cooling and misting systems, nutritional supplements, and
improving retail refrigeration resilience and efficiency. United Kingdom wheat yields
were 8% higher in 2022 than the 2017–2021 average. Increaseswere observed in every
United Kingdom region but were least in the South and East where the heatwave
intensity was strongest. Future adaptation measures to avoid negative impacts of
summer heat stress on winter wheat could include earlier maturing and heat/
drought tolerant varieties, earlier autumn sowing, targeted irrigation for drought
around anthesis, and soil and water conservation measures.
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1 Introduction

Weather and climate extremes have wide-ranging impacts throughout the UK food system
(Falloon et al., 2022) and are one of its highest-risk future shocks (Betts et al., 2021). High
temperatures cause heat stress to crops, livestock and workforces (Falloon and Betts, 2010; GFS,
2014; Falloon et al., 2015). The hot, dry summers of 2018 and 2020 reduced UK crop yields
(Committee on Climate Change, 2018; Berry and Brown, 2021), while high summer temperatures
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reduce the quality of fruits, brassicas, and tomatoes (Committee on
Climate Change, 2018). This can increase supply variability across the
food chain which is compounded by a simultaneous increase in
consumer demand for barbecue food, salads, and fresh fruit. High
temperatures increase food spoilage and safety risks (Bezner-Kerr
et al., 2022), demanding different handling, storage and transport
practices including increased cold chain use (James and James, 2010).

2022 was a record warm year in the UK observational record since
1884, the first year with an annualmean temperature above 10°C, and the
seventh sunniest year since 1910 (KendonM. et al., 2023a). 2022 rainfall
was 6% below the 1991–2020 average, with January-August 2022 being
the driest across southern England since 1976, and equal-sixth driest
since 1836 (KendonM. et al., 2023a). The unprecedented 18th-19th July
heatwave (Kendon M. et al., 2023a) exceeded previous records, with the
highest temperatures occurring in the East of the UK, including
temperatures above 40°C for the first time on records (Figure 1).

The impacts of these extreme conditions were felt across the UK
food system including:

• Increased energy costs for cold storage1 and refrigeration
systems failure in retail facilities2

• Yield losses in fruits and vegetables3

• Increased livestock heat stress (Cooke and Rivero, 2023)
• Limited availability of grass forage for livestock

Human influence has already increased the chance of the UK
experiencing temperatures above 40°C, relative to the pre-industrial
period (Christidis et al., 2020). Future projections indicate an
increasing likelihood and duration of extreme high temperatures
at least as severe as those experienced in 2022. By the 2070s under a
high emissions scenario, hot summer days increase by 3.8°C–6.8°C,
along with a large increase in the frequency of hot spells (Met Office,
2021; Met Office, 2022). The intensity of summer rainfall events is
expected to increase, but summers are projected to be drier overall
with an increased severity of multi-season droughts (Hanlon et al.,
2021).

The UK agri-food sector contributed £116.2 billion (6%) to
national Gross Value Added in 2020 (Department for Environment
Food and Rural Affairs, 2023a), and poultry meat and wheat
production were worth £3.1 billion and £4.1 billion in 2022,
respectively (Department for Environment Food and Rural
Affairs, 2023b). We focus on the impacts of the 2022 UK
summer heatwave using two case studies: poultry and wheat. We
explore potential adaptations to manage the effects of future
heatwaves, contributing to a climate-resilient, net-zero UK food
system.

2 Poultry sector

2.1 Heatwave impacts

The impacts of the summer 2022 heatwave were experienced
throughout the UK poultry industry supply chain, markedly in
broiler farms and retail facilities.

In July 2022, the production of chicken meat by volume in the
UK experienced a 9.2% reduction compared to July 2021 (a 2.6%
reduction from the 1997–2022 July average, for which the year-
to-year standard deviation is 5.6%; Department for Environment
Food and Rural Affairs, 2022a). Greater damages were
experienced in the East of the UK, which was exposed to the
highest temperatures (Figure 1). Animal welfare-reported
incidents of heat stress and dead-on-arrival (DOA) at
slaughterhouses4 were impacted in July and August 2022,
while over 18,500 chickens died in transport due to heat
stress—compared to 325 deaths in the same period in 20215.

