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Droughts affect a range of economically important sectors but their impacts are usually most evident within agriculture. Agricultural impacts are not confined to arid and semi-arid regions, but are increasingly experienced in more temperate and humid regions. A transferable drought management framework is needed to transition from coping to adapting to drought through supporting improved planning and policy decision-making through the supply chain from primary producers to consumers. A combination methodology using a Driver-Pressure-State-Impact-Response (DPSIR) approach, an analysis of weekly agricultural trade publications and semi-structured interviews were used to explore drought impacts and responses, using the 2018 United Kingdom drought as a case study. While most reported responses were on-farm, a diverse range of measures were implemented across institutional scales and through the supply chain, reflecting complex interactions within the food system. However, drought responses were dominated by reactive and crisis-driven actions to cope with, or enhance the recovery from, drought; but which contributed little to increased resilience to future droughts. Our transferable drought management framework shows how improved collaboration and multi-sector engagement across spatial, governance and supply-chain scales to develop human and social capital can enable the transition from coping (short-term and reactive) to adapting (long-term and anticipatory) strategies to increase agricultural resilience to future droughts.
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INTRODUCTION
Droughts are a serious natural hazard and widely recognized as being one of the dominant causes of global environmental, agricultural and economic damage (Vicente-Serrano et al., 2010). Although droughts affect a range of economically important sectors, their impacts are usually more evident within agriculture (Wilhite, 2007; FAO, 2017), including crop failure and reduced yields, abandoned farmland, increased soil degradation and reduced livestock fertility (and mortality) due to heat stress (Haro-Monteagudo et al., 2017). The impacts of an agricultural drought often also extend well beyond the farm gate, with drought-induced losses in food crop production at the farm level typically spreading along the value chain (e.g., Newton et al., 2011). Such drought impacts are not confined to arid and semi-arid regions (e.g., Azadi et al., 2018; Kuwayama et al., 2019), but increasingly experienced in more temperate and humid regions where droughts were historically not considered a major risk to agricultural sustainability (Bachmair et al., 2015; Rey et al., 2017; Parsons et al., 2019). However, increasing competition for water resources and a changing climate, with reduced rainfall reliability coupled with the increased probability of extreme events, is likely to exacerbate current drought risks (Lu et al., 2019). Thus, there needs to be greater emphasis directed toward building resilience and adaptive capacity to cope with future drought events if potentially serious consequences for rural economies and food security are to be avoided.
In this current and forward-looking context, the development of drought risk management frameworks to support improved policy and planning for adaptation and resilience building appears both relevant and timely (Knox et al., 2020). However, such conceptual frameworks often tend to be geographically focused and highly regional (e.g., Morris et al., 2010; Papadimitriou et al., 2019), only consider specific sub-sectors (e.g., irrigated agriculture - Rey et al., 2017; Hess and Knox, 2013; outdoor livestock–Salmoral et al., 2020a) and focus on farm-level management interventions and responses (Morton and Barton, 2002; Hopkins and Del Prado, 2007; Meempatta et al., 2019), rather than addressing strategic or industry level needs. Recognizing both the multi-functional and multi-dimensional linkages that exist within agriculture and the nuances of drought that are unique to humid or temperate climates are also critically important aspects that warrant attention. Given these gaps in understanding, there is a need for a drought management framework that explicitly considers both the multi-scalar levels of governance and the wider range of actors that are engaged in humid or temperate agricultural systems.
This paper draws on our understanding of the drought impacts and responses of the United Kingdom food system, using the 2018 United Kingdom drought as an examplar, to develop such a transferable framework to contribute to and inform increased drought resilience. The United Kingdom is generally considered a “wet” country with sufficient rainfall to sustain crop production. Most outdoor agriculture is therefore dependent on rain fed production (Defra, 2018), but irrigated production is also regionally important (Rey et al., 2016). However, a number of significant droughts have occurred over the last 40 years with serious agronomic and financial impacts on United Kingdom agriculture. These include 1975–76, 1988–92, 1995–97, 2003, 2004–2006, 2010–2012 (Rey et al., 2017) and 2018. For example, the 2010–2012 drought caused an estimated £400 million in farming losses (Anglian Water and University of Cambridge, 2013) in England. In 2018, much of the United Kingdom (together with a significant wider area in Europe) suffered a combined heatwave and drought. For the United Kingdom as a whole, it was the equal warmest summer since records began in 1884 (and the hottest in England) with June being the driest in England since 1925 (Kendon et al., 2019). This led to a widespread agricultural drought across much of the United Kingdom, a water resources drought in some catchments, and a wide range of impacts and responses across the United Kingdom’s diverse food system (NFU, 2018). Studies suggest that human-induced climate change has increased the likelihood of the 2018 heatwave/drought event (World Weather Attribution 2018; McCarthy et al., 2019), and that future droughts in Europe are projected to become more likely, extensive and prolonged due to climate change (Grillakis, 2019).
