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Our current food systems are hampering efforts to meet the Sustainable Development Goals. Reshaping our food systems could have enormous co-benefits for our populations and planet. However, decision makers and experts are questioning whether it is possible to meet environmental, social and economic goals simultaneously, or whether tradeoffs are necessary. There has been a call for the development of better measurements and indicators to help policymakers understand the benefits and considerations for healthy and sustainable food systems. There is an urgent need to address the gaps in understanding of what a sustainable food system means across varying populations and geographies and how we can better measure these systems. Practice calls for a framework in which different aspects of food and nutrition security can be measured under identical scope, where policy simulations which arrive at multi-indicator outcomes are comparable, and where quantified trade-offs between different sustainable development objectives are valid. We introduce, and focus on one technique that does allow such multi-indicator scope-consistent analysis of food systems under a life-cycle perspective: input-output analysis. We describe input-output analysis, and its relevance and advantages for measuring the sustainability of food systems, nutrition and diets, including resilience and vulnerability. Using data from the global multi-regional input-output databases, we then describe potential measures that are able to extend the current state of art into a more comprehensive framework that has the potential to support policy related to global initiatives such as the Sustainable Development Goals.
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INTRODUCTION

Food systems encompass a range of actors and activities involved in the production, aggregation, processing, distribution, consumption, and disposal of food products (Food and Agriculture Organisation, 2018). Food systems underpin the 2030 Agenda for Sustainable Development, also known as the Sustainable Development Goals (SDGs), which is a global commitment to eradicate poverty and hunger while ensuring environmental sustainability, health and prosperity for all (United Nations, 2015). Food and agriculture are associated with most of the 17 goals, with Goal two specifically devoted to ending hunger and malnutrition, achieve food security and improved nutrition and promote sustainable agriculture (United Nations, 2015). Over millennia, our food systems have evolved from highly localized systems, to an international system; today, the food we grow, harvest, process, trade, transport, store, sell and eat is a connecting thread along value chains between people, prosperity, and planet (United Nations Environment Programme, 2016).

Food systems are rapidly changing, growing in volume and intensity while still operating within the same planetary boundaries. It has been estimated that the world needs to produce 70% more food to feed the 9 billion people who will live on this planet in 2050 (Food and Agriculture Organisation, 2009). While the ability to currently produce enough food for all remains largely unquestioned, the ability to produce enough food to equitably and efficiently feed the world without harming population or planetary health remains uncertain. The global food system fails to meet the related challenges of sustainability, health, vulnerability, and resilience. The way in which food systems currently operate are responsible for land degradation, depletion of fish stocks, nutrient losses, impacts on terrestrial and aquatic biodiversity, impacts on air, soil and water quality, and greenhouse gas emissions contributing to climate change (United Nations Environment Programme, 2016). The expected population growth, expansion of cities, dietary shifts to unhealthy and unsustainable consumption will increase the pressures even more.

While food production has more than doubled and diets have become more varied (and more energy-dense) as global incomes increase, over 800 million people are still hungry, over 2 billion suffer from micronutrient deficiencies (in particular of iron, zinc, vitamin A, and iodine) and over 2 billion people are overweight or obese (United Nations Environment Programme, 2016).

Tackling food systems challenges will require an integrated approach if we are to meet many of the SDGs (United Nations Development Programme, 2018), with research indicating that reshaping our food systems could not only help reach global greenhouse gas emission targets for 2050 plus other environmental wins, but protect and improve population health (Friel et al., 2009). Public and private sector actors globally are taking action to shift toward healthy and sustainable food systems.

But what exactly is a healthy and sustainable food system, and would the proposed solutions actually work? The FAO describe “sustainable diets” as “those diets with low environmental impacts which contribute to food and nutrition security and to healthy life for present and future generations. Sustainable diets are protective and respectful of biodiversity and ecosystems, culturally acceptable, accessible, economically fair and affordable; nutritionally adequate, safe and healthy; while optimizing natural and human resources” (Food and Agriculture Organisation and Bioversity International, 2010). While this definition is concerned with “diets,” it suggests that “diets” cannot be separated from the food system, and moreover, from human and ecosystem health. It also highlights that if food systems are to help meet the SDGs, using traditional nutritional science and indicators will not be enough.