Poultry meat production is highly energy intensive due to the
demand for heating/cooling and lighting (Tsolakis et al., 2018).
Retail stores in Eastern UK experienced the strongest impacts. One
supermarket experienced issues in the refrigeration systems of
12 stores (Figure 1), while its energy consumption increased to
~4 GWh above the expected summer value6. Electricity

FIGURE 1
UK maximum temperatures on 19 July 2022 (HadUK-Grid 1 km
data; Hollis et al., 2018); yellow dots represent supermarket stores that
experienced refrigeration system issues during the summer
2022 heatwave.

1 https://www.foodmanufacture.co.uk/Article/2022/08/15/Extreme-
weather-ravaging-the-UK-challenges-food-industry.

2 Personal communication—Chris Brown, Asda.

3 https://www.theguardian.com/environment/2022/aug/01/uk-farmers-
count-cost-as-heatwave-kills-fruit-and-vegetable-crops.

4 https://www.food.gov.uk/board-papers/fsa-22-09-18-annual-animal-
welfare-main-report-202122.

5 https://www.carbonbrief.org/revealed-thousands-of-chickens-in-
transit-died-from-heat-stress-on-day-uk-hit-40c/.

6 Personal communication—Chris Brown, Asda.
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consumption on 19th July 2022 was ~20% higher than the average
daily summer consumption.

2.2 Potential adaptation measures

Currently, the most farmed breeds are selected for large
breast size (~40% total body mass), while heat resistant breeds
have smaller breast size (~35% total body mass). Changing to
more heat tolerant breeds such as the Orpington (Cheng, 2010;
Li et al., 2013; Fu et al., 2016) could reduce heat stress-related
mortality rates. Even accounting for decreased breast size, this
could provide a net economic benefit during heatwaves (Sun
et al., 2021). Changes in nutrition (e.g., vitamins and
feed additives) can mitigate some heat stress impacts but
evidence is conflicting regarding their efficacy
(Supplementary Table S1).

Broiler housing can be altered to decrease heatwave impacts
using misting systems and ventilation (Department for
Environment Food and Rural Affairs, 2018). Misting systems are
the least expensive method requiring little alteration, but their utility
in reducing heat stress is limited since they increase humidity
(Khalifa et al., 2018). These issues may be reduced using
maximized air flow and/or alternative dehumidification cooling
systems to reduce relative humidity levels (Aleem et al., 2022)
and overall heat stress impacts.

Lower stocking densities can improve breast meat quality and
relieve oxidative stress from high temperatures (Son et al., 2022),
with no upfront cost. The impacts of heat stress on poultry during
transport (Davie et al., 2021) could be reduced by increasing air-
conditioning, increasing airflow and night-time transport (Falloon
et al., 2023).

Installing protective systems could prevent existing electricity
networks that support refrigeration from collapsing during a
heatwave. Auto load shedding switches off selected components
at peak demand, preventing power blackouts (Ahsan et al., 2012) but
reduces refrigeration capacity.

3 Wheat sector

3.1 Heatwave impacts

In contrast to impacts on poultry in 2022, UK winter wheat
production was not adversely affected. 2022 wheat yields were 8%
higher than the 2017–2021 average, with increases in every UK
region7 (Table 1). The 2022 yield increases were greater in Northern/
Western regions of the UK, and least in the South/East where the
intensity of the heatwave was strongest. Under long-term climate
scenarios, a similar South/East-North/West gradient of wheat yield
changes (Cho et al., 2012) and variability (Putelat et al., 2021) has
been noted. While high temperatures and drought can negatively
impact wheat production (e.g., Machado and Paulsen, 2001; Farooq
et al., 2011; 2014; Barlow et al., 2015) the magnitude of impacts
depend on the severity of the hazard and the wheat growth stages
during which they occur.

Hotter, drier summers will be more common in the future due to
climate change (Met Office, 2022). Understanding the reasons for
the higher 2022 wheat yields, despite these conditions, and whether
the benefits might be maintained during multi-year hot and dry
periods will help underpin future wheat resilience by informing
farming adaptations and the development of new varieties.