The approaches and framework developed here have wider application to other countries and regions where agriculture is an important component of the rural economy and where drought is an emergent risk to food production.
METHODS AND DATA
This paper uses a Driver-Pressure-State-Impact-Response (DPSIR) approach (Lange et al., 2017). Agrometeorological indices (Standardized Precipitation Index (SPI) and Potential Soil Moisture Deficit (PSMD)) were used to characterize the Drivers-Pressures that led to low soil moisture and river flows (State). A synthesis of reported drought Impacts and Responses to the 2018 drought were then combined with semi-structured interviews with key sector informants to elicit insights as to how drought impacts and multi-scale responses were influenced by food supply chain pressures. We then integrated these outputs, with our insights to develop a multi-scalar drought management framework that can inform a transition from reactive drought management to more pro-active approaches to increase agricultural drought resilience.
Agroclimatic Characterization of the 2018 Drought
We used two agrometeorological indicators to characterize the spatial severity and the temporal evolution of the 2018 drought. Firstly, the Standardized Precipitation Index (SPI) (McKee et al., 1993) is a drought severity indicator widely used internationally for drought monitoring (Barker et al., 2016). The SPI normalizes rainfall deficits based on the historic record, meaning the situation at a point in time is expressed relative to the past range of variability for the location in question. To represent the drought effects on the largely rain fed United Kingdom agricultural system, we used the 3-months SPI for July 2018, which provides a comparison of the precipitation in the May–July 2018 period with the precipitation totals from the same 3-month period for all the years included in the historical record. Increasingly negative values indicate a more severe, yet less likely, drought, with an SPI of < −2.0 representing “extremely dry” conditions with an expected probability of exceedence of around 2% (WMO, 2012).
Secondly, we derived the temporal evolution in the potential soil moisture deficit (PSMD) which represents the cumulative interaction between precipitation and reference evapotranspiration (ETo):
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Where;
PSMDi = potential soil moisture deficit at the end of day i (mm); EToi = reference evapotranspiration on day i (mm) and Pi = rainfall on day i (mm). PSMD on 1st January is set at zero.
The maximum PSMD in a given year (PSMDmax) provides a useful aridity indicator for comparing individual years and has been extensively used as a drought index for irrigation planning (Knox et al., 1996) and climate impact assessments in agriculture (e.g., Rodriguez-Diaz et al., 2007; Chung et al., 2011). The PSMDmax was calculated for two contrasting weather stations in the south-east (Cambridge–long-term average annual precipitation = 559 mm) and north-west (Blackpool–long-term average annual precipitation = 846 mm) of the country for 1976 and 2018 as well as the long term (1981–2010) average. The drought in 1976 is widely regarded as the most severe and extensive in the United Kingdom in living memory (Marsh et al., 2007; Rodda and Marsh, 2011) and was used as a comparison with 2018.
Synthesis of Drought Impacts From Farming Gray Literature
Farmers Weekly and Farmers Guardian are the two main national weekly farmer-facing agricultural trade magazines published in the United Kingdom. They had an average circulation per issue of >41,000 and >28,000 in 2019, respectively, (ABC, 2020). For each magazine, potential drought-related text in each issue in 2018 was identified by keywords (“drought”, “dry”, “rainfall”, “precipitation”, “soil moisture”, “scarcity”, “stress”, or “deficit”) and extracted for reading and coding. The coding process led to the inductive identiﬁcation of impact and response themes and sub-themes within the dataset (Salmoral et al., 2020b), following common practice in grounded theory (Patton, 1990; Bryant, 2014), which were iteratively refined as our understanding of the dataset increased. Classes of impacts and responses, and associated actors, were obtained based on the subject and context surrounding the text.
Semi-Structured Interviews
In terms of sensitivity to drought, the United Kingdom farming system can be broadly separated into enterprises where 1) crops are dependent on rainfall (rain fed), 2) livestock are dependent on rain fed grazing and fodder crops (livestock) and 3) farms where irrigation is used to supplement rainfall on crops (irrigated). Given this diversity and the complexity of supply chains, a series of targeted semi-structured interviews were conducted:
• Arable and horticultural cropping: sixteen interviews with individual key sectoral informants representing arable and horticultural interests, and covering rainfed (mostly combinable crops) and irrigated (potatoes, sugar beet, salads, field vegetables and protected horticulture) crops. The interviewees included growers within the main production areas across England, and informants within commercial and sectoral organizations with national coverage. Face to face interviews typically lasted around 30 min.
