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Abstract
Background
There is an urgent need to assess the linkages between diet patterns and environmental sustainability in order to meet global targets for reducing premature mortality and improving sustainable management of natural resources. This study fills an important research gap by evaluating the relationship between incremental differences in diet quality and multiple environmental burdens, while also accounting for the separate contributions of retail losses, inedible portions, and consumer waste.

Methods
Cross sectional, nationally-representative data on food intake in the United States were acquired from the National Health and Nutrition Examination Survey (2005–2016), and were linked with nationally-representative data on food loss and waste from published literature. Survey-weighted procedures estimated daily per capita food retail loss, food waste, inedible portions, and consumed food, and were summed to represent Total Food Demand. Diet quality was measured using the Healthy Eating Index-2015 and the Alternative Healthy Eating Index-2010. Data on food intake, loss, and waste were inputted into the US Foodprint Model to estimate the amount of agricultural land, fertilizer nutrients, pesticides, and irrigation water used to produce food.

Results
This study included dietary data from 50,014 individuals aged ≥2 y. Higher diet quality (HEI-2015 and AHEI-2010) was associated with greater per capita Total Food Demand, as well as greater retail loss, inedible portions, consumer waste, and consumed food (P < 0.001 for all comparisons). Consumed food accounted for 56–74% of agricultural resource use (land, fertilizer nutrients, pesticides, and irrigation water), retail loss accounted for 4–6%, inedible portions accounted for 2–15%, and consumer waste accounted for 20–23%. Higher diet quality was associated with lower use of agricultural land, but the relationship to other agricultural resources was dependent on the tool used to measure diet quality (HEI-2015 vs. AHEI-2010).

