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Water scarcity is a pervasive threat to society that is expected to intensify alongside a growing and more affluent population and a changing climate. In this paper, we review the existing literature to assess the potential of lessening water scarcity by reducing food loss and waste. Existing studies reveal the scope of food loss and waste and its accompanying impact on water resources, thereby providing a foundation for policy action. We highlight existing or proposed food loss and waste reduction measures and review available evidence concerning their impact on water resources. Our review reveals that there is a deficit of research that can guide specific policy interventions aimed at mitigating water scarcity by reducing food loss and waste. Instead, the last decade of research has primarily focused on quantifying the current water footprint of food loss and waste for different locations, points within the supply chain, and food groups. Yet, the degree of uncertainty inherent in these estimates, their lack of precision, and several simplifying assumptions make it difficult to translate this research into robust policy measures to reduce the environmental burden of food loss and waste. We conclude by advancing a research agenda that will (i) quantify and reduce uncertainty through enhanced data collection and methods; (ii) holistically assess policy measures, including system level impacts and feedback; (iii) develop methods and technologies for transparent supply chain tracing. Together, advances in these areas will guide and ground food loss and waste policy toward reducing water scarcity.
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INTRODUCTION

Over two-thirds of the global population lives under water scarcity (Mekonnen and Hoekstra, 2016). Limited water supplies inhibit economic growth, pose societal health risks, and endanger ecosystems. Measures to reduce water scarcity have primarily focused on developing new water supplies (World Commission on Dams, 2000) and improving water productivity (Marston et al., 2020), particularly in the agricultural sector, since it is responsible for over 90% of global consumptive freshwater use (Hoekstra and Mekonnen, 2012). Shifting to more efficient irrigation technologies (Jägermeyr et al., 2015), cultivating less water intensive crops (Marston and Konar, 2017), and growing crops best suited for a given hydroclimatic environment (Davis et al., 2017) can reduce the agricultural sector's water footprint and its contribution to water scarcity. However, the challenge of reducing water scarcity is ubiquitous and enduring, with no single remedy.

In an interconnected global economy, policy, and regulatory measures not directly aimed at reducing water scarcity can potentially go further in ameliorating water scarcity than traditional water conservation measures. System-level interventions—from farm to fork—are needed in the agricultural sector to address water scarcity. For instance, policies focused on shaping supply chain processes, including the public's consumption of water-intensive food goods, may offer similar levels of effectiveness in reducing system-wide water consumption as improvements in irrigation efficiency (Springmann et al., 2018). International food trade (Chapagain et al., 2006) and diets less reliant on water-intensive foods (Vanham et al., 2013, 2018) have been shown to reduce society's water footprint. One of the more promising means of reducing society's water footprint, however, is by reducing food loss and waste (Mekonnen and Fulton, 2018).

At least one-third of food is estimated to be lost or wasted globally (Gustavsson et al., 2011). Food loss and waste (FLW) occurs at all points along the food supply chain: food is lost on farms, at facilities, and during storage and distribution, and wasted within retail and households. Global food losses amount to 413 million metric tons at the agricultural production stage, 293 million metric tons in post-harvest handling and storage, 148 million metric tons in processing, 161 million metric tons in distribution, and 280 million metric tons wasted in consumption for a total of 1.3 billion metric tons of annual FLW (Gustavsson et al., 2011). In the United States alone, total annual FLW across all stages of the food supply chain is estimated to be 126 million tons, or about 10% of the world total (CEC, 2018). Across commodities, more FLW occurs for root crops (40–50%), fish (35%), and cereals (30%) compared to oilseeds, meat, and dairy products (20%) (Gustavsson et al., 2011).

The causes of FLW differ depending on the stage of the food supply chain. For example, at the farm production stage, the cost of harvesting a crop may be greater than the value of the crop due to changes in market conditions that result in lower commodity prices (Segrè et al., 2014). At the food processing stage, the costs of avoiding FLW may be greater than the revenue that could be potentially generated from alternative uses of ingredients or foods (Ellison et al., 2019). At the consumption stage, consumers may discard food past its use-by dates because they misunderstand that the dates represent quality rather than safety concerns (National Academies of Sciences Engineering Medicine, 2020). Furthermore, differences in food purchasing, storage, preparation, and serving practices between food-at-home and food-away-from-home (i.e., restaurants, cafeterias, and other types of foodservice operations) leads to different amounts of food wastage and prevention strategies (Aschemann-Witzel et al., 2015).

The causes of FLW also differ across low-, middle-, and high-income countries. Substantial post-harvest losses occur in low-income countries due to a lack of financial resources that limit the availability of harvesting and processing technologies and storage and transport infrastructure and because of climatic conditions that favor food spoilage (Gustavsson et al., 2011). In addition, producers in low-income countries often lack information and access to markets, leading to crops spoiling before they can be sold (Segrè et al., 2014). In higher-income countries, more FLW is estimated to occur at downstream stages (processing, distribution, and consumption) because of aesthetic preferences, lack of meal planning, overserving, and misinterpretation of date labels (Gustavsson et al., 2011; Xue et al., 2017). Differences in FLW at the consumption stage are particularly striking with estimates of 31–39% in middle- and high-income countries but only 4–16% percent in low-income countries (Gustavsson et al., 2011). Consumers in high-income countries can afford to waste food, because the cost of food is a much lower proportion of their budgets, while those in low-income countries cannot (Segrè et al., 2014). Regardless of supply chain stage, geographical location, or cause of FLW, the loss or waste of food amounts to exhausting or degrading natural resources with limited societal benefit.