• Outdoor livestock: twenty five interviews with individual livestock (beef, sheep and dairying) farmers at two livestock markets in Derbyshire. The length of each interview depended on the farmer’s time commitments and willingness, but most lasted between 6 and 10 min.
• Supply chain: nine interviews with key informants through the supply chain, representing major processors, packers and retailers (supermarkets). Due to business practice confidentiality, these interviews explored the businesses’ general drought strategies rather than referring to a specific drought event. Each interview lasted between 12 and 30 min, with most around 20 min.
A purposive sampling approach (Robinson, 2014; Bryman, 2016) was used to ensure access to a range of relevant stakeholders so that the perspectives of key informants from the different sectors could be researched. Participants were selected based on their ability to provide useful insights on a particular topic. Hence, the composition of the sample was more important than sample size. The purpose of the interviews was to corroborate and enrich the national analysis, so we considered that the relatively small number of interviews did not signiﬁcantly aﬀect our findings. Given the different expected drought impacts and responses, each set of interviews used a targeted semi-structured interview template (see Supplementary Material), which broadly aimed to understand how they had been affected by drought; the nature of the responses they implemented and what they could have done differently. Each template was framed based on the literature review and trade magazine analysis and reﬁned through pilot interviews with researchers who were knowledgeable on agricultural drought management. Approval of each questionnaire and interview protocol was obtained from Cranfield University’s ethics committee (CURES/653/2018 and CURES/8399/3019). Each interviewee was assigned a coded identifier to ensure anonymity.
The interviews were analyzed by synthesizing and classifying the interviewee responses to make better inferences about the impacts and responses reported in the agricultural trade publications. Interview responses were analyzed using a part-deductive/part-inductive approach to thematic coding, in which the themes from the agricultural trade publications were open to the identification of new themes or sub-themes. The paper is not intended as a complete compendium of drought impacts or responses (see Rey et al., 2019), but rather a critique and illustrative summary of the different types of impacts and responses witnessed in 2018 to inform the conceptual development of a drought management framework.
RESULTS
Driver–Pressure–State: The Agrometeorology of 2018
Following an unusually cold and wet April, many parts of central England recorded less than half the average summer rainfall (Kendon et al., 2019) and many places, particularly in eastern and north-west England, broke records for low rainfall and/or high daytime temperatures in the period between May and July. June was particularly dry, with parts of central and southern England recording <5 mm rainfall (Kendon et al., 2019). The combined effect of low rainfall and high temperatures created a “meteorological drought” over much of the country. By the end of July, the 3 months Standardized Precipitation Index (SPI3) was showing “extremely dry” conditions in most of East Anglia, parts of north-west England, south west England, west Wales and the north of Scotland (Figure 1). Some heavy downpours in late July ushered in a return to broadly average conditions in August, but in much of England, Northern Ireland and parts of Scotland, September rainfall was again below average.
[image: Figure 1]FIGURE 1 | Spatial distribution of the 3-month Standardized Precipitation Index (SPI) for river basins across the United Kingdom for the 3 month period ending in July 2018 (Source: UKCEH Drought Portal). The locations of towns mentioned in the paper are indicated.
Figure 2 shows the development of the PSMD at Cambridge and Blackpool during 2018. The dry period in 2018 started later than in 1976 in Cambridge but slightly earlier in Blackpool, however the PSMD increased rapidly between 15 May and 27 July in both locations due to very low rainfall (25 and 52 mm, respectively). Although the maximum PSMD (PSMDmax) in 2018 was lower at Blackpool (268 mm) than at Cambridge (448 mm) reflecting particularly the higher rates of evaporation in south east England, the annual exceedance probability of the 2018 PSMDmax was 2% and 4%, respectively, (Knox and Hess, 2019). The summer of 2018 could therefore be considered an extreme drought in both locations.
[image: Figure 2]FIGURE 2 | Potential soil moisture deficit profiles for (A) Cambridge and (B) Blackpool for 1981–2010 average, 2018 and the 1976 extreme drought year. Source: Knox and Hess (2019).
By July, exceptionally low river flows were recorded in many catchments (CEH, 2018) although in the south and east, groundwater fed rivers were at normal levels, due to the wet winter and spring. One water company in the north-west of England planned, but did not implement, a “Temporary Use Ban” that limited domestic irrigation (United Utilities, 2018) but agriculture was exempt from formal spray irrigation restrictions. Therefore, the impact of dry weather on water resources in 2018 was not as severe as in the summer of 1976, which followed a very dry 1975 (Marsh et al., 2007).