Conclusions
Over one-quarter of the agricultural inputs used to produce Total Food Demand were attributable to edible food that was not consumed. Importantly, this study also demonstrates that the relationship between diet quality and environmental sustainability depends on how diet quality is measured. These findings have implications for the development of sustainable dietary guidelines, which requires balancing population-level nutritional needs with the environmental impacts of food choices.
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Background
The global imperative to improve diet quality while simultaneously reducing environmental burdens is one of society’s most pressing challenges today. Suboptimal diet quality is now the leading behavioral risk factor for premature death [1], accounting for over 11 million deaths worldwide [2]. Diets high in sodium, and low in whole grains, fruits, vegetables, and nuts and seeds account for a substantial share of this burden due to the detrimental effects on vascular integrity, metabolic regulation, and gastrointestinal health [2]. These conditions play a major role in the etiology of coronary heart disease, stroke, diabetes, and neoplasms, which cumulatively represent the predominant share of premature death and disability worldwide [2]. According to recent estimates, improved diet quality could avert nearly 25% of premature deaths globally [3]. Meanwhile, massive amounts of agricultural resources are mobilized throughout the world to support current diet patterns, including non-renewable energy, fertilizer nutrients, pesticides, agricultural land, and water; all of which are linked with substantial environmental burdens, including greenhouse gas emissions, eutrophication, acidification, biodiversity loss, soil erosion, and water scarcity [4, 5].
In recognition of these dual health and environmental threats, the United Nations Sustainable Development Goals set ambitious targets for 2030. These include a reduction of premature mortality from non-communicable diseases (target 3.4) and sustainable management of natural resources (target 12.2) [6]. Clearly, there is an urgent need to assess the linkages between diet patterns, health outcomes, and environmental sustainability, and research has expanded greatly in this domain [7], with several high-profile studies published recently [5, 8–12].
However, there are several notable gaps in the literature that preclude a more complete understanding of the linkage between diet patterns, health outcomes, and environmental sustainability. In most cases, studies have assessed theoretical diet patterns that reflected perfect adherence to dietary recommendations [9–11, 13–16] or varying amounts of animal protein [4, 10, 15, 17, 18], rather than self-selected diets [19–22] that vary by validated measures of diet quality [23, 24]. The literature is also replete with assessments of greenhouse gas emissions at the expense of other environmental sustainability indicators [7, 25, 26]. To the best of our knowledge, no studies have evaluated the relationship between incremental differences in diet quality and multiple environmental burdens, while also accounting for the separate contributions of retail losses, inedible portions, and consumer waste.
To fill these important research gaps, the present study assesses the relationship between observed diet quality among a nationally-representative sample of over 50 thousand Americans and the amount of agricultural land, fertilizer nutrients, pesticides, and irrigation water used to produce food. We focus on the United States (US) because suboptimal diet quality is the leading risk factor for premature death and a predominant risk factor for morbidity [27], and the majority of consumed food is produced domestically [28, 29]. Thus, shifts in diet quality among Americans would have meaningful implications for environmental sustainability within US borders and beyond.
Methods
Dietary data
Data on daily food intake at the individual level were acquired from the National Health and Nutrition Examination Survey (NHANES) 2005–2016 [30]. NHANES is a continuous, cross-sectional, multi-stage survey maintained by the National Center for Health Statistics (NCHS). Approximately 5000 individuals participate in the survey annually, and data are released on a two-year cycle. Each individual completes a 24-h recall administered by a trained interviewer using United States Department of Agriculture’s (USDA) Automated Multiple Pass Method [31], and a subset of the study population completes a subsequent 24-h recall by telephone on a non-consecutive day. Data from day 1 were used because this represents per capita intake [32]. NHANES provides dietary data as reported by individuals, which often include mixed dishes composed of multiple foods, such as lasagna. Disaggregation of these mixed dishes into component foods was performed with the Food Commodity Intake Database (FCID) [33], which was developed by the US Environmental Protection Agency (US EPA). FCID (2005–2010) provides data on the amount of nearly 500 foods included in each dish listed in NHANES in their as-consumed forms. FCID has not been updated since 2010 to link with the new food codes added to NHANES since then, so the loss and waste rates of these foods were not estimated.
Food loss and waste
Each food in FCID was linked with a distinct food commodity (i.e., ingredient) from USDA Loss-adjusted Food Availability data series (LAFA), which provides estimates of retail loss, inedible portions, and consumer waste (i.e., loss/waste categories) for over 200 commodities (Supplemental Figure 1) [34]. Retail loss represents food that was discarded in supermarkets, convenience stores, and other food retail outlets (except restaurants and other outlets that serve primarily prepared foods) due to spoilage, damage, blemishes, moisture loss, overstocking, or any other reason. Inedible portions include pits, cores, and some seeds and peels that are discarded at the consumer level, and consumer waste includes edible portions of food that are discarded for any reason, including spoilage, blemishes, spillage, distaste for leftover food, and lack of knowledge about food selection strategies, food preparation, or storage options. The details of this procedure are described elsewhere [35, 36] and depicted in Supplemental Figure 1.
Diet quality assessment
Multiple, validated instruments were used to provide a robust assessment of diet quality. The Healthy Eating Index (HEI-2015) [37, 38] was designed to evaluate compliance with the 2015–2020 Dietary Guidelines for Americans [39], and the Alternative Healthy Eating Index (AHEI-2010) [40] was constructed based on foods and nutrients associated with chronic disease risk [40]. Both instruments are discussed below.
HEI-2015 includes 13 components (total fruit, whole fruit, total vegetables, greens and beans, whole grains, dairy, total protein foods, seafood and plant proteins, unsaturated:saturated fats, refined grains, sodium, added sugars, and saturated fats), and the consumption amounts for each component are standardized to a 1000 kcal basis (Supplemental Table 1). Each component has different scoring standards that range from 0 to 5 or 0–10, with greater scores being awarded for greater consumption of total fruit, whole fruit, total vegetables, greens and beans, whole grains, dairy, total protein foods, seafood and plant proteins, and unsaturated:saturated fats. Intake of refined grains, sodium, added sugars, and saturated fats are reverse scored so that greater scores are awarded for lesser consumption. For each individual providing dietary data in NHANES, the component scores were summed to compute an overall score with a maximum of 100. Mean scores were appropriately computed using the population-ratio method [41].
This study used 10 out of the 11 components of the original AHEI-2010: vegetables, fruit, whole grains, nuts and legumes, long-chain ω-3 fats, total polyunsaturated fats, sugar-sweetened beverages and fruit juice, red and processed meat, sodium, and alcohol (Supplemental Table 1). Trans fats were not included in this study because NHANES does not provide complete data on trans fat content of foods, and population-level intake in the US has decreased markedly since 1999 [42]. Each component is scored on a scale of 0 to 10, and each has its own standards for the amount of points awarded for consumption amount. Intake of vegetables, fruit, whole grains, nuts and legumes, long-chain ω-3 fats, and total polyunsaturated fats are scored such that greater consumption is awarded greater points. Sugar sweetened beverages and fruit juice, red and processed meat, and sodium are reverse scored so that greater scores are awarded for lesser consumption, and greater scores are awarded for moderate consumption of alcohol. For each individual providing dietary data in NHANES, the component scores were summed to compute an overall score with a maximum of 100. AHEI-2010 was originally developed using a source population of adults and was not energy adjusted [40], so we made several modifications to adapt this instrument to a population that includes individuals < 18 y. Consumption amounts for all individuals were energy adjusted to the mean energy intake of the source population (1849 kcal/d) [40], which has precedent [43]; and individuals < 18 y were awarded 10 points for the alcohol component if they reported zero consumption and were awarded zero points if they reported any alcohol consumption. All individuals were grouped by quintile of HEI-2015 and AHEI-2010 score, where quintile 1 represents the lowest diet quality and quintile 5 represents the highest diet quality.
Modeling structure
The amount of agricultural land, fertilizer nutrients, pesticides, and irrigation water used to produce food was estimated using the US Foodprint Model, a biophysical simulation model that represents the US as a closed food system (Supplemental Figure 2) [44]. The US Foodprint Model accepts user-inputted data on daily per capita intake of 22 distinct food groups (grains; dark green vegetables; red and orange vegetables; dry beans, lentils, and peas; starchy vegetables; other vegetables; fruit; fluid milk and yogurt; cheese and other dairy; soy milk; nuts; tofu; beef; pork; chicken; turkey; eggs; seafood; plant oils; dairy fats; lard and tallow; and sweeteners), and embedded computations convert these as-consumed foods back to raw agricultural crops (grains, fruits, vegetables, legumes, nuts, sweeteners, feed grains and oilseeds, hay, cropland pasture, and permanent pasture) and the amount of agricultural land needed to produce those crops, by modeling the stepwise transformation of these foods as they move through the US food system. Key transformation parameters include population size, food processing conversions, livestock feed requirements, crop and livestock yields, availability of agricultural land, and suitability of agricultural land for food production. Additional computations account for multi-use crops (i.e., crops that are used to produce multiple products from equivalent mass) and multi-use cropland (cropland used to produce multiple crops during different parts of the year). Additional details are available elsewhere [44].
The original US Foodprint Model [44] was modified in the present study to enhance the robustness of model outputs. The embedded computations that account for loss and waste at the retail and consumer levels were nullified to avoid double counting, because the amount of food lost and wasted was inputted into the model separately to quantify their explicit association with the use of agricultural resources (embedded computations that account for loss and waste at the pre-retail stage of the food system were not nullified). Nationally-representative application rates (annual amount applied per land area) of fertilizer nutrients (nitrogen, phosphorus-P2O5, and potash-K2O), pesticides, and irrigation water were embedded into the model based on data acquired from USDA Agricultural Surveys (2002–2016) [45] and Farm and Ranch Irrigation Surveys (2003–2013) [46, 47]. Data on chemical use for hay and pasture are not available in USDA Agricultural Surveys; these data were estimated based on published literature and recommendations from agricultural Extension Service agents in top producing states [48–54]. Data on crop yields (mean of 2011–2015 for most crops) [45] and population size (2015) [55] were updated. Finally, a Monte Carlo simulation procedure with random, non-replacement draws was incorporated into the US Foodprint model to produce reliable estimates of population-level variation based on inter-individual variability of food intake from NHANES.
Sensitivity analyses
Several sensitivity analyses were conducted to examine sources of uncertainty. FCID was used to disaggregate NHANES foods into their component ingredients, but this database has not been updated since 2010 and may not be applicable to subsequent NHANES surveys. To investigate whether FCID produced biased estimates of food intake over time, analyses were conducted for two distinct time points (2005–2016 and 2005–2010). Mean differences were estimated in grams and as proportions of total daily per capita demand overall and for each quintile. The AHEI-2010 scoring algorithm was modified to adapt it to a population that includes individuals < 18 y; so to examine whether this approach produced biased estimates of diet quality, analyses were conducted using both approaches (original and modified) for each age group (2–17 y and ≥ 18 y), and were tested against each other using Wald tests with P < 0.05.
Main analyses
The per capita amount (grams) of food retail loss, inedible portions, consumer waste, and consumed food were estimated separately, and were summed to estimate Total Food Demand for each food group. The relationship between the amount of Total Food Demand (by loss/waste category and food group) and quintiles of diet quality (HEI-2015 and AHEI-2010) was assessed using simple linear regression models to test for trend, and additional models were adjusted for age (continuous) and sex (male/female). Diet quality estimates were energy adjusted using the density method, where food intake was standardized per 1000 kcal (HEI-2015) or per 1849 kcal (AHEI-2010), as discussed above. Standardized procedures and variables provided by NCHS [56] were used to account for the multistage probability sampling design of NHANES. The relationship between the amount of agricultural resources (agricultural land, fertilizer nutrients, pesticides, and irrigation water) used to produce Total Food Demand and quintiles of diet quality (HEI-2015 and AHEI-2010) was assessed using simple linear regression models to test for trend. Statistical significance was set at P < 0.05 for all assessments. SAS 9.4 (SAS Institute; Cary, NC) was used to estimate population-ratio HEI-2015 scores using the modified code and macros provided by the National Cancer Institute (discussed above) [57]. Stata16 (StataCorp; College Station, TX) was used for data management and all other analyses.
Results
This study included 50,014 individuals ≥2 y who provided complete and reliable dietary data as determined by a trained NCHS interviewer (Supplemental Table 2). The mean overall HEI-2015 score was 58.4 (95% CI 57.7–59.0) out of 100 (Supplemental Table 3), and the mean overall AHEI-2010 score was 41.8 (41.4–42.2) out of 100 (Supplemental Table 4). Per capita Total Food Demand represented 1673 g (95% CI 1647–1699 g), and 7% (111 g, 110–112 g) was lost at the retail level (Fig. 1). Purchased food represented 1563 g (1537–1588 g), 16% (245 g, 234–256 g) of which was inedible. Of the remaining 1317 g (1300–1335 g) of edible food, 31% (410 g, 400–420 g) was wasted, and 907 g (897–917 g) was consumed.
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Fig. 1Daily per capita Total Food Demand, 2005–2016 (n = 50,014)