In this paper, we provide a brief review of the literature that directly links FLW to water consumption and scarcity. Based on this foundation, we then discuss policies and other measures aimed at reducing FLW and the implications of these interventions on water consumption and scarcity. Because effective policy is rooted in sound science, we conclude by highlighting research gaps that need to be addressed to aid in policy development that meets the dual objectives of reducing FLW and water scarcity.



WASTED FOOD, WASTED WATER

One-fourth of freshwater consumed in global food production is effectively wasted since the food produced with this water is never consumed (Kummu et al., 2012). The blue water footprint (i.e., consumed fresh surface water and groundwater) of global crop production is 723 km3/year, meaning uneaten plant-based food represents 174 km3 of wasted blue water each year (Kummu et al., 2012). If the waste of meat products is considered, FAO (2013) estimates 250 km3 of blue water was wasted due to FLW in 2007. Placing this in context, more than three times as much surface water and groundwater is wasted each year due to FLW than the average annual flow of the Nile River (Siam and Eltahir, 2017).

Global freshwater wasted in FLW per capita per year is ~21 m3 (Chen et al., 2020). However, the water embedded in FLW and its impact on water scarcity varies significantly depending on the person's diet and waste patterns, which is strongly influenced by where one lives (Chen et al., 2020) (Figure 1). High-income countries waste 43 m3 per capita each year, while low-income countries only waste a little over 4 m3 per capita each year (Chen et al., 2020). Food loss and waste is responsible for 7.1% of the freshwater planetary boundary (Chen et al., 2020), which denotes freshwater supplies that can be appropriated to society without causing continental-scale to planetary-scale harm (Rockström and Karlberg, 2010). If the world had a similar diet and pattern of food waste as North America, global FLW would constitute 20% of the freshwater planetary boundary (Chen et al., 2020).
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FIGURE 1. Map overlapping local water scarcity and crop-specific rates of food loss and waste within the region. Dark grid cells represent areas with high levels of water scarcity and high regional rates of loss and waste of the predominant crops grown within the grid cell. Water scarcity data are from Mekonnen and Hoekstra (2016), crop area data are from Monfreda et al. (2008), and food loss and waste rates are from Gustavsson et al. (2011).



Differences in Wasted Food and Water Resources Across Countries

Table 1 provides a summary of studies that report the blue water footprint of FLW of different regions or countries. Relevant studies were identified using two methods. First, we searched for English language publications containing key terms “food loss and waste” and “water” in Web of Science between the years 2000–2020. This search returned 636 articles. We narrowed this list by eliminating papers unrelated to our review, such as those focused on using food waste as a feedstock for energy production. Second, we used citation chaining for key papers to identify additional papers that may have been missed in our initial search. The Connected Papers online tool (https://www.connectedpapers.com/) was used for citation chaining. Remaining papers that quantified the blue water footprint of food loss and/or waste were included in our study and found in Table 1, as well as the References section.


Table 1. Summary of studies that evaluate the blue water footprint of food loss and/or waste (FLW) by country or region.
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Regional- and national-scale studies evaluating the freshwater implications of FLW are more prevalent for high-income countries. Total European Union (EU) food waste averages 123 kg/cap/year of food, 80% of which is avoidable (Vanham et al., 2015). This FLW amounts to 4 km3/year of blue water and 52 km3/year of green water (i.e., soil moisture available for plant transpiration; Vanham et al., 2015). In the United Kingdom, the water footprint of avoidable FLW comprises 5–6% of the nation's total water footprint of consumption (Chapagain and James, 2011, 2013). In 2012, Japan's blue water footprint of FLW was estimated as 0.4 km3 (Munesue and Masui, 2019). The United States has the highest blue water footprint associated with FLW per capita (54.9 m3/cap/year; Chen et al., 2020) and, along with India and China, the largest volume of blue water attributed to FLW (16–40 km3; Lundqvist et al., 2008; Birney et al., 2017; Conrad et al., 2018). Altogether, FLW is responsible for 25–34% of the United States consumptive freshwater used for food production (Hall et al., 2009; Birney et al., 2017; Mekonnen and Fulton, 2018).

Over one-third of the global population lives in India and China, meaning that current and future food consumption and waste of these countries will have major implications on global water consumption and scarcity. The FLW of China amounted to 62.8 million metric tons in 2010, which, according to Sun et al. (2018), constituted between 60.5 km3 of wasted blue and green water (~10% of the nation's total water consumption). Liu et al. (2013) estimated the blue water footprint of China's cereal, fruit, and vegetable FLW between 24.1 km3 and 62.3 km3. When factoring in green water, China's FLW water footprint is between 75.3 km3 and 194.7 km3 (Liu et al., 2013). If the waste of meat and animal products is also considered, an additional 18.6–92.6 km3 of blue and green water is wasted (though some of these losses overlap with losses attributed to wasted grain; Liu et al., 2013). The blue and green water footprint of FLW in India was 105 ± 3.8 km3 in 2013, with a little over half of the water footprint attributed to just one crop, sugarcane (Kashyap and Agarwal, 2020).