Impacts
The national extent of dry conditions (Figure 1) and the severity (Figure 2) meant that drought impacted all three farming systems in 2018, with reported impacts in the trade magazines cutting-across cropping and livestock sectors (Figure 3 and Supplementary Table S1). Most of the reported impacts were negative, particularly poor crop growth and development leading to reduced yields (for both food crops and grassland), and reduced livestock feed availability. Unsurprisingly there was also variability in impacts, with crops on more drought prone sandier soils being more impacted than those on more moisture-retentive clay-rich soils, and rain fed crops were impacted more than those that were irrigated. There was a small number of reported positive impacts, related to increased prices, reduced crop pests/disease pressure and improved soil conditions for farm operations. The increases in United Kingdom prices for some agricultural outputs did not result simply from the drought impacts in the United Kingdom but were also influenced by the concurrent drought in Ireland and continental north-west Europe increasing demand for livestock feed and reducing cereal production, respectively. However, reported impacts on farm income were all negative, indicating that any benefits from increased prices received on agricultural outputs were offset by reduced yields and increased costs, and leading to reported negative impacts on farmer well-being.
[image: Figure 3]FIGURE 3 | Negative and positive drought impacts reported in Farmers Weekly and Farmers Guardian trade magazines in 2018.
Responses
Given the spatial extent and severity of the 2018 drought, it is unsurprizing that a wide range of responses to the drought were reported in the farming press to minimize yield losses, maintain animal welfare, reduce costs and maintain cashflow. The most commonly reported responses were modifying planting and harvesting practices, feed/bedding management, selling livestock and feed purchases/sales (Figure 4), reflecting the significant impact of the drought on outdoor livestock production. Cross-sectoral industry responses to the challenges in the outdoor livestock sector were seen in arable farmers baling straw (rather than incorporating into the soil) to both support the livestock sector and to capitalize on strong growth and prices (Table 1 and Supplementary Table S2).
[image: Figure 4]FIGURE 4 | Drought management responses reported in Farmers Weekly and Farmers Guardian trade magazines in 2018.
TABLE 1 | Exemplar reported short-term responses to drought impacts across the United Kingdom farming sector.
[image: Table 1]Growers who had access to irrigation were irrigating at peak capacity for much of the season, resulting in increased labor and energy costs. However, many growers reported that they did not have sufficient irrigation equipment and/or license capacity to meet the sustained agronomic demand over their entire cropped area, due to protracted high temperatures and ET rates. Consequently, growers had to make difficult decisions about prioritizing limited supplies of available irrigation among competing crops, or sacrificing crops entirely. Some were able to expand the capacity of their irrigation system, but there was high demand for equipment all around the country and the rest of Europe.
However, while most reported responses were on-farm, a diverse range of responses were reported from other farming and non-farming actors (Figure 4, Table 1 and Supplementary Table S2). These included actions to:
• Communicate drought management advice: from fellow farmers, the agricultural levy boards, National Farmers Union (NFU), water abstractor groups, independent and retailer agronomists
• Provide collective support: these ranged from the NFU Fodder Bank scheme and the Fodder Aid charity that sought to assist livestock farmers in procuring animal feed; the Royal Agricultural Benevolent Institution (RABI) that provided emergency financial support to struggling farmers; NFU Water Bank to help bringing together farmers who needed water with farmers that had a surplus; and formal/informal water abstractor groups (which are made up of irrigation abstractors within a given catchment) who facilitated temporary trading of water among irrigators and collectively negotiated with the water regulator (Environment Agency, EA)
• Modify regulations and proscriptions: the EA worked with irrigators to provide flexibility within abstraction management enabling, for example, emergency water trades; while Natural England provided derogations on agri-environment scheme constraints to livestock farmers to increase access to grazing land
• Modify contractual terms: processors, packers and retailers reduced their stringent quality assurance standards for fresh produce to utilize as much of the harvested crop as possible; some supermarket chains relaxed their contractual requirements regarding quantities, delivery schedules and/or quality specifications (e.g., potato size requirements). Retailers started campaigns aimed at attracting customers to buy lower quality or smaller than usual fruit and vegetables (e.g., “Wonky veg”)
• Provide financial support: early Common Agricultural Policy (CAP) payments by the Rural Payments Agency to ease cashflow and flexibility from financial institutions were advocated.
• Provide strategic direction: the Department for Environment, Food and Rural Affairs (Defra) held an emergency drought summit with representatives from the EA, Natural England, the Rural Payments Agency, NFU and several farming charities to seek a co-ordinated response to the emerging drought situation. However, much day-to-day direction came from the National Drought Group (formed after the 2010–2012 drought) chaired by the Environment Agency, the regulating agency for Defra.