Higher diet quality (HEI-2015 and AHEI-2010) was associated with greater per capita Total Food Demand, as well as greater retail loss, inedible portions, consumer waste, and consumed food (P < 0.001 for all comparisons; Fig. 2). By food group, higher HEI-2015 scores were associated with greater Total Food Demand for dairy, soup, nuts and seeds, fruits and vegetables, table oils and salad dressing, and salty snacks (P < 0.001 for all comparisons; Supplemental Table 5). Higher AHEI-2010 scores were associated with greater Total Food Demand for soup, grains, nuts and seeds, fruits and vegetables, table oils and salad dressing, and salty snacks (P < 0.01 for all comparisons; Supplemental Table 6).
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Fig. 2Daily per capita Total Food Demand (2005–2016) by a) Healthy Eating Index-2015 quintile, and b) Alternative Healthy Eating Index-2010 quintile (n = 50,014). Total Food Demand includes retail loss, inedible, consumer waste, and consumption. HEI-2015, Healthy Eating Index-2015. AHEI-2010, Alternative Healthy Eating Index-2010. Higher quintiles indicate higher diet quality. 1Test for linear trend across quintiles 1 through 5, not adjusted for covariates. 2Test for linear trend across quintiles 1 through 5, adjusted for age (continuous) and sex (male/female)


The equivalent of 185.9 million hectares (95% CI 182.1–189.4 million hectares) of agricultural land, 7068 million kg (6923–7203 million kg) of fertilizer nutrients (N + P2O5 + K2O), 243 million kg (238–247 million kg) of pesticides, and 65.2 billion cubic meters (63.9–66.5 billion cubic meters) of irrigation water were used to produce Total Food Demand on an annual basis (Fig. 3). Consumed food accounted for 57–74% of each agricultural resource category, retail loss accounted for 4–5%, inedible portions accounted for 2–15%, and consumer waste accounted for 20–23%.
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Fig. 3Annual amount of agricultural resources used to produce Total Food Demand: a) agricultural land, b) fertilizer nutrients, c) pesticides, and d) irrigation water. Total Food Demand includes retail loss, inedible, consumer waste, and consumption. Agricultural land includes, grains, fruits, vegetables, legumes, nuts, sweeteners, feed grains and oilseeds, hay, permanent pasture, and cropland pasture. Pesticides represent the sum of herbicides, insecticides, and fungicides. Fertilizer nutrients represent the sum of nitrogen, phosphorus (P2O5), and potash (K2O). Values < 5% are not labeled


Relationships between diet quality and agricultural resource use were similar between HEI-2015 and AHEI-2010 for all land use categories except for total land (fertilizer nutrients, pesticides, and irrigation water), and feed grains and oilseeds (agricultural land, fertilizer nutrients, pesticides, and irrigation water; Table 1). Greater HEI-2015 scores (i.e. greater diet quality) were associated with less agricultural land use (P = 0.042), and greater use of pesticides (P < 0.001) and irrigation water (P = 0.007; Fig. 4). Across HEI-2015 quintiles (quintile 1 = lowest diet quality, quintile 5 = greatest diet quality), permanent pasture (P = 0.037) accounted for most of the decreased trend in agricultural land use (difference of 10.8 million hectares between quintiles 1 and 5; Supplemental Table 7). No difference (P = 0.091) across quintiles was observed for fertilizer nutrients (Supplemental Table 8), largely because the positive relationship between diet quality and use of fertilizer nutrients on land used to produce fruits and vegetables (increase of 121 million kg and 129 million kg, respectively, between quintiles 1 and 5) was compensated by a negative relationship between diet quality and fertilizer nutrients on land used to produce hay (decrease of 271 million kg between quintiles 1 and 5). Fruits accounted for most of the increased trend in pesticide use (P = 0.001; increase of 35 million kg between quintiles 1 and 5; Supplemental Table 9) and irrigation water use (P = 0.001; increase of 5452 million cubic meters between quintiles 1 and 5; Supplemental Table 10).
Table 1Relationship between diet quality and agricultural resource use, by land use category


	Land use category
	Agricultural land
	Fertilizer nutrients
	Pesticides
	Irrigation water

	Total

	 HEI-2015
	↓
	–
	↑
	↑

	 AHEI-2010
	↓
	↓
	–
	–

	Grains

	 HEI-2015
	↓
	↓
	↓
	↓

	 AHEI-2010
	↓
	↓
	↓
	↓

	Fruits

	 HEI-2015
	↑
	↑
	↑
	↑

	 AHEI-2010
	↑
	↑
	↑
	↑

	Vegetables

	 HEI-2015
	↑
	↑
	↑
	↑

	 AHEI-2010
	↑
	↑
	↑
	↑

	Legumes

	 HEI-2015
	↑
	↑
	↑
	↑

	 AHEI-2010
	↑
	↑
	↑
	↑

	Nuts

	 HEI-2015
	↑
	↑
	↑
	↑

	 AHEI-2010
	↑
	↑
	↑
	↑

	Sweeteners

	 HEI-2015
	↓
	↓
	↓
	↓

	 AHEI-2010
	↓
	↓
	↓
	↓

	Feed grains and oilseeds

	 HEI-2015
	–
	–
	–
	–

	 AHEI-2010
	↓
	↓
	↓
	↓

	Hay
	 	 	 	 
	 HEI-2015
	↓
	↓
	↓
	↓

	 AHEI-2010
	↓
	↓
	↓
	↓

	Cropland pasture

	 HEI-2015
	↓
	–
	–
	↓

	 AHEI-2010
	↓
	–
	–
	↓

	Permanent pasture

	 HEI-2015
	↓
	–
	–
	↓

	 AHEI-2010
	↓
	–
	–
	↓


Total Food Demand represents the sum of retail waste, consumer waste, inedible portions, and consumed food
HEI-2015, Healthy Eating Index-2015
AHEI-2010, Alternative Healthy Eating Index-2010
Upward arrow (↑) represents a statistically significant (P < 0.05) positive relationship between diet quality and agricultural resource use, downward arrow (↓) represents a statistically significant negative relationship, and horizontal line (−) represents a non-statistically significant relationship


[image: ../images/12937_2020_629_Fig4_HTML.png]
Fig. 4Annual amount of agricultural resources used to produce Total Food Demand, by Healthy Eating Index-2015 quintile: a) agricultural land, b) fertilizer nutrients, c) pesticides, and d) irrigation water. HEI-2015, Healthy Eating Index-2015. Higher quintiles represent higher diet quality. Total Food Demand includes retail loss, inedible, consumer waste, and consumption. Agricultural land includes, grains, fruits, vegetables, legumes, nuts, sweeteners, feed grains and oilseeds, hay, permanent pasture, and cropland pasture. Pesticides represent the sum of herbicides, insecticides, and fungicides. Fertilizer nutrients represent the sum of nitrogen, phosphorus (P2O5), and potash (K2O)


