

[image: image1]
Within-food-group optimization improves nutritional adequacy, sustainability, and acceptability of modeled diets
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Introduction: Food production is a major contributor to global greenhouse gas emissions (GHGE). To mitigate this impact, researchers have developed methods for designing healthy and sustainable diets by modifying existing consumption patterns through dietary changes between food groups. However, the nutrient and emission profiles within these food groups can differ greatly. The aim of this study was to investigate the extent to which the nutritional adequacy, sustainability, and acceptability of diets can be improved through dietary changes within food groups.

Methods: To analyze the potential of within-food-group optimization, we investigated several diet modeling strategies and scenarios to optimize nutrient intake while minimizing GHGE and dietary change. The diets used as input for the diet model were derived from the U.S. National Health and Nutrition Examination Survey (NHANES) 2017–2018 consumption dataset.

Results: By adjusting food quantities only within food groups, macro- and micronutrient recommendations could be met while achieving a 15 to 36% reduction in GHGE. When foods were optimized both within- and between food groups, only half the dietary change (23%) was required to achieve a 30% GHGE reduction, compared to optimizing between food groups alone (44%). This may improve consumer acceptance, assuming smaller dietary shifts are perceived as more acceptable.

Conclusion: Within-food-group optimization increases opportunities to improve the nutritional adequacy, sustainability, and acceptability of diets.
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1 Introduction

Food production for human consumption is estimated to contribute one-third of global greenhouse gas emissions (GHGE) caused by human activities (1). To reduce this footprint, various methodologies have been developed to design diets that are both environmentally and nutritionally sustainable. This research area is commonly referred to as diet modeling or diet optimization. Initial studies focused on defining nutritionally adequate diets within set cost limits, but from around 2010 onward, they began to incorporate environmental considerations (2–5).

Multiple studies have shown that substantial dietary changes are necessary to improve the sustainability of diets, though the precise extent varies between studies (Table 1). For example, Vieux et al. (9) examined the changes in food consumption needed to reduce GHGE in several European countries while complying with nutrient guidelines. Based on their results, it was computed that achieving a 30% reduction in GHGE required food quantity changes ranging from 40 to 65%. Similarly, it could be calculated from the study by Rocabois et al. (13) that a 30% reduction in GHGE would involve food quantity changes of up to 69% in the French diet. Other studies have reported a lower level of required dietary change. For instance, Nordman et al. (18) found that a 30% change in the Danish diet could achieve a 31% reduction in GHGE.


TABLE 1 Summary of diet modeling studies showing the trade-off between greenhouse gas emissions (GHGE) and total dietary change, as well as detailing the number of food groups used and the number of individual food items aggregated within those groups.


	Study
	Countrya
	Trade-offb,c
	Number of food groupsd
	Number of individual food items



	GHGE reduction (%)
	Dietary change (%)e

 

 	Green et al. (6) 	UK 	30–60 	68–94 	148 	2,980


 	Horgan et al. (7) 	UK 	15 	50f,g 	134 	1,491


 	Perignon et al. (2) 	FR 	10–60 	5–50g 	402 	1,342


 	Gazan et al. (8) 	FR 	— 	— 	212 	1,342


 	Vieux et al. (9) 	FR, UK, IT, FI, SE 	30 	40–65 	151 	1,708–4,079


 	Reynolds et al. (10) 	UK 	57 	54 	101 	653


 	Mariotti et al. (11) 	FR 	— 	— 	32 	2,800


 	Dussiot et al. (12) 	FR 	— 	— 	45 	1,533


 	Rocabois et al. (13) 	FR 	30 	69 	207 	1,342


 	Tompa et al. (14) 	HU 	— 	— 	35 	857


 	Heerschop et al. (15) 	NL 	16 	33 	28 	2,389


 	Verly et al. (16) 	BR 	— 	— 	85 	1,591


 	Fu et al. (17) 	CN 	— 	— 	11 	—


 	Nordman et al. (18) 	DK 	31 	30 	50 	434


 	Bashiri et al. (19) 	EE 	— 	— 	14 	74


 	Fouillet et al. (20) 	FR 	— 	— 	45 	1,533


 	Kesse-Guyot et al. (21) 	FR 	77 	110 	47 	265





a Country of the consumption data set used for modeling.

b Results on GHGE reductions and total dietary change should be interpreted with caution across studies, as different modeling approaches were applied, limiting direct comparability.

c A “—” indicates that GHGE reductions or total dietary change were not reported or could not be calculated from the study’s results.

d Some studies refer to food groups as food items. For example, Vieux et al. (9) model diets using 151 food items such as root vegetables and citrus fruits. In this study, we classify these as food groups, with items like carrots and oranges representing individual foods within those groups.

e See Supplementary Method 1 for the calculation of total dietary change.

f Average dietary change calculated at the food group level, not at the total diet level.

g Complete removal or addition of food groups is not included in this number.
 

The differences in modeling results regarding GHGE reductions and required dietary changes can be explained by several factors. These include variations in the current consumption patterns of the target group under investigation, as well as in the GHGE and nutrient content of available foods, which may differ between countries. Results are also influenced by modeling decisions, such as the nutrient constraints applied, food quantity limits set to ensure the acceptability of modeled diets, and the level of detail at which foods are represented.

