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Our food choices, food production pathways and household behaviors together govern the impact that our diet has on our health as well as the environment. As the planetary population grows, there is an increasing awareness of the need to both improve the quality of our diets for health reasons and to reduce its impact on the Earth. From the consumer perspective, however, it is not always clear which healthy diet options and behaviors contribute most to reductions in our dietary footprint. In this paper we model and contrast the impact of the current American diet and three recommended diets from the 2015–2020 Dietary Guidelines for Americans on six environmental dimensions of the dietary footprint: land area required, blue water use, fertilizer application, primary energy input, ammonia emissions, and greenhouse gas emissions based on LCIA studies. For each diet we test the relative impact of a shift in diet composition, caloric intake and the reduction in food waste on the dietary footprint. We find that there are multiple pathways to significantly reduce the environmental impact of our diets. Shifts in diet composition from the current diet to a vegetarian diet had the greatest impact on reducing the dietary footprint, however, combinations of reducing caloric intake from 2,600 to 2,000 kcal/d combined with 50% reduction in food waste could achieve similar results in some cases. In line with results of other studies, we find that reducing red-meat and dairy contribute most to reducing the dietary footprint. However, recommended increases in fruits and vegetables with dietary shifts are accompanied by significant increases in blue water use. By combining a number of incremental shifts in diet composition, intake level, and food waste, significant land currently under production could be spared from production for other uses while still providing a nutritious diet for all.
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INTRODUCTION

What we eat and how we produce it define our most fundamental relationship with the planet. Over the past 200 years, farming has become the most influential driver of land use change (Ramankutty and Foley, 1999; Steffen et al., 2015). Today 37% of the terrestrial surface of the planet and over two thirds of our freshwater resources are dedicated to producing food (Foley et al., 2005; Pretty et al., 2006; Dobermann and Nelson, 2013; HLPE, 2013). Agriculture has also become a leading source of nutrient pollution (Howarth, 2008), biodiversity loss (Lenzen et al., 2012) and greenhouse gas (GHG) emissions globally, accounting for 10–20% of GHGs and 70% of land use change emissions (Hosonuma et al., 2012; Smith et al., 2014; Tubiello et al., 2015). Together, the twin drivers of population growth and increasing per-capita food consumption have, and continue, to fuel food demand and land use change (Tilman et al., 2001). With the global population projected to reach, and possibly exceed 9 billion by 2050 (United Nations DESA, 2017), new modalities of production and consumption are necessary to nourish the planet.

A limited number of options exist to meet these rising food demands: expanding cropland area, increasing productivity on current land, managing consumer demand, and/or reducing food loss along the value chain (Foley et al., 2011; Springer and Duchin, 2014; Martin-Guay et al., 2017). In many regions, the capacity to increase food supply through further agricultural expansion is limited (Tilman et al., 2001; Bruinsma, 2009), especially if we hope to preserve habitat for the other species (Dobrovolski et al., 2011). Thus, it is generally accepted that substantial conventional and/or sustainable intensification will be required to keep pace with food demands (FAO, 2014). Yield improvements are still possible in many under-invested regions such as Africa and Asia (IIASA/FAO, 2012), yet studies suggest that even if it were possible to close current yield gaps, it would be insufficient to secure global diets and spare land from conversion (Ray et al., 2013; Bajželj et al., 2014; Zhao et al., 2017). Bajželj et al. (2014) predict that even under the most promising scenarios of yield increases, up to 20% more agricultural land area will be needed by 2050 to feed the world.

To limit expansion and potentially spare cultivated land for conservation, increasing attention is being paid to options to manage food demand by shifting diets and reducing waste (Bajželj et al., 2014; Mbow and Rosenzweig, 2019). Until recently, these drivers were often overlooked by research and policy communities (Guyomard et al., 2012). Over the past half-century diets in many wealthy countries have evolved. Since the 1970s, average diets in the United States (US) quickly surpassed the average 2,000 kcal per day recommendations (Ford and Dietz, 2013) and today are as high as 2,500 kcal per day amongst some communities (Wright and Wang, 2010) with the portion of meat and oils in the diet rising in tandem (Rehm et al., 2016). This is leading to a number of diet-related negative health outcomes in the US (Lim et al., 2012; McEvoy et al., 2012; da Costa Louzada et al., 2015; Monteiro et al., 2018). Similarly, many emerging economies (e.g., China, Brazil, India) are also undergoing transitions away from plant-based protein to animal foods as incomes rise (Speedy, 2003). Studies comparing resource inputs show that animal-based foods are particularly resource-intensive (Eshel et al., 2014; Tilman and Clark, 2014; van Dooren et al., 2014; Heller and Keoleian, 2015; Peters et al., 2016; Tom et al., 2016), due to low energy conversion efficiencies in animals (Pimentel, 1997; Eshel et al., 2014), placing added strain on production systems.