Greater AHEI-2010 scores (i.e., greater diet quality) were associated with less agricultural land use (P = 0.006) and less use of fertilizer nutrients (P = 0.021; Fig. 5). Across AHEI-2010 quintiles (quintile 1 = lowest diet quality, quintile 5 = greatest diet quality), permanent pasture (P = 0.006) accounted for most of the decreased trend in agricultural land use (decrease of 31 million hectares between quintiles 1 and 5; Supplemental Table 11), and hay (P = 0.006) and feed grains and oilseeds (P = 0.004) accounted for most of the decreased trend in fertilizer nutrients (decrease of 731 million kg and 140 million kg, respectively, between quintiles 1 and 5; Supplemental Table 12). No difference (P = 0.862) across quintiles was observed for pesticides (Supplemental Table 13), largely because the positive relationship between diet quality and use of pesticides on land used to produce fruits and vegetables (increase between quintiles 1 and 5 of 8 million kg and 5 million kg, respectively) was compensated by a negative relationship between diet quality and use of pesticides on land used to produce hay and feed grains and oilseeds (decrease of 15 million kg and 3 million kg, respectively, between quintiles 1 and 5). No difference (P = 0.066) across quintiles was observed for irrigation water (Supplemental Table 14), largely because the positive relationship between diet quality and use of irrigation water on land used to produce fruits and vegetables (increase of 1243 million cubic meters and 1629 million cubic meters, respectively, between quintiles 1 and 5) was compensated by a negative relationship between diet quality and use of irrigation water on land used to produce hay (decrease of 4829 million cubic meters between quintiles 1 and 5).
[image: ../images/12937_2020_629_Fig5_HTML.png]
Fig. 5Annual amount of agricultural resources used to produce Total Food Demand, by Alternative Healthy Eating Index-2010 quintile: a) agricultural land use, b) irrigation water application, c) pesticide application, and d) fertilizer application. AHEI-2010, Alternative Healthy Eating Index-2010. Higher quintiles represent higher diet quality. Total Food Demand includes retail loss, inedible, consumer waste, and consumption. Agricultural land includes, grains, fruits, vegetables, legumes, nuts, sweeteners, feed grains and oilseeds, hay, permanent pasture, and cropland pasture. Pesticides represent the sum of herbicides, insecticides, and fungicides. Fertilizer nutrients represent the sum of nitrogen, phosphorus (P2O5), and potash (K2O)


Sensitivity analyses demonstrated that using FCID (2005–2010) to disaggregate NHANES foods (2005–2016) likely underestimated daily per capita Total Food Demand (Supplemental Table 15). When mean differences between the two time points were calculated as proportions of total food demand, there were no meaningful differences across diet quality quintiles. Separate sensitivity analyses demonstrated that the modified AHEI-2010 score was 0.390 points higher than the original score among individuals ≥18 y (P < 0.001), and no difference (P = 0.946) was observed among individuals < 18 y (Supplemental Table 16).
Discussion
In this nationally-representative study of over 50 thousand Americans, we used an interdisciplinary modeling framework that integrated methods from nutritional epidemiology with food system science to evaluate the linkage between diet quality and environmental sustainability. Higher diet quality was associated with greater Total Food Demand, including greater retail loss, inedible portions, consumer waste, and consumed food. Higher diet quality was associated with lower use of agricultural land, but the relationship to fertilizer nutrients, pesticides, and irrigation water was dependent on the tool used to measure diet quality (HEI-2015 vs. AHEI-2010). Over one-quarter of the agricultural inputs used to produce Total Food Demand were attributable to edible food that was not consumed, including retail loss and consumer waste.
This study demonstrates that the relationship between diet quality and agricultural resource use depends on how diet quality is measured. Using AHEI-2010, we show that higher diet quality is associated with similar or decreased use of agricultural resources; whereas, when using HEI-2015, we show that higher diet quality is associated with tradeoffs: decreased land use, no difference in use of fertilizer nutrients, and greater use of pesticides and irrigation water. These mixed relationships reflect different approaches to measuring healthy diets, even though validation studies have shown that both indices adequately predict chronic disease risk in prospective cohorts [38, 40, 58–60]. HEI-2015 [37, 38] measures broad adherence to the Healthy Eating Patterns of the 2015–2020 Dietary Guidelines for Americans, which were derived using a food pattern modeling approach that optimized nutrient intake through consumption of a variety of foods within each food group [61]. In contrast, AHEI-2010 was constructed based on epidemiologic evidence that links specific foods and nutrients with chronic disease risk [40]. As a result, these indices use difference scoring standards, especially for fruit, meat, and dairy [38, 40], which largely explains their different associations with environmental sustainability in this study.
Compared to HEI-2015, AHEI-2010 uses more stringent scoring standards for fruit (fruit juice is scored as sugar sweetened beverage rather than a fruit), does not score dairy consumption (whereas HEI-2015 rewards greater consumption of dairy), and rewards lesser consumption of meat (whereas HEI-2015 does not score meat explicitly). Although HEI-2015 does reward greater intake of protein foods, which can indirectly reward greater meat and dairy intake among those that report consuming these foods, it also rewards lesser consumption saturated fat, which indirectly penalizes greater intake of animal-based foods (beef and dairy account of 15% and 18% of daily per capita saturated fat intake, respectively) [62]. As a result, the difference in consumption amounts between the lowest and highest AHEI-2010 quintiles in this study is + 322 g for fruit (+ 550 g using HEI-2015), − 121 g for meat (− 5 g using HEI-2015), and − 2 g for dairy (+ 106 g using HEI-2015). Consumer demand for these foods drives the amount of agricultural resources used to produce fruit, feed grains and oilseeds, and hay, which represent the predominant share of agricultural resources used to produce all food in this study. Although direction of the associations between diet quality and agricultural resource use were similar between HEI-2015 and AHEI-2010 within each land use category, the magnitude of these relationships were different (especially for fruit, meat, and dairy); which is apparent when the values for each land use category are summed to estimate results for total land area.
In a recent review, Reinhardt et al. (2020) [7] reported that a shift to the DGA recommended Healthy US-Style diet would result in similar or decreased agricultural land use, and similar or greater use of blue water, which is consistent with our findings. Few studies have evaluated the environmental impacts associated with incremental improvements in diet quality in the US using data collected directly from individuals, rather than theoretical diet patterns that reflect perfect adherence to national (or global) dietary recommendations. Others have observed that higher HEI-2015 scores were associated with less agricultural land use [63], greater food waste, and greater waste of pesticides and irrigation water [35]. Rose et al. demonstrated that individuals consuming diets with greater greenhouse gas emissions had lower HEI-2010 scores [23], although a modeling approach used by Hitaj et al. recently found that a shift from current consumption patterns to the DGA recommended diet pattern had a minimal effect (0.4% reduction) on greenhouse gas emissions without decreasing the intake of animal protein [22]. To the best of our knowledge, the present study is the first to evaluate the relationship between multiple indicators of environmental sustainability and incremental improvements in diet quality, using multiple measures of diet quality, and using dietary data collected directly from individuals.
The present study demonstrates that the relationship between diet quality and environmental sustainability is more nuanced than previously understood, and therefore challenges the notion that healthy diets are inherently more environmentally sustainable [64]. Conrad et al. demonstrated that healthier diets were associated with greater consumer food waste and associated agricultural resources [35], and Rose et al. demonstrated that diets responsible for greater greenhouse gas emissions had greater content of some micronutrients (vitamin A, vitamin D, choline, iron, calcium, and potassium) [23]. The present study also supports the main findings of several reviews that reported that healthier diets are not necessarily more environmentally sustainable [7, 65].