Data limitations, contrasting FLW definitions, and methodological differences underlie large variability in reported water footprints of FLW. Vanham et al. (2015) notes the considerable uncertainty in much of the underlying data used in all FLW analysis. For the EU, Vanham et al. attempt to partially account for this uncertainty by estimating a range of blue water and green water footprints of FLW of EU consumers, quantifying the FLW blue water footprint between 4.7 and 14.6 m3/cap/year and the FLW green water footprint between 46.4 and 163.9 m3/cap/years. Some distinction in FLW estimates between countries is expected due to differences in food production, processing, transportation, storage, retail, consumer diets, and cultural dining preferences (e.g., prevalence of dining out vs. dining at home). For instance, countries that rely more heavily on irrigated agriculture will typically have a larger blue water footprint of FLW, which may be more reflective of production or climatic conditions than higher rates of FLW. Data collection and reporting methods of FLW can also cause significant divergence in FLW estimates and are major sources of uncertainty in the water footprint of FLW. As an example, studies in Spain (Blas et al., 2018) and Japan (Munesue and Masui, 2019) calculate the blue water footprint of FLW using estimates of FLW from country-specific surveys that estimate FLW as much as an order of magnitude smaller than energy/mass balance or other approaches to estimate FLW for high-income countries (Chen et al., 2020) and Europe/Industrialized Asia (Kummu et al., 2012).



Differences in Wasted Food and Water Resources Across the Supply Chain

Food's blue water footprint and contributions to water scarcity are largely attributed to irrigated crop production, as water consumption in other stages of the value chain is comparatively small for most foods (Hoekstra and Mekonnen, 2012; Marston et al., 2018). The degree to which water scarcity is attributed to FLW is a function of the underlying baseline water scarcity, the water requirements of the wasted crop, and the rate of loss and waste of the food produced (see Figure 1). Many studies ignore, or greatly simplify, the complex supply chains that connect the locations of food production, processing, consumption, and waste (e.g., Reynolds et al., 2015; Conrad et al., 2018; Cooper et al., 2018), which has implications on estimated water footprints and contributions to water scarcity of FLW.

It is often assumed that food production and consumption occur within the same country or region, yet this may not be true for some food types or countries. For instance, 41% of Spain's water footprint of food consumption and waste comes from outside the country (Blas et al., 2018). Much of Spanish consumer food waste is from imported dairy products, which have a high water footprint as well as a high consumer waste rate (Blas et al., 2018). Likewise, 79% of Japan's blue water footprint of food wastage is from food imports, with over half of the blue water coming from just one country, the United States, and primarily consisting of wasted cereal grains (Munesue and Masui, 2019). Over 90% of the water consumption and biodiversity impacts associated with Swiss FLW occur outside of Switzerland (Beretta et al., 2017).

The stage of the supply chain where loss or wastage occurs has implications on water resources. Detailed life cycle assessments from the UK (Tonini et al., 2018), US (Read et al., 2020), Switzerland (Beretta et al., 2017), Japan (Munesue and Masui, 2019), and Australia (Ridoutt et al., 2010; Reutter et al., 2017) point to water use and impacts of FLW largely occurring during the production stage, despite the majority of FLW occurring at the consumer level in high-income countries. In China, FLW is greatest at the consumer level and during storage (Liu et al., 2013). The lack of proper storage facilities, effective pesticides, and advanced technologies increase food losses during the storage stage relevant to higher income countries (Liu et al., 2013). Luo et al. (2020) isolated the on-farm grain storage losses in China and found that 2.66 km3 of water can be saved by reducing storage losses from the current loss rate (2.41%) to a loss rate typically found using more advanced storage technologies and techniques (1.00%). Using an environmental-extended input-output model (EEIO), Read et al. (2020) found that water use of FLW in the US could be minimized by first reducing FLW among household consumers, followed by targeted reductions in food processing, and then foodservice operations.



Differences in Wasted Food and Water Resources by Type of Food

The water scarcity implications of FLW can vary significantly between different food types and even for the same food product depending on where and how it was produced (e.g., irrigated vs. rainfed). One must consider not only the amount of water used to produce a food product but also the loss/wastage rate of that food product and its relative importance within consumers' diets. For instance, the blue water footprint of lost and wasted cereal grains is the primary contributor to the overall blue water footprint of FLW, despite its blue water footprint per unit of production and loss/wastage rate being relatively modest in relation to other food types (Gustavsson et al., 2011; Hoekstra and Mekonnen, 2012). The propensity for cereal grains to be grown in water-scarce areas (Karandish et al., 2020) and their place as a diet staple for much of the global population means that the loss/waste of cereals account for 40–50% of the global blue water footprint of all FLW (Kummu et al., 2012; Chen et al., 2020) and between 60 and 80% of the blue water footprint of FLW in Asia (Kummu et al., 2012).