In recent decades, studies have suggested shifting toward greater plant-based diets as a means of meeting future food demands without increasing agricultural areas (e.g., Pimentel, 2003; Foley et al., 2011; Bajželj et al., 2014). In the US, a number of studies have explored the impacts of shifting diet composition on resource use (Heller and Keoleian, 2015; Peters et al., 2016; Tom et al., 2016; Birney et al., 2017; Conrad et al., 2017, 2018; Blackstone et al., 2018). Overall, these studies have found lower meat diets lead to a greater carrying capacity of the land (Peters et al., 2016), and that current land use, if better organized, could support larger populations on better quality diets (Conrad et al., 2017, 2018). At the same time, a number of these studies show that shifts to healthier diets—high in fruits and vegetables—could increase agricultural water use, energy input, GHG emissions in the US (Heller and Keoleian, 2015; Tom et al., 2016; Birney et al., 2017). This suggests that important trade-offs may exist in environmental dimensions beyond land use in the American food system. It is not clear, however, how generalizable these results are to other countries with different food productions systems.

Similarly, it has been suggested that current and future food demand could be met, in part, through the reduction of food waste (Foley et al., 2011; Bajželj et al., 2014). In the US, ~30% of all produced food is thrown away along the food chain from producer to consumer, accounting for 133 billion pounds of uneaten food (Buzby et al., 2014). This is equivalent to 141 trillion calories per year (Buzby et al., 2014) or sufficient calories to feed an additional 154 million people per year on a 2,500 kcal/d diet. Buzby and colleagues (2014) found that the largest food losses were in meats, poultry, fish (30%), and dairy (17%), the most resource-intensive food groups, as well as more highly perishable vegetables (19%). Such losses have been estimated to add an additional 1.4 kg/d CO2-equivalents to the per capita carbon footprint of the average American diet (Heller and Keoleian, 2015) and to account for ~34–35% of energy use, blue water use, fertilizer use and GHG emissions related to an individual's diet (Birney et al., 2017). Thus, even moderate reductions in food waste could substantially improve the resource-use efficiency of food production systems.

Given the large number of studies, with at time conflicting recommendations, it can be hard for the average consumer identify diet strategies to achieve their environmental and health goals. This requires understanding the relative impact of their dietary choices cross multiple environmental dimensions. To help inform consumer decision, in this article we explore the relative environmental impacts of (i) a shift in diet composition toward more plant-based foods, (ii) a shift in caloric intake from 2,000, 2,600, to 3,200 kcal/d, and (iii) a reduction in food waste by 10, 25, and 50% on resource demands of three diets outlined in the 2015–2020 Dietary Guidelines for Americans (USDHHS and USDA, 2015) as compared to the current American diet. We contrast the impact of each diet in terms of its land footprint, blue water and phosphate use, primary energy input as well as ammonia and GHG emissions.

Finally, we project these results out to 2051 when the US population is set to reach 400 million people to identify dietary pathways that provide healthy diets while minimizing the domestic land demand to support the new population (results for values in 2051 presented in Supplemental Materials SM8.2 and Table SM4).



MATERIALS AND METHODS


Constructing Diet Scenarios

To build representative diet scenarios we use the recommended daily intake values (i.e., servings) from the 2015–2020 Dietary Guidelines for Americans for three available diet patterns: the Healthy, Mediterranean and Vegetarian diets. The Healthy diet provides recommendations on the appropriate balance of daily fruit, vegetables, grains, protein and fat intake, and includes both plant and animal-based protein with an emphasis on terrestrial livestock protein sources (meat and dairy). The Mediterranean diet has similar or slightly higher intake levels of fruits, vegetables, grains and seafood, but a lower emphasis on terrestrial animal products. In the Vegetarian diet, meats and seafood are replaced by higher intakes of nuts, legumes, and tofu products. These three patterns represent diets across a decreasing spectrum of animal protein intake. From these three diet patterns, we create intake scenarios at three caloric levels (2,000, 2,600, and 3,200 kcal/d) based on recommended intake values in the 2015–2020 Dietary Guidelines. These intake levels were selected to represent the globally recommended intake (2,000 kcal/d), average intake in the US (2,600 kcal/d) and the highest available intake included in the Dietary Guidelines (3,200 kcal/d).

To represent current actual diets of the American populace, we extract data from Rehm et al. (2016) on dietary intake patterns amongst American adults surveyed in 2012 in the National Health and Nutrition Examination Survey (NHANES) (2012), which approximates a 2,600 kcal/d diet. Rehm et al. (2016) presents summarized intake quantities for each food group from dietary recall data from a cross section of the American population. We use aggregated intake quantities for all adults sampled. We scale the reported average portion sizes of each food group to recreate the current American diet at 2,000 and 3,200 kcal/d to match the other diet pattern scenarios.

For both the current diet and the diet scenarios, we selected a single food item for each 2015–2020 Dietary Guidelines food group (e.g., Fruit) and sub-group (i.e., Vegetables–dark green) to compose the diet (Table 1). Food items were selected based on the crop or livestock product within each food group with the greatest total land area dedicated to production in the United States in 2014 using national level data in FAOSTAT (FAO, 2014). This was done to best represent linkages between patterns in current land use in the country and likely food preferences. For more details on construction of diet scenarios (see Supplemental Materials SM8.1).