Fruits, vegetables, and nuts, which are key components of a healthy diet pattern, typically require substantially greater inputs per unit land area than most other foods [45]; and sugar-sweetened beverages and refined grains, which have been linked with detrimental health effects [66, 67], have relatively modest environmental impacts [5]. And although greater consumption of red and processed meat has been linked with meaningful health (and environmental) risks [7, 66, 67], the 2015–2020 Dietary Guidelines for Americans and corresponding diet quality index (HEI-2015) do not explicitly recommend limiting red and processed meat intake as part of a healthy diet. Diet quality indices vary in their measurement of these foods, which influences their associations with measures of environmental sustainability.
However, caution is warranted when ascribing a measure of environmental sustainability to any individual food product or group; what matters most is the balance of foods across an eating pattern. Thus, greater efforts are needed to assess the environmental impacts of individual, self-selected diet patterns rather than individual foods. Recently, the EAT-Lancet Commission on Healthy Diets from Sustainable Food Systems published a global recommended diet pattern to promote human health within environmental boundaries [8], and others have developed methods to convert these recommendations to a US population [68]. A logical next step for future research is to evaluate the environmental burden associated with the adoption of the EAT-Lancet diet pattern in the US.
Our findings have implications for the development of sustainable dietary guidelines in the US and beyond. First, the positive association between food loss/waste and diet quality suggests that policy aimed at improving the healthfulness of diets may need to be coupled with efforts to reduce food loss/waste to avoid unintended consequences of pursuing these aims independently. Precedent exists in the Dietary Guidelines for Americans (DGA) for providing consumer guidance beyond food choices; the DGA also include recommendations for physical activity and safe food handling [39]. Second, our finding that greater compliance with the DGA is associated with tradeoffs for agricultural resource use (lower land use but greater use of pesticides and irrigation water) illustrates that dietary recommendations may be moderated by additional considerations of environmental sustainability. In other words, the nutritionally-optimal intake of specific foods may not be optimal for the environment, or may only yield environmentally-positive impacts under certain circumstances. Human diets are significant contributors to ecological crises like climate change that require near-term, large-scale mitigation approaches [8]. As such, developing the institutional processes, political will, and interdisciplinary knowledge required to create sustainable dietary guidelines is a complex endeavor that requires balancing nutritional needs with environmental impact, but should nonetheless be high priority [69].
The strengths of this study include the assessment of individual, self-selected diet patterns differentiated by incremental differences in diet quality, rather than theoretical diets that reflect perfect adherence to dietary recommendations, which enhances the practical application of our findings [7]. The robustness of diet quality assessment was enhanced by using multiple, validated tools that consider all foods reportedly consumed, rather than utilizing a single measure of diet quality or focusing on individual food groups [70]. Diet quality assessment was also adjusted for energy intake to reduce the observed confounding effect of energy intake on food intake and sustainability outcomes [26, 70], and to adapt AHEI-2010 to a population that includes individuals < 18 y; sensitivity analyses demonstrated that this modification did not introduce any meaningful bias into the analyses. Finally, this study fills a gap in the literature by assessing multiple resource use indicators of environmental sustainability, which provides a comprehensive evaluation of the environmental impacts of diet patterns [25, 26].
The limitations of this study should also be considered. The modeling approach we used represents the US as a closed food system, such that all food demanded by consumers was produced domestically. We utilized this approach because US agencies provide high quality, publicly available data on the amount of agricultural resources used for individual crops, rather than for broad crop categories aggregated across diverse global regions. Additionally, the food loss and waste rates used in this study were sourced from LAFA, which may underestimate food loss and waste [71], and the limitations of this dataset have been noted elsewhere [72]. We recognize that food loss and waste may vary in ways not captured by our source data, but these are the most comprehensive, disaggregated, and contemporary data available at the national level. FCID was used as a crosswalk between LAFA and NHANES, but FCID has not been updated since 2010, and sensitivity analyses demonstrated that this approach underestimated daily per capita Total Food Demand by 181 g overall. No meaningful differences were observed across diet quality quintiles when these differences were expressed as a proportion of Total Food Demand mass, suggesting low likelihood of differential bias. FCID is uniquely able to disaggregate NHANES foods into sufficient resolution to be linked with individual LAFA commodities, which allows for an accounting of loss and waste for each NHANES food. Since food loss and waste represents 46% of Total Food Demand (766 g out of 1673 g), not accounting for this food would have substantially underestimated agricultural resource use. Nonetheless, efforts are needed to update FCID to link with contemporary NHANES surveys to reduce systematic bias in these analyses.
This study fills a research gap by focusing on the use of agricultural resources (notably fertilizer nutrients and pesticide use) rather than environmental impacts such as climate change [7]; yet the use of these resources is influenced by numerous factors that could not be incorporated into this analysis due to limited data availability, including the projected availability and intensity of agricultural inputs as a result of climate change [73]. The US Foodprint Model is a generalized instrument that utilizes national average data on biophysical processes, and therefore it does not explicitly incorporate characteristics of the US food system that vary spatially or by type of production system. For example, data on the application rates of agricultural amendments in certified organic operations is not part of the explicit model computations, but these data are nonetheless included in the national averages that the model uses. Additionally, the model does not estimate water scarcity, which can capture regional differences in water stress that are relevant to regional production of certain crops with high consumptive water footprints (e.g., fruits grown in the arid west). More work is needed by the federal government to create linkages between publicly available nutritional and agricultural databases, which can allow researchers to merge data on food intake with different production systems and spatial characteristics. Fortunately, efforts are underway at USDA to coordinate this transfer of nutritional and agricultural data through FoodData Central, which provides a foundation for data linkage and transfer [74], yet greater efforts are needed. Finally, measurement error cannot be ruled out when analyzing self-reported dietary data, since respondents may alter their reported food intake based on the perceived healthfulness of their food choices [75, 76]. However, self-reported dietary data provide a rich source of highly detailed information on the consumption of individual foods, and these data are necessary for estimating diet quality and comparing dietary patterns between groups [77].
Conclusions
By integrating methods from nutritional epidemiology with food system science into an interdisciplinary modeling framework, this study reveals that the link between diet quality and environmental sustainability is more nuanced than previously understood. Higher diet quality was linked with greater Total Food Demand, retail loss, inedible portions, consumer waste, and consumed food. Higher diet quality was associated with lower use of agricultural land, but the relationship to fertilizer nutrients, pesticides, and irrigation water was dependent on the tool used to measure diet quality; this points to the influence that diet quality indices can have on the results of diet sustainability analyses and the need for standardized metrics. Over one-quarter of agricultural resources were used to produce edible food that was not consumed (retail loss and consumer waste). Urgent policy efforts are needed to achieve national and international goals for sustainable development and waste reduction, which include strong and unified leadership, greater investment in research and programming, and facilitated coordination across federal agencies [78]. In the meantime, consumers can make meaningful progress with practical tools they already have [79]. Our findings have important implications for the development of sustainable dietary guidelines, which requires balancing population-level nutritional needs with the environmental impacts of food choices.
Supplementary information
Supplementary information accompanies this paper at https://​doi.​org/​10.​1186/​s12937-020-00629-6.
Acknowledgements
Not applicable.