There has been a call for better measurements and indicators to be developed to help policymakers understand the benefits, possible unintended consequences and other considerations (e.g., data availability and complexity), for healthy and sustainable food systems (United Nations Standing Committee on Nutrition, 2017; Tuomisto, 2019). In order to advance commitments to sustainable food systems and, moreover, the SDGs, there is an urgent need to address the gaps in understanding of what a sustainable food system means across varying populations and geographies and how we can better measure these systems. An integrated approach underpinned by transdisciplinary research is key (Francis et al., 2008; Mendez et al., 2013; Clancy, 2017).


Aim of This Work

We will demonstrate how input-output analysis (IOA), which is a technique that draws on a global life-cycle perspective, can be used to effectively advance metrics regarding healthy and sustainable food systems. To do this, we have conducted a mapping review to map out existing literature, identify gaps in research and highlight the strengths of IOA in advancing metrics. We will also present example indicators using IOA to illustrate its power and relevance.




PRIOR WORK TO MEASURE HEALTHY AND SUSTAINABLE “DIETS”

Increasing research has focused on the impact of the food system on environmental sustainability, in particular greenhouse gas emissions (GHGEs) and in some cases, land use (Ridoutt et al., 2017). However, the key determinants, components and processes of a sustainable diet remain largely overlooked. These include use of fossil fuels, trade, food subsidies, water use, packaging material, gender, and knowledge to name but a few. Achieving healthy and sustainable diets for all will require a sustained effort across geographies, sectors and disciplines. In recent years, there have been a number of attempts to consider a comprehensive range of indicators at regional (World Wildlife Federation, 2013) and global levels (Chaudhary et al., 2018; Willett et al., 2019).

The World Wildlife Fund Live Well for Life project defined sustainable diets for France, Sweden and Spain (World Wildlife Federation, 2013). This project collected data on consumption patterns, nutritional recommendations, dietary guidance, GHGEs associated with particular foods, and general price information. They demonstrated that for all three countries a healthy and sustainable diet (one that complies with nutritional recommendations, reduces GHGEs by 25%, and provides an acceptable choice of foodstuffs) is possible and is not too far from current consumption patterns. However, the authors report a number of methodological limitations and recommend better GHGEs and life-cycle analysis (LCA) data, more research into reducing GHGEs in production and distribution of food and into the consequences of taking wider sustainability criteria (water, biodiversity) into account.

More recently, The EAT-Lancet Commission, have led the development of global scientific targets for sustainable food systems (Willett et al., 2019). The focus is on food production and consumption, with a healthy reference diet integrated with a set of system-wide environmental parameters based on the planetary boundaries framework (Stockholm Reslience Centre, 2018). The findings of this Commission indicate that a healthy food system is achievable with major dietary shifts, large reductions in food waste and loss, and major improvements in food production practices. The Commission acknowledges that other parts of the food system were not considered as part of this assessment, nor were issues around economy, culture and society. The Commission states that interdisciplinary research and monitoring with replicable methodology at national and other levels is urgently needed to help policy actors to operate on a strong evidence base.

Chaudhary et al. (2018) have partly considered several important determinants in their application of seven indicators, including socio-cultural well-being and resilience, across 156 countries (Chaudhary et al., 2018). However, there are a number of ways in which this multi-indicator assessment could be strengthened. Indicators in this analysis were not measured and reported with the same scope, because some indicators were measured in a supply-chain context, whilst others were not (e.g., well-being). Further, their measurement of food consumption was based on Food Balance Sheet data and was analyzed using a single food composition database. Food Balance Sheet data do not necessarily reflect actual intakes and ideally, up-to-date country-specific food composition data would be included in this analysis (de Bruyn et al., 2016).

Our current global economy is increasingly linked through an international supply-chain network that accounts for around 30% of major environmental and social impacts (Wiedmann and Lenzen, 2018). The pressure on ecosystems and natural resources from food supply chains will increase with the expected increase in demand in both volume from population growth, as well as intensity from dietary shifts toward more resource-intensive products (e.g., livestock-based food and processed food and drinks) that are associated with increased incomes. Climate change will further exacerbate these issues (United Nations Environment Programme, 2016). Today's food systems in particular predominantly consist of highly industrial globalized supply chains and so in measuring the health consequences and sustainability of these systems, international trade and the global supply-chain network must be considered. Herein lies an important limitation of previous research (Chaudhary et al., 2018; Willett et al., 2019) as we now detail.