Table 1. Servings per food group for the current diet and three recommended diet patterns at three caloric intake-levels.
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Estimating the Land Footprint of Diet Scenarios

To estimate the land area needed to produce each diet we first calculate the total annual per-capital demand in kg/capita/yr for each food item based on daily actual or recommended intake (g/d) rates. We translate these values to land area by multiplying the total annual per-capita demand (kg) by national crop productivity values (i.e., yield/ha) for each food item. Productivity values for meat and animal-based proteins (eggs and dairy), as well as sugars and oils are taken from (Davis, 2017), while crop productivity data were extracted from FAOSTAT database for 2014. We assign productivity from the FAOSTAT category “Cauliflower and Broccoli” for broccoli, as it was not reported separately. Estimates of the terrestrial contribution to the production of seafood were taken from agricultural input estimates for feed from Meier and Christen (2012). We tested the sensitivity of our calculation framework to the specific food items selected by substituting each food item for another widely produced domestic food product in the current average diet (see Table SM1).

In order to better represent the resources required to support these diets, we accounted for the amount of postharvest food lost at the retail and consumer levels in the United States based on USDA loss-adjusted food availability (LAFA) [U.S. Department of Agriculture Economic Research Service (USDA-ERS), 2016]. To accomplish this, we multiplied the calculated land area requirement of each food item by 1+ % LAFA item-specific food loss rate. Food loss-adjusted land area requirements were then summed across all food items to estimate the gross land area needed to support one person on each diet for 1 year. We extrapolate these values to the 2016 US population size (324 million) and the expected population size in 2051 (400 million) to estimate the total land area required per year (ha/yr) for each diet scenario. The results of the analyses out to 2051 are shown in Table SM4.



Estimating the Environmental Footprint of Diet Scenarios

We also estimate environmental impacts of diet scenarios in terms of the amount of blue water required (m3), phosphate applied (kg), energy used (GJ), as well as ammonia (kg) and greenhouse gases emitted (eCO2 tn) to produce the foods using compiled life cycle impact assessment (LCIA) estimates from Meier and Christen (2012). Meier and Christen (2012) use a cradle-to-store bounded LCIA to calculate the resource inputs required to produce 1 kg of each food group including processing, packaging and transport and are based primarily on studies from German food system. We use LCIA values from Meier and Christen, rather than separate LCIA studies for individual products as they provide comparable estimates of resource use intensity across six common environmental indicators. Calculated per-capital annual quantities of each food item from our diet scenarios were multiplied by food-item specific LAFA values and these LCIA values and summed within diets. Total resource inputs and outputs of scenario diets were then contrasted with those of the current diet to illustrate the relative change in resource use associated with both diet composition and caloric intake shifts.



Impact of Reducing Food Waste Along the Retail Chain

In addition to estimating the change in the environmental indicators with different diet compositions and caloric intake levels, we examine the relative impact of reducing food waste along the retail chain from producer to consumer. For each diet scenario we estimate change in resources required to produce the diet if food waste were reduced by 10, 25 and 50% across all food items using values provided in the USDA loss-adjusted food tables [U.S. Department of Agriculture Economic Research Service (USDA-ERS) (2016)]. These are then contrasted in terms of land use and resource use with shifts in diet composition and caloric intake.




RESULTS

Estimated energy (kcal) intake from our actual and recommended diets corresponded well with the expected caloric intakes. In each of the diets examined, the calculated energy intake, based on the energy density of the food items and the quantities consumed or recommended resulted in diets that fell within 100 kcal of the targeted intake levels (Table 1). The identity of the food items selected for each food-group had only a minor influence on the land area impacts. Exchanging each crop and dairy food item for the second most widely produced food item (rather than the first) in the current average diet only increased the estimated land area demand by about 4%. Swapping all crops in any one food-group category resulted in changes in total land footprint by <2%, however, percentage changes within food groups were higher. In contrast, the relative proportions of the beef, chicken and pork in the current diet had a much larger impact on the total land footprint. Increasing proportion of red meat from 36 to 50% increased the land footprint by 21%. However, adjusting the proportion of either chicken or pork to make up 50% of meat intake (with the remainder split between the two other meat types) reduced the land footprint by 28% in both cases (see Table SM1). Due to the extremely low land area productivity of beef, our calculation framework is highly sensitive the quantity of red meat in the diet. Thus, our assumptions on the relative proportions of red meat in the recommended Healthy and Mediterranean diets have a strong influence on our results.


Shifting Dietary Composition Vs. Intake on Land-Area Footprint

We found a more pronounced effect of shifting diet composition than shifting caloric intake on the per-capita land area required to produce each diet (Table 2). Shifting from the current diet at 2,600 kcal/d to the Mediterranean and Vegetarian diet at the same caloric intake reduced the area requirement by half and 4-fold respectively. In comparison, reducing intake from 3,200 to 2,000 kcal/d while maintaining the food composition in the current diet would only reduce land demand by about 40%.