3.1.1 Temperature
Heat adversely affects wheat yield and quality via prolonged

(weeks-months) periods of above optimum temperatures, or short
periods (~1–3 days) of very high temperatures above approximately
35°C (e.g., Harkness et al., 2020). The impacts are greatest in the
2 weeks leading to anthesis (flowering) and grain filling, impacting
on grain number and weight respectively (Farooq et al., 2011; Barlow

TABLE 1 2022 wheat yields for UK regions, percentage difference relative to the 2017–2021 average yield for each region. Data source: Department for
Environment Food and Rural Affairs (2022b).

Region 2022 wheat yield (%) difference relative to 2017–2021 average)

UK 8.1

North East 8.6

North West 10.9

Yorkshire 11.2

East Midlands 10.2

West Midlands 10.6

Eastern 3.3

South East 6.5

South West 8.8

Wales 10.1

Scotland 14.6

7 https://www.gov.uk/government/statistics/cereal-and-oilseed-rape-
production/cereal-and-oilseed-production-in-the-united-kingdom-
2022. Note that 2022 yield data for Northern Ireland are not available.
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et al., 2015). Impacts on grain filling are most significant in the early
stages of this process.

The warm temperatures were distributed unevenly throughout
the summer, with anomalies of 0.5°C, 1.3°C, and 1.5°C above the
1991–2020 averages for June, July, and August, respectively (Kendon
M. et al., 2023a). There were two significant heatwaves in mid-July
and mid-August. UK crop development reports8 for 2022 suggest
that anthesis occurred, as normal, around the end of May and early
June, with most winter wheat being in growth stage 71 out of 99
(flowering occurs at stage 61). The most critical period of
vulnerability to heat stress for most UK winter wheat was late
May to early July 2022 when temperatures were above the long-
term mean, but there were no significant heat shocks. The
exceptionally warm conditions occurred too late in the crop
lifecycle to have a significant impact. Winter wheat harvesting9

began during the second week of July and was largely complete
by the end of August, associated with the extended warm period
during 2022.

3.1.2 Drought
Drought stress primarily affects wheat yields during the

reproductive period (Harkness et al., 2020)—in the two-week
window before and including anthesis via reduced grain
numbers, and after anthesis via a reduction in grain filling which
negatively impacts grain weight. Severe crop growth reduction can
occur if the entire growing season experiences water stress
(Harkness et al., 2020).

Summer 2022 was dry for the UK, receiving 64% of average
rainfall versus the 1991–2020 baseline, ranking in the lower third of
all years since 1836. Rainfall was not evenly distributed throughout
the summer. May, June, July and August recorded 109%, 80%, 59%
and 60% of rainfall relative to 1991–2020 respectively. Dry spells
occurred in mid-to-late January, late March and April, July, and
early August 2022. Crucially, May to early July did not experience
significant prolonged dry spells (Kendon M. et al., 2023a).

It appears there was sufficient rainfall during the period when
winter wheat is particularly vulnerable to avoid significant yield
impacts. The winter and spring dry spells may not have been
significant enough to impact crop development, perhaps due to
sufficient subsoil water from 2021 rainfall being available for crop
growth. Access to subsoil water would have increased resilience to
the July-August dry spells when grain filling was taking place but
cannot be guaranteed in multi-year hot and dry periods.

3.2 Potential adaptation measures

The 2022 heatwave illustrated that high temperatures may not
necessarily have detrimental impacts on winter wheat yields,
depending on their timing during the growing season. The
regional statistics (Table 1) hint at the potential for adverse
impacts in more severe conditions, with smaller yield increases in
regions experiencing higher temperatures. This suggests several

potential adaptation strategies. Growing earlier maturing varieties
would allow anthesis to occur earlier and avoid greater risks from
high temperatures, while earlier autumn sowing (Cho et al., 2012)
could allow crops longer development time. Putelat et al. (2021)
suggest that future wheat crops may escape heat (and drought)
impacts through faster development because of warmer year-round
temperatures. High temperature impacts could be mitigated by
targeted breeding for deeper root systems combined with lower
metabolic costs (Li et al., 2022), water storage and irrigation for
drought around anthesis, or soil conservation and improvement
measures to increase water and nutrient retention. The winter wheat
varieties grown in the UK are photoperiod sensitive varieties and
require a vernalization period (Sheehan and Bentley, 2021). Earlier
planting dates may put crops at greater risk of disease and frost
damage during winter. These factors will need to be considered
when choosing appropriate adaptation options.