Authors’ contributions
ZC and NTB conceived of this study. All authors curated the data. ZC conducted the analysis and wrote the original draft. ZC and NTB wrote subsequent drafts, and all authors reviewed and edited the final manuscript. All authors read and approved the final manuscript.

Funding
Not applicable.

Availability of data and materials
The datasets used in this study are publicly available: https://​wwwn.​cdc.​gov/​nchs/​nhanes/​Default.​aspx;http://​fcid.​foodrisk.​org/​#;https://​www.​ers.​usda.​gov/​data-products/​food-availability-per-capita-data-system/​

Ethics approval and consent to participate
This study was deemed exempt from ethics review by the Institutional Review Board at William & Mary.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.


References
	1.
Stanaway JD, Afshin A, Gakidou E, Lim SS, Abate D, Abate KH, et al. Global, regional, and national comparative risk assessment of 84 behavioural, environmental and occupational, and metabolic risks or clusters of risks for 195 countries and territories, 1990–2017: a systematic analysis for the global burden of disease study 2017. Lancet. 2018;392(10159):1923–94.

	2.
Global Burden of Disease Collaborators. Health effects of dietary risks in 195 countries, 1990–2017: A systematic analysis for the global burden of disease study 2017. Lancet. 2019;393:1958–72.

	3.
Wang DD, Li Y, Afshin A, Springmann M, Mozaffarian D, Stampfer MJ, et al. Global improvement in dietary quality could lead to substantial reduction in premature death. J Nutr. 2019;149(6):1065–74.PubMedPubMedCentral

	4.
Springmann M, Wiebe K, Mason-D'Croz D, Sulser TB, Rayner M, Scarborough P. Health and nutritional aspects of sustainable diet strategies and their association with environmental impacts: a global modelling analysis with country-level detail. Lancet Planetary Health. 2018;2(10):e451–e61.PubMed

	5.
Clark MA, Springmann M, Hill J, Tilman D. Multiple health and environmental impacts of foods. P Natl Acad Sci USA. 2019;116(46):23357–62.

	6.
United Nations. Sustainable Development Goals. 2020. Available at: https://​sustainabledevel​opment.​un.​org/​?​menu=​1300 (verified 20 April 2020).

	7.
Reinhardt SL, Boehm R, Blackstone NT, El-Abbadi NH, McNally Brandow JS, Taylor SF, et al. Systematic review of dietary patterns and sustainability in the United States. Adv Nutr. 2020;11:1016–31.

	8.
Willett W, Rockstrom J, Loken B, Springmann M, Lang T, Vermeulen S, et al. Food in the Anthropocene: the EAT-lancet commission on healthy diets from sustainable food systems. Lancet. 2019;393(10170):447–92.PubMed

	9.
Springmann M, Clark M, Mason-D'Croz D, Wiebe K, Bodirsky BL, Lassaletta L, et al. Options for keeping the food system within environmental limits. Nature. 2018;562(7728):519–25.PubMed

	10.
Chaudhary A, Gustafson D, Mathys A. Multi-indicator sustainability assessment of global food systems. Nat Commun. 2018;9(1):848.PubMedPubMedCentral

	11.
Blackstone NT, El-Abbadi NH, McCabe MS, Griffin TS, Nelson ME. Linking sustainability to the healthy eating patterns of the dietary guidelines for Americans: a modelling study. Lancet Planetary Health. 2018;2(8):e344–e52.PubMed

	12.
Lauer MS, Blackstone EH, Young JB, Topol EJ. Cause of death in clinical research: time for a reassessment? J Am Coll Cardiol. 1999;34(3):618–20.PubMed

	13.
Behrens P, Kiefte-de Jong JC, Bosker T, Rodrigues JFD, de Koning A, Tukker A. Evaluating the environmental impacts of dietary recommendations. P Natl Acad Sci USA. 2017;114:13412–7.

	14.
Tom MS, Fischbeck PS, Hendrickson CT. Energy use, blue water footprint, and greenhouse gas emissions for current food consumption patterns and dietary recommendations in the US. Environ Syst Dec. 2016;36(1):92–103.

	15.
Hallström E, Davis J, Woodhouse A, Sonesson U. Using dietary quality scores to assess sustainability of food products and human diets: a systematic review. Ecol Indic. 2018;93:219–30.

	16.
Birney CI, Katy FF, Davidson FT, Michael EW. An assessment of individual foodprints attributed to diets and food waste in the United States. Environ Res Lett. 2017;12(10):105008.

	17.
Springmann M, Godfray HC, Rayner M, Scarborough P. Analysis and valuation of the health and climate change cobenefits of dietary change. Proc Natl Acad Sci U S A. 2016;113(15):4146–51.PubMedPubMedCentral

	18.
Aleksandrowicz L, Green R, Joy EJ, Smith P, Haines A. The impacts of dietary change on greenhouse gas emissions, land use, water use, and health: a systematic review. PLoS One. 2016;11(11):e0165797.PubMedPubMedCentral

	19.
Boehm R, Wilde PE, Ver Ploeg M, Costello C, Cash SB. A comprehensive life cycle assessment of greenhouse gas emissions from U.S. household food choices. Food Policy. 2018;79:67–76.

	20.
Heller MC, Willits-Smith A, Meyer R, Keoleian GA, Rose D. Greenhouse gas emissions and energy use associated with production of individual self-selected US diets. Environ Res Lett. 2018;13(4):044004.PubMedPubMedCentral

	21.
Boehm R, Ver Ploeg M, Wilde PE, Cash SB. Greenhouse gas emissions, total food spending and diet quality by share of household food spending on red meat: results from a nationally representative sample of US households. Public Health Nutr. 2019;22(10):1794–806.PubMed

	22.
Hitaj C, Rehkamp S, Canning P, Peters CJ. Greenhouse gas emissions in the United States food system: current and healthy diet scenarios. Environ Sci Technol. 2019;53(9):5493–503.PubMed

	23.
Rose D, Heller MC, Willits-Smith AM, Meyer RJ. Carbon footprint of self-selected US diets: nutritional, demographic, and behavioral correlates. Am J Clin Nutr. 2019;109(3):526–34.PubMedPubMedCentral

	24.
Willits-Smith A, Aranda R, Heller MC, Rose D. Addressing the carbon footprint, healthfulness, and costs of self-selected diets in the USA: a population-based cross-sectional study. Lancet Planetary Health. 2020;4(3):e98–e106.PubMed

	25.
Jones AD, Hoey L, Blesh J, Miller L, Green A, Shapiro LF. A systematic review of the measurement of sustainable diets. Adv Nutr. 2016;7(4):641–64.PubMedPubMedCentral

	26.
Ridoutt BG, Hendrie GA, Noakes M. Dietary strategies to reduce environmental impact: a critical review of the evidence base. Adv Nutr. 2017;8(6):933–46.PubMedPubMedCentral

	27.
Mokdad AH, Ballestros K, Echko M, Glenn S, Olsen HE, Mullany E, et al. The state of US health, 1990-2016: burden of diseases, injuries, and risk factors among US states. JAMA. 2018;319(14):1444–72.PubMedPubMedCentral

	28.
US Department of Agriculture, Foreign Agricultural Service. Global agricultural trade system. 2020. Available at: https://​apps.​fas.​usda.​gov/​gats/​ExpressQuery1.​aspx (verified 20 April 2020).

	29.
US Department of Agriculture, Economic Research Service. Loss-adjusted Food Availability (LAFA) data series. 2001–2016. Available at: https://​www.​ers.​usda.​gov/​data-products/​food-availability-per-capita-data-system/​ (verified 20 April 2020).

	30.
US Department of Health and Human Services, Centers for Disease Control and Prevention (CDC). About the National Health and Nutrition Examination Survey. 2019. Available at: www.​cdc.​gov/​nchs/​nhanes.​htm (verified 20 April 2020).

	31.
Moshfegh AJ, Rhodes DG, Baer DJ, Murayi T, Clemens JC, Rumpler WV, et al. The US department of agriculture automated multiple-pass method reduces bias in the collection of energy intakes. Am J Clin Nutr. 2008;88(2):324–32.PubMed

	32.
National Cancer Institute, National Institutes of Health. Recommendations on potential approaches to dietary assessent for different research objectives requiring group-level estimates. 2020. Available at: https://​dietassessmentpr​imer.​cancer.​gov/​approach/​table.​html#intake (verified 20 April 2020).

	33.
US Environmental Protection Agency. Food Commodity Intake Database (FCID). 2005–2010. Available at: http://​fcid.​foodrisk.​org/​# (verified 20 April 2020).

	34.
US Department of Agriculture, Economic Research Service (ERS). Loss-adjusted Food Availability (LAFA) data series documentation. 2020. Available at: https://​www.​ers.​usda.​gov/​data-products/​food-availability-per-capita-data-system/​loss-adjusted-food-availability-documentation/​ (verified 20 April 2020).