Table 2. Per capita land area (ha) required to support the current diet and US Dietary Guideline recommended “Healthy,” “Mediterranean,” and “Vegetarian” diets at three levels of caloric intake.
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Across all intake levels, the largest reduction in land area accompanied shifts from a Healthy to a Mediterranean diet, likely due to the large decrease in red meat assumed in the Mediterranean diet. Interestingly, for the Healthy and Mediterranean diets, reducing intake from 2,600 to 2,000 kcal/d had a proportionally larger impact on per-capita land area requirements, than would reducing consumption from 3,200 to 2,600 kcal/d despite representing similar caloric change. Looking at the red meat consumption quantities of these diets in Table 1, we can see that there is a larger decrease in recommended beef intake from 2,600 to 2,000 kcal/d, than there is for the same diet from 3,200 to 2,600 kcal/d. Together, these highlight both the impact of red meat consumption on land demand, but also the sensitivity of our models to assumptions of the relative proportions of meats consumed. Similar patterns were not seen in the current diet as we linearly scaled existing proportions of all food groups to estimate the composition of diets at 2,000 and 3,200 kcal/d.

When we extrapolate these numbers to the US population in 2016, we estimate that the current diet requires ~270 million hectares of land to feed its 324 million people. A comparable Mediterranean diet at 2,600 kcal would require just 50% as much land and a Vegetarian diet of the same energy intake requires about a quarter of the land area, and would save 200 million ha of land. Of all the diets analyzed, the Vegetarian diet at 2,000 kcal had the smallest land footprint, requiring only 64.7 million ha to supply the US population in 2016 with a nutritionally adequate diet. However, even a less drastic shift from the current diet to a Healthy diet at 2,600 kcal, would save ~44 million ha of arable land (approximately the size of the state of California), while a shift to a Healthy diet and reduction to 2,000 kcal diet could save ~74 million ha that could be dedicated to other land-uses or conservation.



Shifting Composition vs. Food Waste on Diet Footprint

Reducing food waste along the retail chain from producer to consumer, without any change in diet composition, can make significant impacts on the land area needed to support a diet (Table 3). For the current diet, reducing food waste for each food item by 50% reduced the land area footprint of the diet by 0.13 ha per-capita and would spare ~44 million hectares of land area from production, making it equivalent in land-use to the Healthy diet with no waste reduction. Similarly for the Healthy diet, a 50% reduction in food waste could make significant reductions to the land footprint of the diet, sparing ~35 million ha from production. For the Mediterranean and Vegetarian diets, food waste reduction had a much smaller absolute impact, compared to shifts in diet due to their significantly lower land-demands (Figure 1). Overall, reducing food waste generally had a smaller impact on land footprint than shifting the composition of the diet. However, impacts from a 50% reduction in food waste were comparable to shifting caloric intake by 600 kcal within a particular diet.


Table 3. Land area (ha) required per person to support the current diet and US Dietary Guideline recommended “Healthy,” “Mediterranean,” and “Vegetarian” diets at three levels of waste reduction.
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FIGURE 1. Estimated land area required to meet dietary requirements of the US population following the current diet and 9 dietary scenarios with a 0, 10, 25, and 50% reduction in food waste along the retail-consumer chain.


Looking across all diets patterns, caloric intakes, and waste reduction levels we can see the relative impact that these consumption decisions have on the total land area required to support the US population in 2016 (Figure 1). It is clear that the most significant reductions in land footprints come from shifts in diet composition, while caloric intake and waste reduction can also make important but less substantial contributions.



Environmental Footprints

Beyond the land area required to grow the crops and livestock, we also examined the amount of inputs of water, fertilizers, energy required, and GHG emissions from the production, packaging and transport of food items. The total estimated resource inputs vary between our diet scenarios as a function of the relative quantities of different food groups in the diet (e.g., meat vs. fruits vs. vegetables), which each have their own individual resource input requirements throughout their life cycle (Meier and Christen, 2012).

As we have shown above, shifting current consumption both toward a recommended diet and/or limiting consumption to 2,000 kcal could spare significant land area from production. These shifts in diet composition, however, may be accompanied by concomitant increases in other resource inputs. In Figure 2 we can see the relative impacts of shifting diet composition and caloric intake on the environmental impact of each diet as compared to the current diet (for absolute per-capita and population level values see Table SM1). All diet scenarios involve an increase in the amount of water needed to produce the recommended diets ranging from an increase of 33% for the Healthy diet at 2,000 kcal to a 92% increase in water use in the Vegetarian diet at a 3,200 kcal intake. Shifting to any of the recommended diets is also accompanied by an increase in energy use (up to 39%), except for Vegetarian diets at or below 2,600 kcal, which is more comparable (−9%) to the current diet energy use.
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FIGURE 2. Relative percent difference in land area (purple), energy (blue), phosphate (green), water (olive) inputs as well as CO2 greenhouse gas equivalent emissions (red) required for the production, processing and transport to retail for the nine dietary scenarios as compared with the impacts for the current diet (sensu Rehm et al., 2016) based on LCIA estimates of food groups by Meier and Christen (2012).