It is not possible to say whether these measures were ‘effective’ or not. The average Farm Business Income in 2018/19 (covering the 2018 harvest) reduced for dairy and grazing livestock farms, due largely to higher feed costs (Defra 2019)–for example, the average incomes for grazing livestock farms fell by 39 percent for lowland farms and 42 percent for those in the Less Favored Areas (mostly uplands) demonstrating the large financial impact of the common response to maintain herds through increased supplemental feed. In contrast, the reduced crop yields on cereal and general cropping farms were mitigated by higher prices for some crops, particularly cereals, leading to increased average incomes of 8 and 22 percent, respectively (Defra 2019). However, the total number of United Kingdom farm holdings in June 2019 was 219 thousand (Defra 2020) compared to 217 thousand in 2017 (Defra 2019), suggesting that the adaptation responses had enabled most farms to survive beyond the drought.
Drought responses, both short-term coping (Table 1 and Supplementary Table S2) and longer-term adaptation strategies (Table 2 and Supplementary Table S3), were implemented across institutional scales (farms, farmer groups, farmer organisations, government agencies and policymakers) and through the supply chain (including processers, retailers and consumers), reflecting the complex interactions between Drivers, Pressures, States, Impacts and Response (DPSIR) within the food system (Figure 5). Each of the elements in the DPSIR framework in Figure 5 were also classified according to whether they were related to farming, water resources, climate, markets or policy/regulation aspects. It is evident that the impacts of drought are not solely due to climate pressures within the United Kingdom, while the responses are not solely agricultural.
TABLE 2 | Exemplar reported longer-term responses to drought impacts across the farming sector.
[image: Table 2][image: Figure 5]FIGURE 5 | Simplified Driver-Pressure-State-Impact-Responses schematic for agriculture, showing how drought impacts and responses are interconnected to a range of drought pressures both from within and outside the United Kingdom.
Consequently, Figure 5 shows that agricultural drought resilience cannot be considered just at the farm-scale, but has to include spatial, governance and supply-chain scales. Drought can be a large-scale regional phenomenon that can cross national boundaries, magnifying the systemic complexity of impacts and responses. The 2018 drought affected much of central and northern Europe (Buras et al., 2020), causing yield reductions of up to 50% for the main crops (Toreti et al., 2019). This led to concerns regarding the availability and quality of agricultural commodities; competition for limited market availability of key equipment (e.g., new and second-hand irrigation equipment); and unintended consequences of other national drought responses on market demand and prices (e.g., Irish transport subsidies for fodder purchases in the United Kingdom).
DISCUSSION
In their resilience trinity, Weise et al. (2020) identify two decision contexts of relevance to drought management in agriculture–reactive decisions where the loss of the desired functions (e.g., food production) due to a current threat (e.g., drought) is imminent or already happening; and adjustive decision contexts where the desired functions are threatened by future threats (Ault, 2020), but not yet to a critical level. In such a decision context, concerns about losses from future uncertain drought events exist, but initiatives and incentives to adjust current management practices to increase longer-term drought resilience might be neglected (Boltz et al., 2019), slow or even fail because of the lower perceived urgency for actions (Weise et al., 2020).
This potential dichotomy is clearly evident in Figure 4 in which a wide range of drought responses initiated or advocated by a diversity of actors were identified. The reported drought responses were dominated by actions that focused on short-term actions (Table 1 and Supplementary Table S2) to cope with the drought (e.g., crop management; purchasing additional feed) or short-medium term actions (Table 2 and Supplementary Table S3) that enhanced the recovery from the drought (e.g., maintaining current livestock herd genetics), but which contributed to little anticipated increase in resilience to future drought events. This evidence from the United Kingdom corroborates a more widely accepted approach to the management of drought risk that is reactive and crisis-driven (Cruz et al., 2018; Hess et al., 2020), with potentially negative consequences for health and social outcomes (Edwards et al., 2018).
There were fewer reported examples of longer-term adaptive responses within the farming literature and interviews, which broadly separated into four groups of actions: 1) the development or adoption of more drought-tolerant crop cultivars or grasses to reduce drought sensitivity; 2) increased farmer collaboration to increase collective influence; 3) investment in on-farm water supplies to reduce vulnerability to hydrological drought; and 4) risk-sharing through geographically dispersed production and sourcing to reduce drought exposure. This is consistent with earlier evidence of actions to increase drought resilience in irrigated agriculture (Rey et al., 2016; Rey et al., 2019), and outdoor livestock (Rey et al., 2019; Salmoral et al., 2020a). In contrast, Wreford and Adger (2010) suggested that a progressive reduction in the impacts of droughts and heatwaves on national-scale production of three out of five crop commodities and two out of four livestock categories investigated, was indicative of the United Kingdom agricultural sector being relatively well adapted to the current climate. However, this analysis did not account for differences in drought severity and extent, or the spatial coincidence of drought events and production areas.