Meat and dairy products are major contributors to the blue water footprint of FLW in high-income countries where meat and dairy products constitute a sizable portion of consumers' diets and have relatively large water footprints. In the US, the waste of meat and dairy represents 58% of FLW water footprint (Mekonnen and Fulton, 2018). The blue water footprint of meat waste in the EU is larger than any other food category and is 50% larger than fruit, which has the second largest wasted blue water footprint (Vanham et al., 2015). Waste of animal-derived foods was only 13% of FLW by weight in China, yet made up 44% of the water footprint of FLW (Song et al., 2015). However, in India animal products are the smallest contributor to the water footprint of FLW (<4%). Instead, sugarcane, rice, wheat, and potatoes make up over 70% of the water footprint associated with FLW (Kashyap and Agarwal, 2020). Regional differences in diets and waste rates mean that food waste reduction measures will have different outcomes in reducing water scarcity by region.




DOES REDUCING FOOD LOSS AND WASTE REDUCE WATER SCARCITY?

The last decade of research has established a clear link between wasted food and wasted water. More recently, several studies have investigated the effects of FLW reduction measures on water consumption and scarcity (e.g., Ma et al., 2019; Read et al., 2020). These studies do not typically focus on specific policy or interventions at reducing FLW (Read and Muth, 2021); instead, they test different scenarios of FLW reduction, often ranging from 10 to 50% reduction, and then assume a corresponding reduction in water consumption. The upper end of this range of FLW reduction (50%) aligns with the United Nations Sustainable Development Goal 12.3 of halving consumer FLW by 2030. Halving global FLW could reduce the water footprint of global food production by 12-13% (Jalava et al., 2016; Springmann et al., 2018). Moreover, reducing FLW by 50% would improve water scarcity for over 720 million people globally, and totally eliminate local water scarcity for 131 million of those people (Jalava et al., 2016).

Policies aiming to reduce FLW do not act in isolation and may involve tradeoffs or synergies with other policy measures and objectives. For instance, shifting the global population to a more nutritious and less water-intensive diet in parallel with FLW reduction measures reduces blue water footprints and green water footprints by 23 and 28%, respectively, which is more than the sum of the two strategies implemented independently (Jalava et al., 2016). However, policy measures and awareness campaigns that aim to improve diets without explicitly considering FLW may increase FLW and its associated water footprint (Birney et al., 2017; Min et al., 2020). To complicate matters further, differences in socio-econmic status and development may yield different FLW outcomes for similar policy measures. In China, an increase in dietary knowledge increased household food waste where community development was low but decreased household food waste where community development was high (Min et al., 2020).

While it is important to have a global understanding of how FLW reduction measures lessen society's environmental footprint (in line with Sustainable Development Goal 12.3), more localized studies typically provide richer analysis. For example, eliminating all losses and waste of cereal grains in Iran can reduce the blue water footprint of cereal grain production within the country by 0.54 km3 (5% of the total blue water footprint), with over 90% of these savings occurring in arid and semi-arid provinces where water is most scarce (Karandish et al., 2020). If FLW cannot be eliminated at the source, the next best alternative is to redirect it to feed hungry people (see Figure 2). An Australian study found that every US dollar invested in measures to redirect FLW to food insecure people saves 6.6 m3 of water by not requiring additional food production (Reynolds et al., 2015). Australian food rescue efforts saved 131 million m3 of water in 2008 alone (Reynolds et al., 2015). Birney et al. (2017) investigated the blue and green water impact of reducing FLW between 10 and 60% in the US and found that at the higher reduction goal each person in the US could reduce the blue water and green water footprint of their FLW by 36 and 220 m3 per year, respectively. After evaluating several specific FLW reduction and reuse measures in Switzerland, Beretta et al. (2017) conclude that avoiding food waste should be the highest priority, while selecting the optimal set of FLW reduction measures is less relevant.
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FIGURE 2. The EPA's Food Recovery Hierarchy prioritizes measures to reduce food loss and waste based on the benefits they bring to the environment, society, and economy. Here, we highlight each of these strategies' corresponding impact on water resources. Adapted from the EPA (https://www.epa.gov/sustainable-management-food).




POLICY MEASURES TO REDUCE FLW AND WATER SCARCITY

Food waste has received growing interest from local and national policymakers, international organizations, NGOs, and academics. Governments and international organizations have set policy targets to reduce food waste and its attendant environmental impacts. For example, both the European Union (European Commission, 2019) and the United States (US EPA, 2019) have instituted goals to reduce food waste at the retail and consumer levels by 50% by 2030, following the United Nations' Sustainable Development Goal 12.3 (Rosa, 2017).

Food loss and waste have a diversity of causes (Thyberg and Tonjes, 2016) and an equally diverse set of policies are needed to combat it (Muth et al., 2019). Food waste policies may have one or more of three potential goals: (1) waste prevention, (2) recovery of otherwise wasted food for consumption by humans (e.g., donation to food banks; repurposing manufacturing by-products) or (3) recycling of wasted food (e.g., using food waste to produce animal feed; generating bioenergy from waste) (Muth et al., 2019). Due to the environmental impacts averted if food is not produced in the first place, the US Environmental Protection Agency (EPA) Food Waste Recovery Hierarchy prioritizes prevention over all forms of recovery and recycling (Figure 2).