In contrast, all recommended diets, except for the Healthy diets above 2,000 kcal, reduce phosphate use and ammonia emissions, in some cases by as much as 38–43%. However, GHG emissions can only be reduced by shifting from the current diet to a Mediterranean or Vegetarian diet. Shifting from the current to a Healthy diet produces more GHGs, even when intake is limited to 2,000 kcal. These results all assume there is no change in food waste along the supply chain and are based on LCIA values from Meier and Christen (2012). It is conceivable that many of these values would shrink or change direction if a shift in diet intake and composition were further accompanied by reductions in food waste.



Environmental Impact by Food Group

Comparing the breakdown in land area needed to produce each of the recommended food-groups in examined diet scenarios (at a constant caloric intake of 2,600 kcal), we find across diets that most land area requirements are dedicated to supporting the provision of protein and dairy foods with relatively little land needed for the production of fruits, vegetables or grains (Figure 3A). A similar pattern emerges for phosphate inputs, as well as ammonia and GHG emissions, which are mainly tied to the production of animal-based foods (Figures 3D–F). In contrast, blue water inputs are much higher for fruits, and this becomes important as all recommended diets have much higher recommended intakes of fruits and vegetables than consumed in the current diet (Fgure 3B). Energy inputs are more evenly distributed across the six food-groups with the total energy required to produce the Healthy and Mediterranean diets slightly higher than current or Vegetarian diet due to the increase in fruit and vegetable alongside the continued consumption of meat (Figure 3C). Thus, apart from blue water inputs, the production of animal-based protein and dairy products is considerably more resource-intensive and polluting than other food groups, and the overall impact of the diet is mostly changed by the amount of protein consumed. As we shift the composition of our diets, we can see that these decisions have important implication for their relative environmental impacts.
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FIGURE 3. Comparison of the relative environmental footprints for the six major diet food groups as measured by (A) land area, (B) blue water input requirements, (C) energy input requirements, (D) phosphate input requirements, (E) ammonia emissions and (F) greenhouse gas emissions (eCO2) for the current diet and three recommended diet patterns from the 2015–2020 Dietary Guidelines for Americans at a common 2,600 kcal intake level. Petal size is scaled relative to the largest value within an environmental footprint category and the total per-capita size of each diet's footprint is listed at the top of each panel.





DISCUSSION

This study aims to provide information to consumers on the relative impact that changes in diet composition, caloric intake, and food waste behaviors can have on their dietary footprint. Overall we find that shifting composition of the diet from the current American diet toward Healthy, Mediterranean or Vegetarian diets can have a stronger impact on multiple environmental indicators than reducing caloric intake or food waste alone. In particular, we found that reduction of animal-protein foods, especially red meat and dairy, dramatically reduces the quantity of resources need to produce a diet, while increasing fruits and vegetables led to increases in blue water requirements and potentially energy demand. Combining a shift in diet composition with either reduced caloric intake and/or food waste provided additional benefits that together could spare significant land and resources from production. Only reducing caloric intake and/or reducing food waste still led to important reductions in the dietary footprint that together could spare over 50 million hectares of land from production while feeding the US population in 2051. Together these results suggest there are multiple pathways for consumers to transition to more environmentally sustainable diets.


Sustainable Diets for a Sustainable Planet

In 2010, the FAO defined sustainable diets as those “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” (Burlingame and Dernini, 2012). Agriculture is at the center of the sustainability crisis through its links to land use, water, nutrition, health, economy and global nutrient cycles (Willett et al., 2019). As the population increases to 9 billion over the coming decades, so to will the pressure to identify and characterize more sustainable diets that address the social, ecological and economically-linked challenges. Efforts to date have also focused on identifying the appropriate metrics to evaluate the sustainability of diets. Gustafson et al. (2016) proposed a framework to evaluate the performance of national food systems based on seven dimensions of sustainable nutrition security, which has recently been applied to evaluate national food systems in 156 countries (Chaudhary et al., 2018). In general, this assessment found that wealthy countries performed well across most metrics; however, they scored poorly on environmental, waste and health-sensitive nutrient intake indicators (Chaudhary et al., 2018).

In an effort to guide the transformation to sustainable and healthy food systems, Willett et al. (2019) used an integrative framework on healthy diets and sustainable food systems combined with scientific targets to identify a universal reference diet that is both healthy and environmentally sustainable, and adaptable to all local food cultures. Globally, a transformation to such healthy diets by 2050 will require significant dietary shifts, including at least a 50% reduction in consumption of red meat and sugar, as well as doubling in consumption of nuts, fruits, vegetables and legumes. However, the shifts needed by region differ greatly. In line with such recommendations, the Canadian dietary guidelines is, to date, one of the first to recognizing both health and environmental sustainability concerns as well as food literacy in their recommendations (Grant and Jenkins, 2018). In the United States, the proposed universal reference diet is most similar to an combination of the 2015–2020 Dietary Guidelines' Mediterranean diet pattern at 2,000 kcal/d (but with half the recommended portion of meats, eggs, and diary) with the greater intake of vegetables and whole grains from the Vegetarian diet at 3,200 kcal/d.