Adaptive strategies that increased resilience within the farming system, through building diversity (Allison and Hobbs, 2004), redundancy (D’Odorico et al., 2010) or headroom (Cabel and Oelofse, 2012), carry costs. For those strategies seen within the farming literature and interviews, these costs which can represent barriers to change include capital investment costs (eg a farm irrigation reservoir, drinking water infrastructure), operational costs (e.g., soil management; feed mix changes; management overheads), profits foregone (e.g., reduced cropping or grazing areas; reduced livestock numbers) and opportunity costs (Abson et al., 2013) (e.g., reservoir storage that is not used in most years; reduced yields of drought-tolerant cultivars; reserved grazing; increased stored/conserved feed) that must be justified by the penalties avoided in occasional drought years. The willingness or ability to incur these additional costs can be limitted by farm business characteristics, risk attitudes (Knox et al., 2010; Rial-Lovera et al., 2017) and drivers of economic efficiencies. The limiting conditions created by the combination of highly competitive operational environments and the low profitability of some farming systems (particularly upland livestock) results infarm business decision-making often focuses on enhancing the economic efficiency of production, through utilizing any ‘spare’ resources and minimizing opportunity costs, thereby diminishing system redundancy and eroding resilience (Hess et al., 2020).
With drought events projected to become more frequent and severe due to climate change (Grillakis, 2019), agriculture needs longer-term planning and investment to build resilience that is guided by, and supports, short-term emergency responses, effective adaptation to repeated shocks and appropriate preparation for unexpected extreme events (Harris et al., 2020). However, the wider lack of long-term planning and investment in drought management in agriculture (evident in Figure 4, Table 2 and Supplementary Table S3) despite drought being a familiar and relatively frequent stressor, demonstrates that transitioning from short-term reactive coping responses to longer-term and anticipatory responses is a much more entrenched and longer-term challenge for the industry. Adaptations undertaken by different actors will need to work in cohort to increase the resilience of the system as a whole., Retailers (and processors) have a potentially important role to play in enabling change and promoting resilience in the supply chain (MacFayden et al., 2015), by providing farmers and grower groups with agronomic support and longer-term contractual relationships that can provide the confidence for long-term business investments (such as for farm reservoirs).
It is common for resilience theory and sustainability to be considered as complementary approaches (Redman, 2014), although they are independent concepts (Derissen et al., 2011). Nevertheless, while the property of resilience should not be confused with the positive normative connotations of sustainability (Derissen et al., 2011; Kreuger et al., 2020), the five capitals model (Viederman, 1994; Forum for the Future, undated, 2018) forms a framework for sustainability and can support long-term planning for resilience (Harris et al., 2020). Table 3 characterizes the resilience actions identified within the farming literature and interviews (Figure 4, Tables 1, 2) according to the capitals they enhance, but recognizes that actors in the food production chain can influence capitals at different governance scales (Figure 6).
TABLE 3 | Mapping resilience actions by different stakeholders to increasing the five capitals.
[image: Table 3][image: Figure 6]FIGURE 6 | Drought management framework for agriculture, showing the multiple levels of institutions and the relationships between broad actions and capitals.
Natural capital represents the ecosystems/assets from which there is a flow of services and/or products, and is represented by the land, soil and water on which crops, grass and livestock production are dependent. Given the central role of rainfall and water in agriculture (as shown within the DPSIR schematic–Figure 5), improving natural capital through improved soil and land management to increase soil water storage and availability is a foundation of drought resilience (Rockstrom, 2003; Vogel et al., 2012; Rial-Lovera et al., 2017). For irrigated agriculture, this also needs to be augmented by an abstraction management regime that is sufficiently dynamic and flexible to create market or regulatory signals that promote an efficient allocation and use of water that balances the needs of the environment with abstractors (Ofwat and Environment Agency, 2015).