Typically, each policy intervention to reduce FLW targets only a single stage of the food supply chain: farms and agricultural producers, manufacturers, restaurants and retailers, or consumers (Aschemann-Witzel et al., 2017). In addition, each intervention takes a different approach to waste prevention, including improvements to technology, introduction of economic incentives to reduce waste or disincentives to produce waste, and campaigns to raise awareness or provide information to encourage waste reduction. Proposed or enacted FLW reduction policy interventions range in scale, from municipal to international (Shafiee-Jood and Cai, 2016), though most existing policies tend to be relatively local in scope.

Empirical evidence that FLW reduction policy leads to alleviation of water scarcity is limited. This is primarily because (1) policy interventions targeted at reducing FLW are still in their infancy, (2) those that have been implemented typically do not adequately monitor outcomes (Stöckli et al., 2018), and (3) even in the cases where FLW reduction can be attributed to the intervention, it is difficult to directly measure associated changes in resource use throughout the supply chain. Instead, reductions in water use are usually estimated indirectly from models. However, a review of environmental evaluations of food waste prevention showed that almost all decreases in water use attributed to FLW reduction come from avoided food production, with much smaller benefits from improved food waste management (Schott and Cánovas, 2015).

Regulatory approaches and institutional approaches may be more effective at reducing waste than financial incentives and promotion of technological innovations. While regulatory approaches to FLW reduction are relatively uncommon, there are examples of regulations aimed at reducing FLW that have been enacted at national and local scales. At the national scale, supermarkets in France are legally obliged to donate some portion of their unsold product to social institutions or convert it to animal feed, and violators may be assessed a fine. A similar law in Italy provides tax benefits for supermarkets and facilitates distribution of donations, without implementing the punitive approach of the French law (Schinkel, 2019). Locally, many municipalities in the United States, Canada, and Europe have enacted “pay-as-you-throw” ordinances, in which households are charged by the volume of waste (including organic waste) they generate. This incentivizes household waste reduction but assessments of their effectiveness have shown mixed results (Dahlén and Lagerkvist, 2010; van der Werf et al., 2020). A national-level correlational study indicates that countries with a regulatory approach to food waste reduction have lower per capita food waste rates than countries where fiscal incentives are the primary strategy to reduce FLW (Chalak et al., 2016); however, it is difficult to assess the direction of causality at such a coarse scale. When assessing the effectiveness of specific interventions at the consumption stage, institutional interventions such as updates to school nutritional guidelines aimed at waste reduction and changes in delivery methods of cafeteria food were found to be superior to interventions aimed at households (Reynolds et al., 2019).

Theory suggests a tax on food waste can reduce FLW and its accompanying environmental damage (Katare et al., 2017), yet there is little evidence of this in practice. Some argue that internalizing the environmental externalities of food production and waste would raise food prices and thereby spur FLW reduction (Cattaneo et al., 2020a). The evidence that financial incentives at the household level promote reduced food waste is mixed. Theory predicts that a combination of government incentives and pay-by-weight disposal tax will reduce household food waste (Katare et al., 2017). However, at the household level, approaches such as pay-by-weight taxes on food waste disposal may be counterproductive; financial incentives may actually undermine individuals' intrinsic motivation not to waste food (Dahlén and Lagerkvist, 2010). A recent survey of European Union citizens indicates that waste-reduction behaviors by households tend to be motivated by altruism rather than external factors (Cecere et al., 2014). U.S. households are even willing to pay for recycling services (Kinnaman, 2006), rendering financial incentives for households to reduce FLW superfluous. In general, to effectively reduce the environmental impact of FLW, policy initiatives should holistically target all actors along the supply chain, not just the final consumer (Schanes et al., 2018).

The private sector, particularly large transnational food corporations, plays a critical role in reducing FLW at all stages of the supply chain through their influence on both consumers and producers. Certain components of the food sector are highly concentrated, meaning that implementing sustainability standards aimed at reducing FLW by just a handful of companies can have substantial impacts throughout the supply chain, shaping the practices of both upstream and downstream actors. For example, eight companies control 54% of the global soybean market, three companies control 42% of the global banana market, and just three companies control 60% of the cocoa market (Folke et al., 2019). In the US, three companies control markets for three quarters of all cattle and over half of all pigs and chickens (Smith et al., 2017). These companies can influence production decisions and waste of upstream suppliers, spur on investments in food storage, transportation, and packaging to ensure more food reaches consumers, adjust portion sizes to align with household consumption patterns, promote closed-loop supply chains such that waste is utilized within the systems, and create uniformity in food date labeling to ensure food isn't thrown out prematurely (Springmann et al., 2018; Muth et al., 2019). However, social pressure and government regulations will likely be needed to move food companies to reduce FLW and implement sustainability practices throughout their supply chains given the private sectors priority of profit over environmental or societal goals (Grizzetti et al., 2013; Folke et al., 2019).