ADVANCING THE MEASUREMENT OF HEALTHY AND SUSTAINABLE “DIETS”


The Importance of a Global Life-Cycle Perspective

Whilst in the analysis by Chaudhary et al. (2018), carbon, water, land and biodiversity were measured with a supply-chain coverage (or in other words, as footprints, Figure 2 in Chaudhary et al.), other indicators such as nutrient adequacy, affordability, well-being, and safety were not (Chaudhary et al., 2018). This is because they cannot be measured in a life-cycle context, either because they have no supply-chain relevance (e.g., affordability is relevant only to the consumer in their analysis), because they are not additive (a key requirement in LCA e.g., one cannot add quantities measured as ratios or indices), or not industry-specific quantities (e.g., most surveys measure well-being as a region- but not industry-specific quantity).

Mixing quantities that are measured under a life-cycle or footprint scope with others that are not, means that trade-offs and relationships between the different indicators can in general not be established (this circumstance is explained in Lenzen et al. for the example of a deficient environmental impact statement; Lenzen et al., 2003). This shortcoming is the reason why practice calls for a framework in which different aspects of food and nutrition security can be measured under identical scope, where policy simulations which arrive at multi-indicator outcomes are comparable, and where quantified trade-offs between different sustainable development objectives are valid. In the following we will therefore introduce, and focus on IOA, as one technique that does allow such multi-indicator scope-consistent analysis of food systems under a life-cycle perspective.

Further, given that food and nutrition sustainability are a global problem, a research framework is needed that:

a) allows modeling of international trade and the global supply-chain network,

b) provides completely harmonized physical and economic data at the global scale and at the detail of individual economic sectors, and

c) is governed by accepted worldwide standards.

IOA can address each of these components and thus offers a suitable approach in researching the complexities of healthy and sustainable food systems at a global level. We will now outline example studies from the current literature followed by a discussion of potential measures, namely: the social and environmental impacts of food demand; vulnerability; local disasters, global reach; resilience; fiscal measures and income distribution; the supply chain of foods associated with chronic disease risk; and trade, inequality and food insecurity.



Input-Output Approaches to Measuring the Sustainability of Food Systems

Input-output analysis (IOA) is an economic technique conceived in the 1930s by Nobel Prize Laureate Wassily Leontief 1936 (Leontief, 1936). IOA is able to interrogate economic data on inter-industry transactions, final consumption and value added, in order to trace economic activity rippling throughout complex supply-chain networks and unveil both immediate and indirect impacts of systemic shocks (Leontief, 1966). Over the past 70 years, IOA has been used extensively for a wide range of public policy and scientific research questions (Rose and Miernyk, 1989). In the past two decades IOA has experienced a surge in applications, especially on carbon footprints (Wiedmann, 2009) and global value chains (Timmer et al., 2014), and in the disciplines of LCA (Suh and Nakamura, 2007) and Industrial Ecology (Suh, 2009).

International and inter-industry trade modeling is typically undertaken on the basis of global multi-regional input-output (MRIO) databases (Tukker and Dietzenbacher, 2013). These databases are based on a range of data sources: national input-output tables published by numerous national statistical agencies such as the Australian Bureau of Statistics (Australian Bureau of Statistics, 2016a), international trade and national accounts data published by the United Nations (United Nations Industrial Development Organisation, 2016; United Nations Statistics Division, 2016a,b,c,d, 2017a), and economic data published by a range of other global governance organizations (SourceOECD, 2009; Institute of Developing Economies-Japan External Trade Organisation, 2015; International Food Policy Research Institute, 2015; Organisation for Economic Co-operation Development, 2015; World Bank, 2017). Input-output accounts are governed by established United Nations (United Nations, 1999, 2009), European (Eurostat, 2016) and national (Australian Bureau of Statistics, 2016b) data standards. Monetary national and trade accounts are seamlessly integrated and harmonized with satellite accounts for physical (economic, social and environmental sustainable development) indicators such as employment, income, gender and income equality, occupational safety, GHGEs, water scarcity, land degradation, air pollution, nitrogen emissions, energy use, biodiversity decline, and material flow, amongst others. This integration and harmonization is standardized in the System of Environmental-Economic Accounting (United Nations Statistics Division, 2017b).

Some of the authors of the present paper are members of a research team with expertise in global MRIO database compilation and use. In particular, the authors have utilized Australian Government-funded NeCTAR Virtual Laboratory eResearch technology (NeCTAR, 2013) to develop the Global MRIO Virtual Lab. The data used to produce the exemplary results presented in this paper were compiled in the Global MRIO Lab. MRIO databases also exist at the sub-national inter-regional level.