4 Discussion

UK-wide increases in the average number of days per year when
livestock heat stress thresholds are exceeded are anticipated
(Supplementary Figure S1). This suggests a clear need for
effective large-scale adaptation. Adaptation measures for poultry
production include transitioning to heat resistant breeds, changing
nutritional intake, reducing stocking densities, and improving
ventilation and misting systems in poultry housing. At the retail
and consumer end, increasing heatwave frequency and intensity will
put pressure on refrigeration systems, increasing energy costs and
system failures. Efficiency improvements and installation of
protective systems for power supply to refrigeration systems
could reduce heatwave vulnerability in retail facilities.

The above average wheat yields reported in 2022 support studies
that suggest climate change may have different impacts on UKwheat
depending on where it is grown (e.g., Harkness et al., 2020;
Jägermeyr et al., 2021; Putelat et al., 2021). Wheat is vulnerable
to extreme heat and drought in late spring or early summer. The
increasing likelihood of these conditions under future climates,
particularly in the South/East of England, suggests that inter-
annual and spatial yield variability may increase in the absence
of effective adaptation such as better water management and heat
and drought tolerant varieties.

4.1 Barriers to adaptation measures

Current UKwheat varieties are bred for high grain yield. Moving
to more heat (or drought) resilient crops may require trade-offs,
whereby resilient varieties perform well during stress conditions, but
less well than current varieties during ‘normal’ conditions. For
poultry breeds, there will be a trade-off between meat quantity
per bird and resilience during heatwaves. Further research is
required to understand the longer-term production and
economic implications of such trade-offs.

Current challenges to the UK poultry sector (e.g., avian influenza
and economics) mean that widespread transition may only be
feasible with additional support. All farmers are eligible for the
UK government’s ‘Basic Payment Scheme (BPS)’ (Department for

8 https://ahdb.org.uk/cereals-oilseeds/crop-development-report.

9 https://ahdb.org.uk/cereals-oilseeds/gb-harvest-progress.
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Environment Food and Rural Affairs, 2019; Rural Payments Agency,
2022), but poultry farmers are currently ineligible for further
subsidies. In addition, at least 5 ha of eligible land are required to
receive the BPS while approximately 45% of specialist poultry
farmers in England have less than this amount (Department for
Environment Food and Rural Affairs, 2023c). Financial barriers
could impact the uptake of proposed adaptation options, both for
poultry and winter wheat. For the refrigeration systems of retail
facilities, retrofitting one technique or complete system replacement
come at high initial costs. The longer-term economic outcomes
therefore need to be assessed, and priority should be given to stores
in the most vulnerable regions. Changing poultry breeds or reducing
stocking densities may have smaller financial impacts during
heatwave conditions. The financial implications of planting
earlier maturing and heat/drought tolerant wheat varieties is
uncertain and will depend on the balance between lower
production during ‘normal’ years and seasons experiencing
significant heat impacts. Improved soil and water conservation
measures are unlikely to incur significant additional costs, while
implementing targeted irrigation would be a significant change for
the UK wheat sector.

Seasonal forecasts could support adaptation decision making in
the agrifood sector (Falloon et al., 2023), but their usefulness for
heatwave resilience in the poultry and wheat sectors will depend on
several factors. The timescales of decision making will impact
whether effective action can be taken—in wheat farming many
decisions relevant to high temperature impacts (e.g., sowing
dates, varieties planted) are made the year before harvest, so
opportunities to take a different course of action may be limited.
The skill of seasonal forecasts is limited during the UK growing
season (Falloon et al., 2018), and trust (Pope et al., 2017), user-
relevance, and experience with probabilistic information also affect
uptake.

Large-scale implementation of effective adaptation measures
requires consideration of which actors should drive, fund and
facilitate it—which will impact how the risks at different scales
(e.g., individual farmers, processors, retailers, or overall UK food
security) are balanced.