RECOMMENDATIONS FOR FUTURE RESEARCH

The food demand of a growing and more affluent population is expected to require nearly 3,000 km3 of freshwater resources by the year 2050, a 65% increase from 2010 (Springmann et al., 2018). To meet the conflicting challenges of feeding the global population and environmental stewardship, producers, consumers, NGOs, international organizations, corporations, and governments will need to provide a portfolio of solutions working in unison to remain within planetary boundaries (Springmann et al., 2018). A single policy intervention will not be able to shift the complex food system to the desired level of efficiency at each stage of the supply chain. Unique cultural, regulatory, and economic contexts will determine the effectiveness of different intervention measures in different locations and stages of the supply chain. A decade's worth of research has established FLW reduction as a potential solution to improving food and water security. Yet, the degree of uncertainty inherent in these estimates, their lack of precision, and several simplifying assumptions make it difficult to translate this research into robust policy measures to reduce the environmental burden of FLW.

Additional research is needed to understand the nuances of different policy interventions on water consumption and scarcity, as well as resource use and environmental damage more broadly. More specifically, research needs to focus on i) quantifying and reducing uncertainty through enhanced data collection and methods; ii) integrated assessment of specific policy measures; iii) advancing geographically-specific supply chain tracing.


Quantifying and Reducing Uncertainty Through Enhanced Data Collection and Methods

Limited and poor-quality records of FLW for certain foods, stages of the supply chain, and geographic regions make policy design challenging. The global scope of the food supply chain means that the current dearth of FLW data for low- and medium-income countries (Schneider, 2013), as well as limited food loss data between farm fields and retailers (Reynolds et al., 2019), will lead to high levels of uncertainty that will propagate through most FLW studies. The high degree of uncertainty underlying most FLW research affects the interpretation of study findings and the conclusions that can be drawn from them with respect to shaping FLW reduction policy. When linking FLW to water use, the uncertainties associated with FLW estimates are amplified due to similar uncertainties associated with (often) unmeasured or validated estimates of water use (Konar and Marston, 2020) detail how uncertainty in water footprint estimates can be reduced).

Targeted research investments are needed to identify critical regions, food types, and stages of the supply chain where measurements of FLW will be most helpful in shaping FLW reduction policy. Recent methodological advances and a convergence on shared definitions and data standards (e.g., Hanson et al., 2016; FAO, 2019) will help reduce existing uncertainty in FLW. However, investments need to be made in primary data collection efforts, particularly in understudied areas such as on-farm, storage, transportation, and processing food losses and FLW in the non-Western world. Where data and/or funding limits detailed surveys of FLW, energy or mass balance approaches (e.g., Buzby et al., 2014; Barrera and Hertel, 2021) can continue to be used but researchers should design their approach to harmonize with other FLW data (Cattaneo et al., 2020b). Researchers can identify types of wasted food most effective in reducing water scarcity so investments and policy measures can target foods that have a higher likelihood of leading to the desired environmental outcomes, even when accounting for underlying uncertainty [Kuiper and Cui (2020) provide an example of such research focused on GHG emissions].

Reducing sources of FLW data uncertainty, such as those attributed to systematic, methodological, or data-processing errors, should be prioritized. However, when uncertainty cannot be further reduced, researchers need to quantitatively assess and/or qualitatively describe the uncertainty associated with their findings. Qualitative descriptions of uncertainty can follow a rating scale [see Hanson et al. (2016) for examples and a listing of all sources of FLW data uncertainty], as well as provide discussion on validation measures, sample size, and critical assumptions underlying the data (e.g., groups left out of the study or that were out of scope and the impact of their exclusion on results). When possible, a quantitative assessment of uncertainty in FLW studies should be undertaken, which both helps decision-makers in forming FLW reduction measures and highlights areas where uncertainty is the largest so that target investments can be made to most effectively minimize uncertainty. Since FLW and water use estimates occur at multiple supply chain stages, parameter uncertainty propagates through all water footprint estimates of FLW, yet is seldom quantified. Calculating confidence intervals for all FLW (and associated water footprint) estimates will not alleviate uncertainty inherent in these studies but will aid policymakers in understanding the potential range of impacts and the degree to which proposed solutions may reduce FLW and associated water scarcity.



Integrated Assessment of Specific Policy Measures

An array of policy measures working in unison will likely be required to halve FLW as prescribed by Sustainable Development Goal 12.3. Yet, few studies evaluate specific FLW reduction policy measures or regulations and their interactions; instead, most research assumes a specified percentage reduction in FLW and that this reduction in FLW leads to an equivalent reduction in food production and associated water use. These studies greatly simplify the non-linear socio-economic system underpinning the food sector and ignore system feedback and cascading effects through the supply chain. Integrated assessments that consider interactions between demand and supply, substitution effects, and how changes in prices and costs are distributed throughout the economic system are needed to assess the effectiveness and incidental impacts of specific FLW reduction policy measures (Rutten, 2013; Kuiper and Cui, 2020).