Example Studies From the Literature

The potential of IOA lies in its ability to account for the complex interactions between economic, social and environmental factors that both shape food systems and arise from food systems. Kytzia et al. (2004) highlight the shortcomings of several analytical methods including LCA, material flow analysis (MFA) and IOA, but suggest using a hybrid model of IOA and MFA based on an intrinsic aspect of IOA—money flow (Kytzia et al., 2004). Through a comparative evaluation of the environmental impact between different vegetarian diets in Switzerland, it was demonstrated that although a plant-based diet has environmental benefits, it was not a viable option within the context of the Swiss economy. Similarly, a review in the United States indicated that current food systems may not be capable of supporting an increase in consumption of fruits and vegetables (Finley et al., 2017). These findings demonstrate that current food systems can be constrained by a sustainability threshold in a sense meaning that a “conventionally” sustainable diet, such as a vegetarian one, may only be a more sustainable option until that threshold is reached (such as an entire country shifting to a vegetarian diet). In these cases, importing more fruits and vegetables to satisfy demand could negate the environmental benefits of a vegetarian diet due to the embodied environmental impact associated with importing.

The support for plant-based or low-meat diets and their benefits for planetary health stem from the consensus that a reduction in meat consumption would significantly reduce GHGEs (United Nations Environment Programme, 2016). However, this does not imply that plant-based diets do not contribute their share of GHGEs as well, and the impact embodied along the entire supply chain should be taken into consideration. An input-output study done by Hirst (1974) aiming to determine the energy embodied in food-related sectors found the transport and processing sectors to be most energy intensive and thus a noticeable difference existed between fresh and processed fruits and vegetables (Hirst, 1974). The larger environmental impact embodied in processed fruits and vegetables further emphasizes the need for a more sustainable food system as opposed to simply switching to what are considered more sustainable diets. An evaluation of GHGE contributors from food-related sectors also underlined plant-related agriculture as a significant producer of N2O—a contributor to GHGEs (Kramer et al., 1999). These studies highlight that examining the health and sustainability of food systems using a food-based approach can obscure the complexities of such systems.

Organic farming methods have been suggested as an effective measure against N2O emissions released from fertilizer use. A study conducted by Wood et al. (2006) compared organic and conventional methods of farming. The on-site impacts of both farming methods were similar at first glance, however the differences were highlighted further across the supply chain indicating that organic farming tended to have a lesser impact overall. Australian research using LCA has shown that industrial food production systems for chicken meat and lettuce can be more environmentally sustainable than alternative commercial and civic systems, indicating the importance of multiple food subsystems for food security (James and Friel, 2015).

These food systems must also be tailored (and therefore, monitored) according to regional and cultural circumstances (Behrens et al., 2017). MRIO was used to evaluate the environmental impact of nationally recommended diets compared to national average diets (Behrens et al., 2017). The findings indicate that the environmental impact was significantly reduced in higher-income countries, slightly reduced in middle-income countries and had an increased impact in low-income countries when comparing nationally recommended diets to average diets. While this may be largely due to the higher environmental impact of diets in higher-income countries, there are other explanations for these findings. Different regions place different levels of importance on different nutrients and foods, reflecting local agroecological conditions and their ability to adequately nourish humans. The findings also indicate that there is room to improve nationally recommended diets to support healthy and sustainable food systems. From the literature so far, it is evident that IOA has helped with understanding that a sustainable diet may not necessarily be a part of a sustainable food system, and a sustainable food system in one context may not necessarily be sustainable in another.



Example Indicators Using IOA

IOA can support the measurement of food system impact with respect to sustainability and nutrition. The notion of sustainable food systems can potentially include a very broad set of objectives and performance indicators, and as a consequence a very extensive range of methods and applications, even when the scope is restricted to IOA. Here, we do not aim to present an exhaustive account of potential measures, but instead we will just present seven examples to illustrate the power and relevance of IOA for practice.


Social and Environmental Impacts of Food Demand

The most straightforward application of IOA for measuring the sustainability of diets is as a conventional LCA of the environmental and social impact of food consumption. Technically, this involves arranging physical indicator data (such as quantities of water use, greenhouse gas emissions, employment etc.) into so-called satellite accounts (Bartelmus et al., 1991; United Nations Statistics Division, 2017a), then applying Leontief's physically extended demand-pull calculus (Leontief and Ford, 1970), and calculating so-called multipliers for each satellite indicator (International Food Policy Research Institute, 2015). These multipliers quantify the amount of indicator quantity that is associated with a monetary unit of final demand of commodities. Multipliers cover impacts across the entire upstream supply-chain network, or life cycle, of commodities.