Human capital is the representation of people's health, knowledge, skills and motivation, which are all needed for productive work and which are important for resilience (Himanen et al., 2016). Being able to appraise and appropriately implement adaptive responses requires improved knowledge and capacity throughout the production system from farmers and agronomists to retailers and consumers (Figure 6); and into the system from data and service providers (Hannaford et al., 2019; Haro-Monteagudo et al., 2019; Prudhomme et al., 2019) and agri-technologists (Lowry et al., 2019). While farmers can rely on their own human capital, it can be strongly enhanced by connectedness to shared resources via social capital (Darnhofer, 2014). Social capital is the sum of the institutions and associated networks that help maintain and develop human capital in partnership with others. This includes families, communities, businesses, trade unions, educational establishments, and voluntary organisations. The importance of social capital for enhancing drought resilience is evidenced from the range of actions (Table 2 and 3) across governance levels (Figure 6) that enhance knowledge development (e.g., provision of agronomic advice), collaboration (e.g., development of water abstractor groups, Leathes et al., 2008), trust, negotiating power (producer groups, water abstractor groups, Whaley and Weatherhead, 2015), risk-sharing (co-operatives, farmer producer groups) and risk balancing (e.g., supplier networks, Hess and Sutcliffe, 2018).
Financial capital (e.g., shares, bonds, cash) enables the other types of capital to be owned and traded. To date, public financial support to agriculture, for example through the European Union’s Common Agricultural Policy (CAP), has generally not targeted supporting adaptive changes, with agri-environment payments based on profits-foregone which provides limited incentive for adoption. However a movement toward targeted payment for public goods (Bateman and Balmford, 2018) and payment for ecosystem services (Waylen and Martin-Ortega, 2018) provides the opportunity for a win-win in which enhanced financial support for critical public goods such as carbon sequestration and flood regulation can also help enable agricultural measures that deliver increased drought resilience (Salmoral et al., 2020a). Finally, manufactured (or built) capital is the material goods or fixed assets contributing to the production process, but which are not part of the output, e.g., tools, machines and buildings. Being able to invest in on-farm water storage, irrigation equipment, climate-adapted buildings and storage facilities provides robustness to reduced rainfall, water availability and food production. However, it also requires access to some or all of the other “capitals”; to human capital (for the knowledge to plan, design, and implement), social capital (to facilitate business relationships that provide some degree of financial stability), financial capital (to finance investment), and natural capital (to access, for example, water).
Our drought management pyramid (Figure 6) provides an evidence-based and transferable framework to transition from coping (short term) to adapting (long-term) strategies to increase resilience to future droughts by better horizontal (farms, farmer groups, agricultural sub-sectors, agricultural sector) and vertical (supply chain, regulator) integration. This requires increased and improved collaboration and engagement across spatial, governance and supply-chain scales (Figure 6) that develop human capital (knowledge) and social capital (trust). Many relevant adaptive actions are initiated reactively at short-notice as drought impacts manifested, as seen in 2018. The challenge for the agricultural industry, supply chain, regulator and government moving forward is to convert this ad hoc reactive learning into anticipatory longer-term measures that support drought resilience, food security and rural livelihoods while protecting the environment.
CONCLUSION
Agriculture has always been exposed to climate extremes, whether to agricultural and/or hydrological droughts, and this situation is unlikely to change (Grillakis, 2019). The 2018 drought in the United Kingdom demonstrated how agricultural systems in humid temperate regions are vulnerable to drought, with drought impacts reported across rainfed and irrigated production systems and in livestock, arable and horticultural farming. Despite a number of drought events over the past 40 years, the diverse range of drought responses were mostly focused on short-term actions to cope with, or enhance the recovery from, drought. This arises, in part, because adaptive strategies that increase resilience, through building diversity, redundancy or headroom, carry costs which many businesses are unwilling or unable to carry or which are utilized to enhance economic efficiency given competitive operational environments and low profitability. Transition from coping (short-term and reactive) to adapting (longer-term and anticipatory) strategies to increase agricultural resilience to future droughts requires improved collaboration across spatial, governance and supply-chain scales that develop human capital (knowledge) and social capital (trust). Industry, supply chain, regulators and governments need to work together to use the learning from recent droughts to develop a drought strategy that improves drought resilience, food security and rural livelihoods while protecting the needs of the environment.
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Short-term responses (exemplars)

“Growers considering this route should aim to take crops [potatoes] out in the very early moming when they have had a
chance to rehydrate overnight.” [FG July). "We are doing everything we can to preserve water, including imigating at night and
using boom irtigators rather than rain guns to avoid evaporation." [FG July). “Some fiels that weren't planned to be irigated
were brought under irigation where water was available, but the cost of equiment, pioe, labor, etc. was high.” (16]
“Since there were shortages of feed all over the country [ had'to mix my silage straw with and feed them tomy animls” [B10).