4.2 Implications of adaptation measures for
net zero

The refrigerants used in common hydrofluorocarbon (HFC)
refrigeration systems, R404A and R407A, have global warming
potentials (GWP) of 3,943 and 2,107, respectively (Mota-Babiloni
et al., ¸ 2015; Acha et al., 2016; Gao et al., 2022). With annual leak
rates up-to 30%, HFC systems release greenhouse gases that deplete
stratospheric ozone (Besher et al., 2015). CO2 has a much lower
GWP than HFC, so is the preferred refrigerant for retail in terms of
net zero goals (Santosa et al., 2018; Dilshad et al., 2019; Efstratiadi
et al., 2019; Yu et al., 2019). However, CO2-based systems are less
efficient than HFC systems in hot climates (Fricke et al., 2019),
implying a trade-off between the implications for net zero goals and
climate mitigation, and for climate adaptation. Performance
enhancement technologies for CO2-based systems could improve
their high-temperature efficiency (Ge and Tassou, 2009), and
contribute to emissions reductions. Increasing poultry housing

ventilation and misting and implementing transport measures to
mitigate heatwave impacts could conflict with net zero goals by
increasing energy consumption (which increases during high
temperatures due to lower efficiency) and greenhouse gas
emissions (Falloon et al., 2022).

Changing wheat varieties and sowing dates are likely to have
negligible impacts on GHG emissions or carbon storage, while
irrigation could incur additional energy costs via pumping, and
soil and water conservation measures could potentially improve net
zero outcomes through increased soil carbon storage and reduced
soil carbon losses (e.g., Page et al., 2020).

4.3 Future research needs

The 2022 UK heatwave illustrates the complexity of the impacts
of extreme events on the agrifood system; future research should aim
to provide detailed studies of them, the resulting needs for
adaptation and implications for net-zero goals. A better
understanding of the interactions between the timing of extreme
weather events and management decisions across the whole food
chain could support better resilience. For example, how do
antecedent conditions affect impacts, and how do differences in
operational decisions affect the overall outcome?

A key challenge for food system resilience is the availability of
data to support research studies, and development and evaluation of
models and tools (Falloon et al., 2022), both within the food chain,
and of local meteorological conditions. Examples include the lack of
robust, detailed, public data on poultry mortality and welfare in
housing and transport, but also across the broader food chain (e.g.,
consumer trends, energy use, storage and transport practices/
impacts, food safety aspects and workforce heat stress). There is
also a lack of readily available, detailed crop yield data in the UK that
would support impacts and adaptation assessments, and the
development and application of models.

Further research is needed to quantify the effectiveness of
adaptation options, both individually and in combination, and to
provide cost-benefit analyses. Further research is needed to develop
optimum winter wheat varieties for the future UK climate,
considering the expected occurrence of extreme events, the
potential for compound events and multi-year drought, and
vernalisation requirements. In addition, the effectiveness of
broader range of adaptation options should be assessed, including
diversification and alternative cropping systems.

There is a need to build on experience gained during extreme
weather events to help avoid ‘knee-jerk’ responses and
maladaptation. For example, for very heavy rainfall events future
changes are not expected to unfold as a smooth trend and could be
experienced as clusters of record-breaking events followed by
decades with none (Kendon E. J. et al., 2023b). Therefore, costly
short-term decisions taken to adapt to an experienced weather shock
may not prove cost-effective in the mid-term. The timing of extreme
events and weather patterns are critical to food system impacts—for
example, 2023 UK wheat yields and quality were negatively
impacted by high rainfall. In addition, given the projected
increases in both the frequency and severity of extreme weather
events towards the end of this century, greater levels of adaptation
will be needed in the long-term to maintain resilience.
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Improvements in seasonal forecasting to support agricultural
decision making (e.g., Falloon et al., 2018) would help farmers
choose appropriate varieties for upcoming seasons and prepare
adaptations to farming practices in advance; there is also
potential for long-range forecasts to support decision-making
across the broader food chain (Falloon et al., 2022). Further
developments to process-based models and statistical/machine
learning models of wheat yield (e.g., Shirley et al., 2020) will be
valuable in identifying indirect impacts on yields (e.g., farming
practices and pest and disease pressures).
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