Figure 1 shows multipliers for a range of American food products, in terms of seven environmental and social indicators. The information is taken from a number of publications [employment (Alsamawi et al., 2014a); GHGEs (Malik et al., 2016); energy use (Lan et al., 2016); land (Moran et al., 2013); Nitrogen emissions (Oita et al., 2016); water scarcity (Lenzen et al., 2013)].


[image: Figure 1]
FIGURE 1. Multipliers for a range of US food products. Multipliers for a range of US food products, in terms of 7 environmental and social indicators, per unit of US$ of household expenditure. FTE, Full-time equivalent; GHG, greenhouse gas; MJ, megajoule; N, nitrogen. Social multiplier is shown in (A), and environmental multipliers in (B–G).


The indicator list can be extended to cover other indicators such as human health (Gill, 2006; Capon and Dannenberg, 2016), hunger (Pritchard, 2012), soil degradation (Lal et al., 1997; McBratney et al., 2003, 2017a,b; Koch et al., 2013), air pollutants (Kanemoto et al., 2014), occupational hazards (Alsamawi et al., 2017), child labor (Gómez-Paredes et al., 2016), gender and income inequality (Alsamawi et al., 2014b), corruption (Xiao et al., 2017a), biodiversity loss (Lenzen et al., 2012), material flow (Wiedmann et al., 2015), and many more (Xiao et al., 2017b). Using the Global MRIO Lab (Lenzen et al., 2017), this analysis can also be carried out for any year between 1990 and 2015, and for 220 countries.

Multipliers can be compared, and trade-offs between them established, because they are calculated with identical scope.

Another way of exploring the social and environmental impacts, could be to examine food consumption data, rather than food demand data, however this is outside the scope of this current paper.



Vulnerability: Global Food Hinterlands

The technique applied in the previous example can be extended from individual commodities to the food consumption of entire countries. Such applications yield what is commonly referred to as “resource hinterlands” (Lenzen and Peters, 2010). In this context, vulnerability is of particular interest, and a low degree of vulnerability can be seen as a prerequisite of food or diet sustainability. National food systems are vulnerable to adverse events within but also beyond their borders. In order to understand these vulnerabilities, it is helpful to understand the “global hinterland” of a country's food consumption. In other words: where does the food that a country consumes come from? And in addition, where do non-food items that are needed for food production (e.g., agricultural machinery, pesticides, fertilizer) and their supply-chain inputs (e.g., steel, chemicals etc.) come from? Answering these questions requires a complete global LCA of food consumption.

Using MRIO analysis, we find that the global food hinterlands of the USA, Germany, Japan and Australia span most high-income countries, predominantly in North America, Europe and Asia, and leave out South America and Africa. Transport distances seem to play some role as the USA relies more on Canada than other countries, Japan relies more on China, and Germany more on the EU. Interestingly, Brazil's food hinterland is concentrated on Argentina and the USA, whilst India relies mostly on its own food production (Figure 2). All six countries represent a more important food source for themselves than their import origins.


[image: Figure 2]
FIGURE 2. Global food hinterlands of countries with high populations. Global food hinterlands of the USA (A), Germany (B), Japan (C), Brazil (D), India (E), and Australia (F). To relate the production values to population size in the consuming countries, the maps are color-coded in units of log10 (US$/cap), so that e.g., 3 = US$1,000/cap.


Smaller and/or less populous countries face more complex food supply realities (Figure 3). Unlike the six countries shown in Figure 2, some countries rely heavily on food imports from abroad. For example, Canada is highly dependent just on the USA, and New Zealand on Australia. Norway relies on a broader set of countries, as its own food production is relatively small due to climatic conditions. An extreme case are small-island nations such as Palau, which rely almost entirely on food imports from around the world. Cuba is seen as relatively self-sufficient because of political circumstances. The Central African Republic has a negligible global food hinterland, given that the country is amongst the poorest on the planet, and cannot afford expensive imported food.


[image: Figure 3]
FIGURE 3. Global food hinterlands of countries with low populations. Global food hinterlands of Canada (A), Norway (B), Palau (C), Cuba (D), the Central African Republic (CAR) (E), and New Zealand (F). To relate the production values to population size in the consuming countries, the maps are color-coded in units of log10 (US$/cap), so that e.g., 3 = US$1,000/cap.