However, Willett et al. (2019) suggest that simply following this universal healthy reference diet with our current food production system will not in itself be environmentally sustainable. These systems can be deeply inefficient in terms of inputs (especially in many wealthy nations such as the US) as well as inefficient in terms of outputs (e.g., yield gaps in many developing countries). Shifts in diet must be accompanied by major technological improvements in input-efficiency, closing of yield gaps, reduction in food waste and shifts in farming practices toward low-carbon systems (Foley et al., 2011; Ray et al., 2013; Bajželj et al., 2014; Willett et al., 2019). A multi-pronged approach, with targeted actions at each step in the food system, from farm production system, retail transformation, to consumer behavior will need to be implemented in order to achieve healthy diets for people and the planet. They also stress that governance systems must implement a zero expansion policy of new agricultural land, and should aim to restore and reforest degraded lands that can be taken out of production.



Sparing Land Through Diet Choices

In 2016, there were 154.2 million hectares of arable land cultivated in the United States, of which ~2.6 million were permanent crops (FAO, 2018). A further 251 million hectares were classified as permanent meadows and pastures and used to raise livestock (FAO, 2018). Biophysical diet simulations by Peters et al. (2016) suggest that the carrying capacity of the agricultural land in the United States is highly dependent on the diets adopted by people. Their models suggest that the national land base could potentially support between 400 and 800 million people, on a current or lacto-ovo-vegetarian diet, respectively. Based on our calculation of the current diet, ~259 Mha of the 270 Mha required to support the 2016 population on this diet are pasture and feed crops to support the production of animal-based food items, with the remaining 11 Mha dedicated to grains, fruits, vegetables, sugars, and oils.

Even relatively small changes in diet patterns and food waste reduction could potentially spare millions of hectares of land that could be re-oriented toward other production systems (e.g., biofuels production) or retired from production and restored. As suggested in Peters et al. (2016) biophysical simulations, the majority of the land that would be “spared” with diet shifts will result from decreases in meat consumption. This implies these would be composed primarily of rangeland, pasture and permanent meadows used to support animal production, and to a smaller extent cropland currently used to produce livestock feed. As in other landscapes, slopping and/or marginal lands with low or degraded soil quality and low productivity would conceivably be taken out of production first (e.g., Gellrich and Zimmermann, 2007; Sluiter and de Jong, 2007; Prishchepov et al., 2013) and allowed to regenerate into natural habitats, supporting biodiversity and ecosystem services. Rangelands, due to their low fertility, are also more likely to be abandoned. In contrast, cultivated fertile lands released from food production for domestic consumption, may remain under new forms of production with products destined for other markets (Harvey and Pilgrim, 2011).

Shifts in food consumption patterns are also recommended from a dietary perspective. The current diet is considered to have an overly high consumption of oils, sugars and processed foods and low intake of fruits, vegetables, and whole grains for achieving a healthy life (Rehm et al., 2016; Steele et al., 2016). These intake patterns have been linked with rising rates of obesity (da Costa Louzada et al., 2015; Monteiro et al., 2018) and the risk of non-communicable diseases (Lim et al., 2012; McEvoy et al., 2012), in combinations with other health factors such as activity level. Thus, in order to address the double challenge of negative impacts of diets on both human and environmental health, shifts in the composition of diets are needed.



Shifting Impacts of Shifting Diets

Changes in diet lead to changes in environmental outcomes owing to the unique resource requirements to produce food items and their environmental impacts. Each of our scenarios presents a unique composition of environmental impacts based on the combination and quantity of foods included in the diet. We found that shifting the composition and/or intake level from the current diet toward healthier diets could lead to larger environmental footprints when multiple indicators were assessed. Using a different methodology to compose diets and estimate impacts, Blackstone et al. (2018) also compared the environmental and policy implications of the three diet patterns from the 2015–2020 Dietary Guidelines for Americans. Similar to ours, their study found the Vegetarian diet resulted in lower impacts across indicators (42–84%) than the Healthy or Mediterranean diet patterns, with the exception of water depletion (which was similar). However, they did not compare these impacts with those of the current American diet.

In our study, we find that two of the three recommended diet patterns from the 2015–2020 Dietary Guidelines result in higher environmental impacts that the current average American diet. These findings are confirmed by Tom et al. (2016) who found that a switch from the current diet to one (based in part) on the 2015–2020 Dietary Guidelines, would increase GHG emissions by 11%, blue water use by 16%, and energy input by 43%; meanwhile reducing the size of the diet generally would help to reduce inputs, but could still lead to small increases resource use in the case of a healthier diet. Similarly, Birney et al. (2017) found that a shift in diet composition accompanied by a reduction in food waste would still increase per capita food-related energy and increase fertilizer use by 12%, but decrease blue and green water consumption (4–23%), land use (32%), as well as GHG emissions across sectors. This suggests that there is a need to address food waste, diet size and diet composition simultaneously in order to mitigate environmental impacts of healthier diets.