	35.
Conrad Z, Niles MT, Neher DA, Roy ED, Tichenor NE, Jahns L. Relationship between food waste, diet quality, and environmental sustainability. PLoS One. 2018;13(4):e0195405.PubMedPubMedCentral

	36.
Conrad Z. Daily cost of consumer food wasted, inedible, and consumed in the United States, 2001–2016. Nutr J. 2020;19(1):35.PubMedPubMedCentral

	37.
National Cancer Institute, National Institutes for Health. Overview and background of the Healthy Eating Index. 2020. Available at: https://​epi.​grants.​cancer.​gov/​hei/​ (verified 20 April 2020).

	38.
Reedy J, Lerman JL, Krebs-Smith SM, Kirkpatrick SI, Pannucci TE, Wilson MM, et al. Evaluation of the healthy eating Index-2015. J Acad Nutr Diet. 2018;118(9):1622–33.PubMedPubMedCentral

	39.
US Department of Health and Human Services and US Department of Agriculture. Dietary Guidelines for Americans 2015–2020. Washington, DC; 2015. Available at: http://​health.​gov/​dietaryguideline​s/​ (verified 20 April 2020).

	40.
Chiuve SE, Fung TT, Rimm EB, Hu FB, McCullough ML, Wang M, et al. Alternative dietary indices both strongly predict risk of chronic disease. J Nutr. 2012;142(6):1009–18.PubMedPubMedCentral

	41.
Freedman LS, Guenther PN, Krebs-Smith SM, Kott PS. A population's mean healthy eating Index-2005 scores are best estimated by the score of the population ratio when one 24-hour recall is available. J Nutr. 2008;138(9):1725–9.PubMedPubMedCentral

	42.
Wang DD, Leung CW, Li Y, et al. Trends in dietary quality among adults in the United States, 1999 through 2010. JAMA Intern Med. 2014;174(10):1587–95.PubMedPubMedCentral

	43.
Bernstein AM, Bloom DE, Rosner BA, Franz M, Willett WC. Relation of food cost to healthfulness of diet among US women. Am J Clin Nutr. 2010;92(5):1197–203.PubMedPubMedCentral

	44.
Peters C, Picardy J, Darrouzet-Nardi A, Wilkins J, Griffin T, Fick G. Carrying capacity of U.S. Agricultural land: Ten diet scenarios. Elementa. 2016;4:000116.

	45.
US Department of Agriculture, National Agricultural Statistics Service. Agricultural Surveys. 2011–2015. Available at: http://​www.​nass.​usda.​gov/​Quick_​Stats/​ (verified 20 April 2020).

	46.
US Department of Agriculture, National Agricultural Statistics Service. Farm and Ranch Irrigation Survey. 2003–2013. Available at website: https://​www.​agcensus.​usda.​gov/​Publications/​Irrigation_​Survey/​ (verified 20 April 2020).

	47.
US Department of Agriculture, National Agricultural Statistics Service. About NASS Agricultural Surveys. 2020. Available at: https://​www.​nass.​usda.​gov/​Education_​and_​Outreach/​Understanding_​Statistics/​index.​php (verified 04 April 2020).

	48.
Corriher-Olson V. Personal communication. Associate Professor and Extension Forage Specialist, Texas A&M University; 9/25/2017.

	49.
Mowrer J. Personal communication. Assistant Professor and Extension Forage Specialist, Texas A&M University; 9/25/2017.

	50.
Anderson BE, Volesky JD, Shapiro CA. Fertilizing grass pastures and hayland. University of Nebraska-Lincoln Extension, Institute of Agriculture and Natural Resources; 2010. Available at: https://​extensionpubs.​unl.​edu/​publication/​9000016367001/​fertilizing-grass-pastures-and-hayland/​ (verified 03 August 2020).

	51.
Barnhart S, Mallarino A, Sawyer J. Fertilizing pasture. Iowa State University Extension and Outreach; 2013. Available at: https://​store.​extension.​iastate.​edu/​product/​Fertilizing-Pasture (verified 03 August 2020).

	52.
Sandage LJ, Chapman SL. Fertilizing bermudagrass for hay and pasture. University of Arkansas Cooperative Extension Service; 2013. Available at: http://​courses.​missouristate.​edu/​WestonWalker/​AGA375_​Forages/​Forage%20​Mgmt/​References/​2Forages/​2WarmGrass/​1Bermuda/​UAFSA2013Fertili​zBermudagrassHay​Pasture.​htm (verified 03 August 2020).

	53.
Meyer RD, Marcum DB, Orloff SB, Schmierer JL. Alfalfa fertilization strategies. In: C.G. Summers and d.H. Putnman (eds.), irrigated alfalfa management for mediterranean and desert zones. Chapter 6.: University of California, Division of Agriculture and Natural Resources; 2007. Publication 8292. Available at: https://​alfalfa.​ucdavis.​edu/​IrrigatedAlfalfa​/​pdfs/​UCAlfalfa8292Fer​tilization_​free.​pdf (verified 03 August 2020).

	54.
Kim S, Dale BE. Cumulative energy and global warming impact from the production of biomass for biobased products. J Ind Ecol. 2003;7(3–4):147–62.

	55.
US Department of Commerce, US Census Bureau, Population Division. Age and sex composition in the United States. 2015. Available at: https://​www.​census.​gov/​topics/​population/​age-and-sex/​data/​tables.​html (verified 20 April 2020).

	56.
US Department of Health and Human Services, National Center for Health Statistics. National Health and Nutrition Examination Survey: Analytic guidelines, 2011–2012. Hyattsville, MD; 2013. Available at: https://​wwwn.​cdc.​gov/​nchs/​nhanes/​analyticguidelin​es.​aspx (verified 20 April 2020).

	57.
National Cancer Institute, National Institutes for Health. HEI tools for researchers. 2020. Available at: http://​epi.​grants.​cancer.​gov/​hei/​tools.​html (verified 20 April 2020).

	58.
Liese AD, Krebs-Smith SM, Subar AF, George SM, Harmon BE, Neuhouser ML, et al. The dietary patterns methods project: synthesis of findings across cohorts and relevance to dietary guidance. J Nutr. 2015;145(3):393–402.PubMedPubMedCentral

	59.
Harmon BE, Boushey CJ, Shvetsov YB, Ettienne R, Reedy J, Wilkens LR, et al. Associations of key diet-quality indexes with mortality in the multiethnic cohort: the dietary patterns methods project. Am J Clin Nutr. 2015;101(3):587–97.PubMedPubMedCentral

	60.
Reedy J, Krebs-Smith SM, Miller PE, Liese AD, Kahle LL, Park Y, et al. Higher diet quality is associated with decreased risk of all-cause, cardiovascular disease, and cancer mortality among older adults. J Nutr. 2014;144(6):881–9.PubMedPubMedCentral

	61.
Dietary Guidelines Advisory Committee. Scientific report of the 2015 dietary guidelines advisory committee: Advisory report to the Secretary of Health and Human Services and the Secretary of Agriculture. Appendix e-3.1. Washington, DC; 2015. Available at website: www.​health.​gov/​dietaryguideline​s/​2015-scientific-report/​ (verified 20 April 2020).

	62.
Casperson S, Conrad Z, Raatz S, Jahns L, Roemmich JN, Picklo MJ. Impact of beef consumption on saturated fat intake in the United States adult population: Insights from modeling the influence of bovine genetics and nutrition. Meat Sci. 2020;(online ahead of print).

	63.
Conrad Z, Johnson LK, Peters CJ, Jahns L. Capacity of the US food system to accommodate improved diet quality: A biophysical model projecting to 2030. Current Developments in Nutrition. 2018;2(4):nzy007-nzy.