Local Disasters, Global Reach

Vulnerabilities play out in disasters. In the context of food supply and diets, six countries in the world supply almost half, or more than half of global exports of four of the world's most important staple crops: rice, wheat, soybeans and corn (Table 1).


Table 1. Exports of wheat, rice, corn and soybeans from six export origins, as a percentage of total world exports.

[image: Table 1]

Many of these crop systems are vulnerable to natural disasters such as floods, droughts and storms, or human-induced disasters such as chemical pollution, invasive species, or civil unrest. Any adverse event that destroyed a sizable fraction of national crops would lead to production shortfalls. For example, in 2007 when extreme weather hit the Murray-Darling Basin in Australia, the fall in cereal production was partly to blame for soaring food prices globally (Piesse and Thirtle, 2009). It is very likely that markets will respond by fulfilling local needs at the expense of international markets (particularly when the domestic market is relatively high-income, as in Australia). Accordingly, we have modeled the global production impacts of a 10% decrease of exports of wheat, rice, corn and soy beans from Australia, Argentina, Brazil, India, Russia and the USA (Figure 4).


[image: Figure 4]
FIGURE 4. Export shortfalls and global production. Decrease in global production as a result of a 10% shortfall in exports of wheat, maize, rice and soybeans from six major exporters: USA (A), India (B), Russia (C), Argentina (D), Brazil (E), Australia (F). The decrease of 10% was chosen only to exemplify the impacts and is not based on any predicted scenarios. To relate the production losses to population size in the producing countries, the maps are color-coded in units of log10 (US$/'000cap), so that e.g., 5 = US$100/cap.


Shocks to staple exports from the USA would have a major global reach (Figure 4, top left panel). In particular, Canadian consumers would feel an impact in the order of US$100 per capita. Similar relationships exist between Brazilian recipients of Argentinian crops (bottom left), and Kazakh recipients of Russian crops (top right). The disaster reach originating from India, Brazil and Australia is about one order of magnitude smaller.

Interestingly, exporting countries are themselves affected by the shock, even though we have assumed that local supplies remain unaffected. This is because countries rely on imports of processed products that were initially made out of the crop they exported. For example, Australia may import American wheat products made from Australian wheat. If Australian wheat exports to the USA decreased, some of the US food exports to Australia would be affected.



Resilience

Rose (2017) defines economic resilience as the ability of individuals and communities to inherently and adaptively respond to hazards, and to avoid potential losses (Rose, 2017). Measuring resilience allows evaluating disaster responses and identifying strategies for reducing losses. In an IO context, individuals, communities, companies, cities and regions are all exposed to risks stemming from the exposure of their supply chains to potential disasters, and thus supply-chain resilience forms an important part of the economic resilience concept. In IO parlance, a low degree of vulnerability is one characteristic of a resilient economy (Rose, 2011). Resilience in the face of global adversity is also an important concept in relation to food and nutrition security (Food and Agriculture Organisation, 2013; Berry et al., 2015; Candy et al., 2015; MacMahon et al., 2015; Tendall et al., 2015) and therefore for the sustainability of food systems. A coherent analytical modeling framework that integrates food security, sustainability and resilience is required for improving our understanding of indirect effects of climate change-related impacts, thus informing effective decision-making for adaptation of food systems (Wheeler and von Braun, 2013).

Resilience is also traditionally dealt with quantitatively within IOA (Rose, 2007, 2011; Cox et al., 2011; Rose and Krausmann, 2013; Chen et al., 2017). One example for addressing resilience against disasters is to re-structure inter-industry and inter-regional trade (e.g., by choosing alternative suppliers and/or supply chains), with the aim of reducing the exposure to disaster-prone or environmentally intensive commodity origins (Burch and Pritchard, 1996; Venn et al., 2006; Ash and Newth, 2007; Holloway et al., 2007; Maye et al., 2007; Kneafsey et al., 2008). Often, linear programming techniques are used for this purpose (Muller, 1973; James and Musgrove, 1986; Tamiz et al., 1998; Kondo and Nakamura, 2005; Lin, 2011).