“Any animal that was not productive at this time of production was culled” [L2). “We were using some of the winter feed in the
summer” [L11]

“I received advice from a neighboring farmer” (L6). *Support from RABI is tailored to suit individual need and helps with
contributions toward domestic bils or providing emergency grants.” [FG July). “There was some temporary trading of water
among growers. For example, a water transfer scheme provided a ‘reserve’ of water that some license holders were not
using that was made avaiable to others.” 1]

“Because we regularly purchase feed from our suppliers even on a normal year, they said *you buy off us 52 weeks of the
year, 50 you'll get yours™ [L10]

“We are on the environmental scheme and the only help we received was that we were allowed [by Natural England] to mow
early because the grasses were not growing early enough for us to feed our animals’. [L4]. “The Environment Agency were
proactive and gave an extra month of abstraction on winter licences (to end of March).” [12)

“British Sugar reduced the factory processing rate by 20% i the firstfew weeks of the season to allow the crop to stay in the
ground longer and put on extra yield.”[1). “We try to work very closely with our growers. . .We don'treally want to take them
o court because they haven't achieved their contract, so we are not trying to beat them up over that” [SC). *.... multioles
reduced qually specification but growers felt it was too late.” [12). “we will have to go overseas, to France or wherever to
increase the amount of supply we are obtaining from elsewhere.” [SC1]

“Defra has announced 40 temporary prescription adjustments (TPA) to help drought-hit farmers in stewardship schemes
provide extra fodder, bedding or grazing for their stock” [FW September]. “the Welsh govermment announced a £500,000
donation to farming charities to provide short-term support to families in Wales who are least able to meet living costs.” [FW
August]. “The United Kingdom s undier pressure to implement a Brussels decision alowing EUmember states to make early
direct payments to farmers batting crought condltions.” [FW August]

Note: FW. Farmers Weekly: FG, Farmers Guardian: B, Bakewell market: L, Leek market: SC, Supply chain: and the number refers to the interviewee number.
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Longer-term responses

“Many businesses have been compromising on iirigation investment-but not anymore. We hadn't moved on, but now
looking long and hard at the resilience of our business planting programmes and water resources needed to meet contracts
ina drought year. 2018 was a wakeup call” 18]. “In the short term, buildling a reservoir is ot a quick solution, but we are
encouraging farmers 1o ... look at longer term resilence options such as a storage reservoirs.” [FG April. *.. he has a
strategy of early dhillng and high seed rates to prepare for the dly spring and summer which he knows wil inevitably come”
[FW September. “With this year's drought there's also increasing evidence to show that shelter belts and planting trees in
theright place willreduce water loss from the soi,, making more avaiable for the crop rather than evaporating.” [FW October]
“We didn't sell our animals because we needed the parents with good qually traits to be around during subsequent
production cycle". L6. “This has led Mr Gribble to make another difficult decision: to get a part-time job” [FW, August]. “in a
year of challenging weather conditions which have led widespread grass siage shortages, maximizing the value of
alternatives like maize could become increasingly important.” [FG August]. *I constructed a borehole last year which wil
serve as alternative source of water in time of drought” [B9]

“In the short term... we are encouraging farmers to consider water abstraction groups.” [FG April. “Lincolnshire farmer and
Forage Aid founder Andrew Ward said he hadin't baled straw for many years but was doing so this year, with straw destined
for Cumbria and other areas to help livestock farmers.” [FW August). “If the farmer group call saying they are going to be
short, we know that they willry to il that by anyone in their group that has a surplus, or other potatoes somewhere else that
they can buy for us” [SC2]

None reported

“The Environment Agency response was generally too slow to cope with emerging issues, although local staff ... provided
excellent support to growers” (19] “The Environment Agency should allow more flexibilty in licensing (e.g., changing
abstraction points), earlier. There was a feeling that in 2018 the response was too late”. 1)

*... we have recently started selling reduced price ‘wonky' veg and these have been performing very well, so this indlcates a
growing customer acceptance of such produce.” [SC5). "W have about 10 contracts but they are what we callour growers
‘groups, and within those growers groups there couid be 20 growers.” [SC2). "A ot of our farmers have been with us for many
years, 2nd or 3rd generation in some cases. We ...work with a farmer in the relationship so we are looking at improving the
technical competence of the growers” [SC2]. “water security s definitely one of the attributes we look for in a grower: on farm
reservoirs, good irrigation appliances ... they are key part of growers select” [SC4]. “The big thing each time you have a
weather event like that, the whole supply chain learn from that, and those other things fike more geographical spread, more
CAPEX, better training of the growers” [SC9)]

*...need to continue to foster muli sector collaboration andistart some local catchment scale interventions”. [19]. “Within our
grower base we are encouraging farms to be self-sufficient on water, so investment in on-farm reservoirs. Something we
need to cal for more help from the goverment in terms of tax break, capital release, easier planning ... ” [SC4)

. Leek market: SC, Supply chain and the number refers to the interviewee number.
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