For the average consumer, navigating these trade-offs to reduce their impact across one or more environmental dimension can be overwhelming. Studies have shown that the average American consumer incorrectly believes that the greatest environmental impacts of their diet come from excess packaging, and that reducing meat consumption has few environmental benefits (Tobler et al., 2011), despite numerous studies reporting to the contrary (Tilman and Clark, 2014; van Dooren et al., 2014; Heller and Keoleian, 2015; Peters et al., 2016). When presented with health and environmental impacts, Western consumers are often least willing to change their meat consumption due social and culture values associated with meat (Macdiarmid, 2013). Instead efforts to present healthy food choices in socially and culturally compelling ways are more likely to result in changes to food choices (Turnwald and Crum, 2019; White et al., 2019). Rehm et al. (2016) also show that between 1999 and 2012 diets have slowly improved in the US, albeit in some segments of society faster than others, suggesting we are on the right track but moving too slowly.

Increasingly health-oriented dietary guidelines for middle-income and wealthy countries (Grant and Jenkins, 2018), as well as studies (Tilman and Clark, 2014) recommend reducing intake of animal-based foods, in particular of red and processed meats, due to negative health implications [(Lim et al., 2012; International Agency for Research on Cancer (IARC), 2015); Richi et al., 2015] in favor of plant-based foods. It will be increasingly important that national dietary guidelines take environmental health into consideration during their design (Blackstone et al., 2018), as has been done in Canada (Grant and Jenkins, 2018). From the above studies it is clear that the three, equally-recommended healthy diet patterns of the 2015–2020 Dietary Guidelines very different environmental impacts. By providing information on the relative impacts of a shift in diet, intake and/or food waste by food groups, this study hopes to provide consumers with more practical information on the impacts of their individual food choices on the environment. As well, it illustrates that there are multiple dietary pathways to reducing environmental footprints by combining shifts in composition, intake and importantly, waste reduction.



Strengths and Limitations

We found that our study design was relatively robust to the specific foods selected to represent each food group. Our estimates of the impacts of the current diet, constructed from average diets from the NHANES reported by Rehm et al. (2016), were similar to GHG emissions and energy impacts recently estimated for individual self-selected diets from the NHANES (Heller et al., 2018). Using a database of over 6,000 as-consumed foods and dishes from 1 day dietary recall data linked to food lifecycle assessments (LCA), Heller and colleagues (2018) estimated that the average individual self-selected diet in the US was associated with 1.7 tn GHG emissions and 9.2 GJ of energy input per year. These values are slightly lower than our estimates (1.9 tn/yr and 12.3 GJ/yr respectively), which is partly explained by their consideration of cradle-to-farm-gate LCA values while values used from Meier and Christen (2012) used in our study are cradle-to-store bounded values. However, by using average LCIA values for food groups rather than as-consumed food items we do not distinguish between raw foods and ultra-processed foods, which make up a large component of American diets (Steele et al., 2017). Highly and ultra-processed food items require significantly more resources to produce due to wider list of sourced-ingredients, and greater processing and transportation (Tasca et al., 2017). Thus, our calculations may underestimate the full impact of the current diet.

We also found that our analytical framework was particularly sensitive to the ratio of meats included in the diet. For the Healthy diet we assigned equal portions 1:1:1:1 of the three meat types (beef, chicken, and processed pork) and egg based on the ratio of consumption in the current diet, while we shifted the composition to 1:3:3:3 in the Mediterranean diet. This drove a significant portion of the difference in land use and phosphate requirements between the two diets, despite similar levels of recommended animal-protein intake. Thus, assumptions about the relative impact of these diets depend strongly on the quantity of red meat in the diet. People following a recommended Healthy diet whose protein intake is composed primarily of chicken and pork will have a substantially smaller the environmental footprint compared to people following a Healthy diet whose protein intake is composed primarily of red meat (Richi et al., 2015). Such an dietary shift may help to simultaneously achieve a healthy diet, reduce land demands while balancing increased water demands associated with recommended fruit and vegetables intake that are very high under a Mediterranean diet.

Another limitation of our study is the assumption that all food consumed in our scenarios is produced within the United States under Western industrial farming and economic systems. A non-trivial portion of the food consumed within the United States is imported from other countries (~17%) (Tom et al., 2016), who bare the environmental burden for its production in terms of land, resource inputs and pollution. In this study, we do not explicitly consider the ecological impacts of consuming foods grown in other countries, of which the primary imports are tropical fruits and vegetables from countries in Mexico and Central America, and grain and animals from Canada (Table SM3, FAO, 2018). While production in Canada is likely similar to that in the US and Germany (where the LCAI values are derived), produce from Mexico and Central America are likely grown under very different agro-ecological, environmental and economic conditions that may lead to differences in resource requirements and food waste along the retail chain. This adds an important uncertainty to our estimations of environmental impact, as well as consideration for where these impacts are most likely to occur. Fruits and vegetables grown in tropical climates may have better access to rainfall and not require greenhouses than the same crops grown in more temperate climates, thereby reducing the resource inputs required, however average productivity in these countries is often lower.