Future research needs to build on recent FLW scholarship that uses partial equilibrium models (Barrera and Hertel, 2021), computable general equilibrium (CGE) models (Rutten et al., 2013; Philippidis et al., 2019), and environmentally-extended input-output models (Reutter et al., 2017; Read et al., 2020) to investigate the system-wide effects of FLW reduction measures. These models consider interactions between different segments of the economy that may lead to nonlinear dynamics. For example, Philippidis et al. (2019) found a 25–50% reduction in EU household food waste only led to 0.2–0.6% decrease in EU blue water consumption (121–316 million m3)—nearly an order of magnitude smaller than what simpler models that assume a reduction of FLW leads to an equivalent reduction in water consumption would suggest. This discrepancy calls for further investigation into how dynamics of the economic system shape FLW policy outcomes, particularly as they relate to environmental objectives.

An integrated assessment of specific FLW policy measures will aid policymakers in mitigating undesired outcomes of FLW reduction interventions, such as rebound effects and leakage. Targeted policy that reduces consumer waste of a certain food group may lead to lower effective food prices and increased consumer spending and waste of other, perhaps more water-intensive, food goods (Martinez-Sanchez et al., 2016). Thus, the net impact of reduced FLW may actually be an increase in water consumption and scarcity, not less—an example of a “rebound effect” or “Jevons Paradox.” The net effect of FLW reduction policy will be determined by the price elasticity of supply and demand (which dictate price adjustments) and how these price adjustments are transmitted between countries and supply chain stages (Barrera and Hertel, 2021). Further, lower food prices due to less FLW in one stage of the supply chain could make consumer food waste more likely. Martinez-Sanchez et al. (2016) highlight the importance of rebound effects by showing that FLW prevention measures may lead to welfare gains but could also lead to higher environmental impacts due to increased consumption of more environmentally damaging goods. Similarly, Salemdeeb et al. (2017) use a hybrid life-cycle assessment model paired with multi-regional environmentally-extended input-output model to show that rebound effects related to FLW prevention measures decrease potential reductions in GHG emissions by up to 60%. Additional research is needed to determine how much a rebound effect reduces potential water savings of specific FLW reduction policy.

Leakage can occur when FLW reduction policy is enacted in one location but leads to increased water consumption and scarcity elsewhere. While additional research is needed to determine the degree of leakage associated with particular policy interventions, initial research investigating leakage in the context of GHG emissions and food losses in livestock production suggest that displacement of environmental damages is a likely outcome of some FLW reduction policy (Kuiper and Cui, 2020). While national policymakers cannot directly control environmental conditions outside their borders, the local policies they enact can have second- and third-order impacts that can lead to environmental damage outside their jurisdiction. With greater understanding of how these systems work and how effects propagate through the system, policymakers can coordinate their efforts to mitigate these unintended environmental consequences.

Policy interventions can take considerable time to implement and the effects of these measures may not be seen until well into the future. Therefore, projections of future FLW are needed to refine assessments of medium- and long-term implications of FLW reduction policies. Trajectories of food production, consumption, loss/waste, and associated water use necessitate interdisciplinary efforts to assess how changes in food production, technology, water availability, supply chain and market integration, consumer incomes, demographics, and population together shape future FLW and its associated environmental impacts. Studies can build on the research of Barrera and Hertel (2021), who use a global partial equilibrium model of the agriculture sector to develop future trajectories of household food waste to 2050 and assess the environmental and food security implications associated with different pathways.



Advancing Geographically-Specific Supply Chain Tracing

If FLW reduction policy is to minimize the environmental impact of lost or wasted food, the scientific community needs to partner with the private sector to identify and link specific locations of environmental degradation or resource use to instances of FLW. Water use and scarcity are strongly contingent on the place of crop irrigation, though much of the food and embodied water is wasted at other stages of the supply chain, which are often displaced from the place of production. The impact of FLW reduction measures on water scarcity is difficult to assess due to heterogeneity in water use impacts and diversified sourcing across supply chains. Cattaneo et al. (2020a) found that consumer food waste reduction consistently improves environmental outcomes, but FLW reduction interventions at other stages of the food value chain provide varied results due to the aforementioned heterogeneity in environmental conditions and supply chains. From a policy perspective, the price signals caused by FLW reduction measures targeted downstream in the supply chain may be so weakened by the time they propagate through the supply chain and reach farmers that production and water use does not meaningfully change. Additional research is needed to determine how policy interventions in one place impact location-specific environmental outcomes.

To meaningfully assess the impact FLW has on water scarcity and specific water bodies, spatially detailed mapping of food supply chains is required. In the US, recent advances enabled the mapping of county-level food commodity flows (Lin et al., 2019) and spatial-linking of different stages of the supply chain (Garcia et al., 2020). In most regions, however, the private and public sectors will need to work together to chart out supply chains. The public sector can make supply chains more transparent by setting data and reporting standards and creating platforms for data sharing. Large food corporations can spur innovation and promote sustainability throughout the industry and prompt environmental stewardship throughout their supply chains as has been seen through the CDP Supply Chain program (https://www.cdp.net/en/research/global-reports/global-supply-chain-report-2019). However, these data must be made available to researchers and policymakers alike in order to create scientifically-grounded FLW reduction policy that is effective in reducing water scarcity.