Fiscal Measures and Income Distribution

IOA can also be used effectively to measure the intended and unintended consequences of policy intervention to promote healthy and sustainable food systems, by assessing the impact of consumer-oriented interventions on the global food system. For example, fiscal policy interventions have been widely recommended as effective interventions to incentivize dietary change among consumers (Thow et al., 2018). These interventions work by creating price differentials that favor the consumption of sustainable (environment- or health-wise) commodities (Bonnet and Réquillart, 2013; Edjabou and Smed, 2013; Härkänen et al., 2014; Bíró, 2015; Hagenaars et al., 2017; Harding and Lovenheim, 2017; Nomaguchi et al., 2017; The Lancet Diabetes and Endocrinology, 2017; The Lancet Public Health, 2017). While much existing evidence is specific to a given national context (for example the UK, Chile, Denmark or Hungary), it is possible to assess global impacts of a commodity-specific tax using a time series of global MRIO databases that covers 220 countries. For example, it is possible to assess the wage impacts on sugar producers and manufacturers of commodities high in sugar (Figure 5). Due to the geographical location of these producers, low-income countries will be most significantly affected, highlighting the challenge in balancing environmental, health, social and economic wins.


[image: Figure 5]
FIGURE 5. Incidence of a 10% tax on a range of food items. Incidence of a 10% tax on the total output of a set of primary (A) and secondary food (B) items. To refer fiscal effects to a meaningful unit reflecting countries' relative wealth, color shadings reflect multiples (1–10) of each country's total daily wage payment. Left panel: Sugar beet, sugar cane, raw sugar, refined sugar. Right panel: Refined sugar, soft drinks, chocolate, ice cream, extracts.


A key benefit of IOA in this context is the ability to examine the complexity of the supply chains relevant to the taxed products. It can thus provide forewarning about potential economic impacts so that governments and industry can pro-actively develop strategies to mitigate the impact. The adaptability of employment across sectors, and the shift in consumption to other goods or services (which in some cases may be more employment intensive), mean that aggregate employment as well as sectoral employment needs to be considered. Two recent studies have indicated that taxes on sugar sweetened beverages, for example, are unlikely to have negative effects on aggregate employment, and may also have positive impacts through the employment-generating impacts of revenue and reallocation of consumer expenditure (Powell et al., 2014; Guerrero-López et al., 2017). The ability of industry to adapt to emerging trends also needs to be considered—including a significant global trend toward “health” products in the food sector, which nuts are very well-positioned to take advantage of. This type of research would be equally applicable to a range of other policy interventions that have been tabled in the United Nations, such as removal of harmful subsidies, investment in sustainable food system research or consumption-oriented policies such as stricter marketing rules for unhealthy food.



The Supply Chains of Foods Associated With Chronic Disease Risk

As concern regarding the high burden of diet-related non-communicable diseases (NCDs) grows, more and more governments are taking action through the implementation of policies designed to reduce consumption of foods high in fat, salt and sugar, which are associated with NCD risk (World Cancer Research Fund, 2018). Such strategies include labeling, restrictions on marketing, health promotion campaigns and fiscal policy intervention. Public health evidence suggests that reductions in consumption of these foods would have significant benefits for both health and environmental sustainability, if consumers of high animal-sourced diets switch to a more plant-based diet. However, these products incorporate other ingredients as well. IOA can be used to assess the impacts of reduction in consumption of a food high in salt, fat and/or sugar not only on the production of the intended target, as we show above with a tax on sugar, but also on the other—in some cases healthy—commodities also involved in their production. A decline in the consumption of chocolate, e.g., will affect the production of cocoa upstream in chocolate's supply chains and associated employment in low-income countries, even though cocoa (and its direct products) may not directly cause adverse health effects (Figure 6). A similar situation exists for nut producers around the world, since nuts are a significant component in many chocolates (Figure 7). This result is observed owing to the linear relationship between demand for inputs and outputs in the Leontief demand-pull model.


[image: Figure 6]
FIGURE 6. Chocolate consumption and outputs of cocoa products. Consumption of chocolate in Australia (A), and output of cocoa products in the first five supply-chain layers upstream from chocolate (B), and in the remaining upstream supply chains (C).
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FIGURE 7. Chocolate consumption and output of nuts. Consumption of chocolate in Australia (A), and output of nuts in the first 5 supply-chain layers upstream from chocolate (B), and in the remaining upstream supply chains (C).