	64.
Nelson ME, Hamm MW, Hu FB, Abrams SA, Griffin TS. Alignment of healthy dietary patterns and environmental sustainability: a systematic review. Adv Nutr. 2016;7(6):1005–25.PubMedPubMedCentral

	65.
Payne CL, Scarborough P, Cobiac L. Do low-carbon-emission diets lead to higher nutritional quality and positive health outcomes? A systematic review of the literature. Public Health Nutr. 2016;19(14):2654–61.PubMed

	66.
Micha R, Shulkin ML, Penalvo JL, Khatibzadeh S, Singh GM, Rao M, et al. Etiologic effects and optimal intakes of foods and nutrients for risk of cardiovascular diseases and diabetes: systematic reviews and meta-analyses from the nutrition and chronic diseases expert group (nutricode). PLoS One. 2017;12(4):e0175149.PubMedPubMedCentral

	67.
Micha R, Penalvo JL, Cudhea F, Imamura F, Rehm CD, Mozaffarian D. Association between dietary factors and mortality from heart disease, stroke, and type 2 diabetes in the United States. Jama. 2017;317(9):912–24.PubMedPubMedCentral

	68.
Blackstone NT, Conrad Z. Comparing the recommended eating patterns of the EAT-lancet commission and dietary guidelines for Americans: implications for sustainable nutrition. Curr Dev Nutr. 2020;4:nzaa015.

	69.
Rose D, Heller MC, Roberto CA. Position of the society for nutrition education and behavior: The importance of including environmental sustainability in dietary guidance. J Nutrition Educ Behavior. 2019;51(1):3–15.e1.

	70.
Perignon M, Vieux F, Soler LG, Masset G, Darmon N. Improving diet sustainability through evolution of food choices: review of epidemiological studies on the environmental impact of diets. Nutr Rev. 2017;75(1):2–17.PubMed

	71.
Verma MvdB, de Vreede L, Achterbosch T, Rutten MM. Consumers discard a lot more food than widely believed: Estimates of global food waste using an energy gap approach and affluence elasticity of food waste. PLOS ONE. 2020;15(2):e0228369.

	72.
Muth MK, Giombi KC, Bellemare M, Ellison B, Roe B, Smith T. Expert panel on technical questions and data gaps for the ERS loss-adjusted Food Availability (LAFA) data series. 2018. Available at: https://​www.​ers.​usda.​gov/​publications/​pub-details/​?​pubid=​92408 (verified 20 April 2020).

	73.
Hatfield JL, Boote KJ, Kimball BA, Ziska LH, Izaurralde RC, Ort D, et al. Climate impacts on agriculture: implications for crop production. Agron J. 2011;103(2):351–70.

	74.
US Department of Agriculture. Fooddata central. 2020. Available at: https://​fdc.​nal.​usda.​gov/​ (verified 31 July 2020).

	75.
Roark RA, Niederhauser VP. Fruit and vegetable intake: issues with definition and measurement. Public Health Nutr. 2013;16(1):2–7.PubMed

	76.
Woodside JV, Young IS, McKinley MC. Fruits and vegetables: measuring intake and encouraging increased consumption. Proc Nutr Soc. 2013;72(02):236–45.PubMed

	77.
Subar AF, Freedman LS, Tooze JA, Kirkpatrick SI, Boushey C, Neuhouser ML, et al. Addressing current criticism regarding the value of self-report dietary data. J Nutr. 2015;145(12):2639–45.PubMedPubMedCentral

	78.
Fleischhacker SE, Woteki CE, Coates PM, Hubbard VS, Flaherty GE, Glickman DR, et al. Strengthening national nutrition research: rationale and options for a new coordinated federal research effort and authority. Am J Clin Nutr. 2020;112:721–69.

	79.
Conrad Z, Blackstone NT. Identifying the links between consumer food waste, nutrition, and environmental sustainability: a narrative review. Nutr Rev. 2020. Online ahead of print.



Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


OEBPS/images/12937_2020_629_Fig5_HTML.png
a)

P-trend=0.021

3,000 -
2,500 -
2,000 -
1,500 -
1,000 -

500 +

(89 uoypru) wonesydde
JIZIMI9Y [enuuy

P-trend=0.006

LI —
[~ =]
0 O <

100 -

r T
(= =R =]
O ¥ AN
— = —

(s9.ae399Y uorux)
asn pue[ j[ndLISe [enuUy

=0.066

AHEI-2010 quintile
P-trend:

m M u m 0 O T AN O
[CREXEL

1qnd uoip[iq) uonesydde

o s uoyeSLLII [Bnuuy

AHEI-2010 quintile
P-trend=0.862

T T T 1
o O © o
cn N~

T T T
(= ==)
o n <

70 4

r
(=]
[*]

(3 woryru) wonedrdde
~ aprysad renuuy

C

AHEI-2010 quintile

AHEI-2010 quintile





OEBPS/navigation.xhtml

    
      Contents


      
        		Healthy diets can create environmental trade-offs, depending on how diet quality is measured


      


    
    
      Landmarks


      
        		Body Matter


      


    
  

OEBPS/css/envelope.png





OEBPS/images/12937_2020_629_Fig4_HTML.png
P-trend=0.091

0 j

r T T T T T T
[ R T T = = R = I =
2 O Q O 9 O
N N AN AN o~

(Y uoyrm) wopedydde
JOZI[I)Id) [enuuy

[a\]

<

<

(=3

I

el

g

&

[
————
[ R R o B = = == R i R ]
O F N © o0 O < A
-==2=

(saa8399y worru) asn

pue| [eanjnoLSe [enuuy

HEI-2015 quintile

HEI-2015 quintile

d)

P-trend=0.007

—r T
O T N O 0 © < AN O
—_ -

(sx33om

J1qnd uorq) uoneddde
J3)eM uone3LLII [enuuy

P-trend<0.001

r T T T T T T T 1
(=R I I = = = R )
O~V Wn It n AN —

(8 o) wonedndde
appnsad [enuuy

HEI-2015 quintile

HEI-2015 quintile





OEBPS/images/12937_2020_629_Fig1_HTML.png
Consumed

g 907 g
Edible
Total Food Purchased 1317 g (897917 g)
Demand 1563 g (1300-1335 g)
1673 g (1537-1588 g)
(1647-1699 g) Consumer
waste
Inedible
Retail loss

31%

7% 16% ¢

1lg 245 ¢ 410 g
(110-112 g) (234-256 g) (400-420 g)





OEBPS/images/12937_2020_629_Fig3_HTML.png
b)

d)

60%

Mean (95% CI), million hectares
B Retail loss: 6.9 (6.7-7.1)

@ Inedible: 3.4 (3.3-3.4)
O Consumer waste: 37.8 (37.0-38.4)
O Consumed: 137.8 (135.0-140.6)
Total Food Demand: 185.9 (182.1-189.4)

Mean (95% CI), million kg
E Retail loss: 380 (368-391)

EInedible: 556 (544-568)
O Consumer waste: 1,556 (1,526-1,583)
OConsumed: 4,579 (4,483-4,669)

Total Food Demand: 7,068 (6,923-7,203)

Mean (95% CI), million kg
B Retail loss: 12 (11-12)

@ Inedible: 38 (37-38)
O Consumer waste: 56 (55-57)
OConsumed: 137 (134-140)

Total Food Demand: 243 (238-247)

Mean (95% CI), billion cubic meters
B Retail loss: 3.0 (2.9-3.1)

B Inedible: 8.4 (8.3-8.6)

O Consumer waste: 14.8 (14.5-15.0)
OConsumed: 39.0 (38.1-39.7)
Total Food Demand: 65.2 (63.9-66.5)
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