Increasing supply chain transparency is critical for the global social and environmental impacts of food waste to be visible and to create a case for governmental intervention as well as social responsibility (Ridoutt et al., 2010). Many supply chain intermediaries are unaware of the geographical source, let alone water footprint, of their inputs. Spatially-explicit and traceable supply chains will require a private sector commitment toward transparency and wider adoption of blockchain and other novel technologies (e.g., www.trase.earth). Blockchain technology has the potential to track the provenance of supply chain inputs, thereby enabling the water footprint to be traced as well (Kamilaris et al., 2019). Furthermore, sustainability labels on food products would raise consumer awareness of the water footprint of the goods they consume, including those they waste. However, some research shows that consumers often do not fully understand these metrics, nor do they alter their behavior as a result (Grunert et al., 2014; Leach et al., 2016).




DISCUSSION

Reducing food loss and waste has the potential to improve both food and water security. The last decade of research has shown the scope and scale of the problem of FLW and its accompanying environmental consequences. To address the global problem of FLW, policymakers need more complete and robust data on FLW and integrated assessments that better reflects the complex food system and its response to proposed policy measures. Beyond scientific advances and sound policy, public education programs aimed at increasing consumer awareness of FLW, its environmental implications, and ways they can prevent FLW is critical to spur FLW reductions at the consumer level, as well as drive further government response.

Here, we have narrowly focused on how FLW reduction policy measures can moderate water consumption and water scarcity. However, policymakers will likely have multiple objectives in reducing FLW beyond just lessening water scarcity (e.g., enhancing food security, improving social welfare, mitigating other environmental damage; see Muth et al., 2019 for a broader review of these other objectives of FLW reduction). While policymakers are charged with determining policy goals and priorities, the scientific community can aid by assessing tradeoffs between policy objectives and determine which combination of policies provide the most beneficial outcomes with respect to the priorities set forth by policymakers. Policy goals, such as improved farm welfare, a reduction in environmental impacts, and increased food security, are often conflicting, which necessitates a coherence between policy measures to ensure they do not counteract one another.
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Country/Region* Assessed Food(s) Supply chain stage  Blue Water Footprintof  Time period  Study
of FLW FLW

Total  Per Capita
(km3/lyr)  (m®/caplyr)

Global Al Consumer 164 21 2012 Chen et al., 2020t
Global Al Al 250 38 2007 FAO, 2013t
Global Cereals, fruits, vegetables, Al 174 27 2005-2007 Kummu et al., 2012t
ollseeds, pulses, roots, and tubers
Europe (Inc. Russia) Cereals, fruits, vegetables, Al 135 18 2005-2007  Kummu et al,, 20121
ollseeds, pulses, roots, and tubers
European Union All Consumer 44 10 1996-20056  Vanham etal.,
20157
Spain Al Consumer 0292 67 20142015 Blasetal., 2018
Industrialized Asia Cereals, futs, vegetables, Al 29 19 2005-2007  Kummu et al., 2012"
oilseeds, pulses, roots, and tubers
China Grains, Vegetables, Fruit Al 432 32 2010 Liv etal., 2013
Japan All Production 0.413 3 2012 Munesue and
Masui, 2019
Latin America Cereals, fruts, vegetables, Al 12 22 2005-2007  Kummu et al., 2012t
ollseeds, pulses, roots, and tubers.
Brazi Maize and rice Al 1988-2017  Abbade, 2020
North America and Oceania  Cereals, fruits, vegetables, Al 26 42 2005-2007 Kummu et al., 2012t
ollseeds, pulses, roots, and tubers
Australia Mangos Al 0.02 091 2010 Ridoutt et al., 2010
United States All Retail, Consumer 17 54 2010 Birney et al., 2017
United States Al Retail, Consumer 155 48" 2007-2014  Conrad et al., 2018
United States All Retail, Consumer 1 36 2015 Mekonnen and
Fulton, 2018
North Africa and Cereals, fruts, vegetables, Al 33 8 2005-2007  Kummu et al, 2012
West-Central Asia ollseeds, pulses, roots, and tubers
Iran Wheat, barley, rice Prodluction, Storage, 0.29 75 2010 Karandish et al.,
Transportation 2020
Sub-Saharan Africa Cereals, fruits, vegetables, Al 9 12 2005-2007 Kummu et al., 2012
ollseeds, pulses, roots, and tubers
South and Southeast Asia  Cereals, fruits, vegetables, Al 6 30 2005-2007  Kummu et al., 2012

ollseeds, pulses, roots, and tubers

*Regional delineations follow Gustavsson et al. (2011) and Kummu et al. (2012).
**Represents water withdrawals, not water consumption.

" Study includes aditional regional and/or country estimates but are not included here for the sake of brevity.

Some study results do not distinguish between bluie and green water or they do not clearly report the total or per capita blue water footprint and are therefore not included n this table.
The average blue water footprint of FLW is reported for studies covering multiple years. Geographical regions are grouped together, as demarcated by the different shading of table
entries. Geographical regions are indicated in bold, while studies representing specific countries/areas within the broader region are shown in italics.
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