Australians buy mainly Australian-made chocolate, but also from many other countries around the world (United Nations Statistics Division, 2016b) (Figure 6 left panel). This chocolate requires a range of material and non-material inputs from industries situated in the supply-chain network upstream from chocolate. Including five layers of production upstream from Australian chocolate, we find cocoa processing facilities mainly in the USA, Ecuador, Brazil, the UK, Côte d'Ivoire, Ghana, Nigeria, Cameroon, South Africa, China, Thailand, Malaysia and Indonesia (center). Following the supply-chain network through to its origins with primary producers of cocoa leaves just seven main global cocoa producers: Ecuador, Côte d'Ivoire, Ghana, Nigeria, Cameroon, Malaysia and Indonesia (right). In these countries, cocoa production for the ultimate chocolate destination Australia alone is worth hundreds of mean annual incomes. Should Australian chocolate consumption decrease, these jobs would be at risk. Some types of Australian chocolate embody nuts, and these originate from Turkey (hazelnuts and walnuts), India and Vietnam, Nigeria and Côte d'Ivoire (cashew nuts), Iran (almonds) and Ukraine (walnuts) (Figure 7).



Trade, Inequality, and Food Insecurity

Food security requires constant access to sufficient, safe, nutritious food to maintain a healthy and active life (Food Agriculture Organisation, 1996). Food insecurity, a notable indicator of food inequality, can manifest itself in a number of ways. Here, we discuss two of these- hunger and obesity. In the context of food security and planetary health, the issue of hunger and food inequality warrants special investigation. The International Food Policy Research Institute (IFPRI) regularly calculates the Global Hunger Index (GHI), using well-established procedures for 118 countries, for four key component indicators: undernourishment, child-wasting, -stunting and -mortality. The comprehensive data are available for a continuous time-series from 2011 to 2016, and for separate years−1992, 2000 and 2008 (International Food Policy Research Institute, 2017). Food shortage resulting from natural disasters, such as droughts and floods, is one of the causes of hunger worldwide. The contribution of international trade in promoting or eradicating hunger is unclear (Pritchard, 2012). It has been suggested that international trade opens avenues for low- and middle-income countries to have access to large global markets allowing them to specialize in production and exploit economies of scale. There is, however, another school of thought that challenges this argument on the basis of unfair trading rules that are biased against low- and middle-income countries (Food and Agriculture Organisation, 2017; Oxfam, 2017). A potential integration of GHI with a global MRIO database, coupled with additional data for harmonizing the GHI dataset with the trade model, could yield useful insights into the implications of international trade on hunger in low- and middle-income countries. It is important to note that whilst for environmental indicators such as carbon emissions and energy use, we can enumerate the amount of emissions embodied in the consumption of a particular good or service, such a link is not clear-cut for social indicators such as a hunger or food inequality (mentioned below). These intrinsically complex issues require exploration of potential indicators that could be coupled with the global database for undertaking a supply-chain assessment.

Thinking along the lines of the income equality (Alsamawi et al., 2014b), a term used to describe inequality in accessible food is called “food inequity.” It essentially means that wealthy people are eating better than ever whilst the poor are eating worse. Whilst inequity in the availability of food is primarily an issue in low- and middle-income countries, certain income groups in developed nations such as Australia face this issue as well (Australian Institute of Family Studies, 2011). The statistics on global food inequity are alarming. The Global Food security index provides information on countries that are most and least vulnerable to food insecurity. The data-set is for 113 countries, developed using a unique set of 28 qualitative and quantitative indicators (Economist Intelligence Unit, 2017). An investigation of the role of international trade as an accelerator or retardant of food inequity could yield useful insights.

At the other end of the malnourishment spectrum lies obesity. This condition, which increasingly occurs across the socioeconomic spectrum, has almost tripled in incidence since 1975 and is now considered a global epidemic (World Health Organisation, 2003, 2017a). Undernutrition and obesity may co-exist not just in the same country, region or community, but also within the same household (World Health Organisation, 2018). Recent research indicates that there may be a causal relationship between opening up trade and increasing likelihood of obesity, via increasing imports of unhealthy foods (McNamara, 2015; Barlow et al., 2017; Guintella et al., 2017; Mendez Lopez et al., 2017). Whilst IOA cannot directly work with obesity rates (since these are a characteristic of a population and not of an industrial supply-chain system), it can utilize proxy indicators of obesity, such as amounts of sugar and fat embodied in diets. Thus, combining obesity rates from the WHO Global Health Observatory Data (World Health Organisation, 2017b) with results from a trade-linked global model could reveal a potential role of globalization in the obesity problem.





CONCLUSIONS

This paper highlights the value of IOA in not only providing data to monitor against existing indicators but in developing new and more comprehensive indicators through its ability to consider whole food systems and consideration of regional and cultural circumstances. Using examples, we have illustrated the power of IOA in providing policy makers with information regarding the global impacts of policies to promote healthy and sustainable systems, so that they can mitigate these impacts through complementary policy intervention.
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