CONCLUSIONS

We find that there are multiple pathways for health-conscious and environmentally-conscious consumers to reduce their dietary footprint. Our results show shifting diet composition has a greater impact on resource inputs needed to support diets than shifts in caloric intake or waste reduction. Nevertheless, reducing caloric intake and food waste each have significant individual and as well as additive impacts on resource efficiency that should not be overlooked in strategies toward healthier and more sustainable food systems. Overall, reducing animal products in the diets had the greatest impact on reducing land and phosphate inputs, while increasing fruit and vegetable intake leads to substantial increases in the amount of water and possibly energy needed to produce these diets. The trade-offs between food groups based on the inherent the resource-intensity of their production challenge our capacity to achieve balanced, healthy and sustainable diets without significant changing the way our food is produced. However, by combining a number of incremental shifts to diet composition, intake level, and food waste, significant reductions in the diet footprint could be achieved and potentially spare millions of hectares of land from production in the future. These results suggest that in our efforts to guide people toward healthier diets, food guidelines must also be cognizant of impacts recommendations have on multiple dimensions of environmental health.
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Foodgroup  Food Food item Current Healthy Mediterranean Vegetarian
Sub-group
2,000 2,600 3,200 2,000 2,600 3,200 2,000 2,600 3,200 2,000 2,600 3,200
keal/ld  kcalld  kealld  kcald  kecald  keald  kealld  kealld  kcalld  kcald  keald  keald
Frit Whole fruit Apples 028 037 0.46 070 070 0.875 0875 0875 1.05 0.70 0.70 070
Oranges 028 037 0.46 070 070 0875 0875 0875 1.05 070 070 070
Fruit juices Orange juice 025 032 039 060 060 075 075 075 090 0.60 0.60 0.60
Total servings 081 105 120 200 2.00 250 250 250 3.00 2,00 2.00 250
Vegetables Dark green Broccoli 0.12 0.16 0.20 021 036 036 021 036 036 021 0.36 036
Red/orange Carrots 0.08 o1 0.14 021 025 029 021 025 029 021 025 029
Tomatoes Tomatoes 023 030 0.7 057 075 079 057 075 079 057 075 079
Potatoes Baked potato 025 032 039 036 036 043 036 036 043 036 036 057
Beans and peas  Green peas 003 004 05 021 050 057 021 050 057 1.07t 050t 2.4t
Starchy Com 004 005 06 036 050 057 036 050 057 036 050 057
Other Lettuce 0.48 062 076 057 079 1.00 057 079 086 057 079 1.00
Total servings 125 163 200 250 350 4.00 250 350 4.00 250 3.50 4.00
Grains Whole grains  Whole wheat 077 1.00 123 3.00 450 5.00 3.00 450 5.00 3.50 5.00 550
bread
Refined grains ~ White bread 4.09 532 655 300 450 5.00 300 450 5.00 3.00 450 5.00
Total servings 486 632 7.77 6.00 2.00 10.00 6.00 2.00 10.00 650 950 1050
Protein Meat Chicken 032 0.41 050 027 032 034 032 038 0.40 NA NA NA
Beef 035 045 055 027 032 034 011 013 0.13 NA NA NA
Processed pork 022 028 034 027 032 034 032 038 0.40 NA NA NA
Seafood Trout *(soy) 0.15 0.19 023 0.41 0.41 041 061 0.69 069 1.14* 1.43° 186"
Nuts and seeds ~ Almonds 053 0.69 0585 071 071 0.86 071 071 0.85 1.00 129 186
Eggs Scrambled 039 051 063 093 11 118 093 133 1.4 0.49 0.49 057
Total servings 1.03 135 166 34 318 345 348 362 391 343 443 6.00
Dairy Mik 2% milk 054 070 0.86 135 135 135 09 1125 1125 135 135 135
Cheese Cheddar cheese 052 068 084 1.35 1.35 135 09 1.125 1.125 135 1.35 1.35
Yogurt Plain yogurt 054 070 0.86 030 030 03 02 025 025 030 030 030
Total servings 1.60 208 256 3.00 3.00 3.00 2.00 2550 2550 3.00 3.00 3.00
Oils Saturated fats  Ganola oil 267 3.74° 421 1.00 126 188 1.00 126 188 1.00 126 188
Others Sugarandcola  Granulated sugar 1862 242 208 155 233 376 162 2024 350 17.9 24.05 340
Total calories 1,999 2,599 3,199 2,047 2,659 3,218 2,038 2,582 3,206 2,125 2,695 3,286

Rehm et . (2016) reports NHANES values on total fat consumption in the percent of daiy energy intake. In the current diet, fats from energy constitute 3% of totel day energy intake, or 865 kcel, which are equivalent 100g of canola

oilor 3.74 servings.

Tinclude servings dedicated to both vegetable and protein consumption.

*Denotes where a food item substitution has taken place within a food group for the Vegetarian diet.
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