Diet modeling studies often model dietary changes at the level of food groups or subgroups, both referred to as food groups in this study. The number of food groups considered varies widely, ranging from 11 (17) to 402 (2) (Table 1). When modeling at food group level, quantities of food groups can be adjusted, but the distribution of individual food items within each group remains unchanged, or an average food is used as proxy. For instance, while the overall quantity of the food group “vegetables” can be increased, it is not possible to adjust the distribution of specific food items, such as increasing “carrots” while decreasing “cucumber.”

However, when modeling at food group level, the variability in nutrient composition (Figure 1) and GHGE profiles (Figure 2) within food groups (22) is not taken into account, leaving opportunities to further improve the nutritional adequacy and sustainability of diets by optimizing foods within those food groups (23). In addition, within-food-group optimization could improve the acceptance of generated diets for two reasons. First, foods within food groups are typically more similar than those between food groups, which may make such substitutions more preferable (24, 25). Second, consumer acceptance is often linked to the extent of dietary change, with smaller changes generally considered more achievable (4, 26). By allowing changes within food groups, rather than only between food groups, the total dietary change required could be reduced, thereby increasing acceptance.

[image: Nutrient content comparison for various food groups displayed in dot plots. The nutrients examined are calcium, folate, iron, magnesium, vitamin A, vitamin C, and vitamin E, measured in micrograms or milligrams per 100 grams. The food groups include beans, peas, and legumes; cheese; eggs and omelets; fish; nutrition bars; nuts and seeds; other red and orange vegetables; ready-to-eat cereal, lower sugar; and yeast breads. Each plot shows the range and average content of the specified nutrient for each food group.]

FIGURE 1
 Variation in nutrient content within a selection of What We Eat in America (WWEIA) food subgroups that display considerable differences. The horizontal line shows the range of variation, with the black dot marking the average content and the white dots representing the 25th and 75th percentiles. The vertical line indicates the Recommended Daily Allowance (RDA).


[image: Scatter plot showing carbon dioxide equivalent emissions in kilograms per 100 grams for various food items. Beef has the highest emissions, followed by burgers. Categories include burritos, meat dishes, chicken, cold cuts, pasta, pizza, soups, shellfish, and more, with pork having the lowest emissions.]

FIGURE 2
 Variation in greenhouse gas emissions across the What We Eat in America (WWEIA) food subgroups that contribute most to observed diet-related CO2 eq. emissions, limited to groups with three or more food items. The horizontal line shows the range of variation, with the black dot marking the average emission and the white dots representing the 25th and 75th percentiles.


The impact of whether foods are optimized within food groups on the nutritional adequacy, environmental sustainability, and acceptability of diets has not yet been quantified. Accordingly, this study aims to demonstrate the potential benefits of within-group optimization, which may help future studies determine the most suitable level at which to model foods. To achieve this, we developed a diet model that optimizes nutrient intake while minimizing GHGE and dietary change by adjusting food quantities reported in the U.S. National Health and Nutrition Examination Survey 2017–2018 (NHANES). By exploring different modeling strategies, we evaluated and compared the performance of between-food-group and within-food-group optimization, along with the trade-offs among nutritional adequacy, environmental sustainability, and acceptability.



2 Materials and methods

To demonstrate the impact of within-food-group optimization on the nutritional adequacy, environmental sustainability, and acceptability of diets, we started from observed consumption data and applied various diet modeling strategies to optimize nutrient intake while minimizing greenhouse gas emissions (GHGE) and dietary changes for both females and males.


2.1 Data


2.1.1 Observed diet

U.S. food consumption data, comprising two 24-h dietary recalls, were retrieved from NHANES 2017–2018 (27), and corresponding nutrient intakes from the Food and Nutrient Database for Dietary Studies (FNDDS) 2017–2018 (28). For the purpose of this study, which is to compare methodological approaches, we focused on a single target group: adults aged 18 to 65, as they represent a relatively homogeneous group in terms of nutritional needs. Individuals were excluded if they reported a low energy intake (less than 1,200 kcal for women and 1,800 kcal for men) or a high energy intake (more than 3,000 kcal for women and 3,600 kcal for men). This left 1,738 female respondents and 1,428 male respondents, with 3,166 respondents in total. The consumption data were then summarized by calculating the average daily intake per food item (g/day) separately for females and males, which is referred to as the observed diets.



2.1.2 Food group classification

The food group classifications used for diet modeling were based on the What We Eat in America (WWEIA) (29) and FNDDS (28) subgroup classifications, comprising 153 and 46 groups, respectively. In addition, a custom food group classification was created using the method as described by Perignon et al. (2), consisting of 345 groups (Supplementary Method 2). Separate model runs were conducted for each food group classification.

Of the 4,257 reported unique food items, the intake of 2,734 food items was considered for optimization. Foods excluded from optimization, i.e., for which quantities were kept identical to those in the observed diets, included items classified as “other” according to the WWEIA food group classification (e.g., nutritional powder mix and raw oats). Furthermore, food items consumed three times or less were excluded from optimization. An overview of the included food items and their corresponding food groups is provided in “Food Group Classifications” of Supplementary File.



2.1.3 Greenhouse gas emissions

GHGE of NHANES (composite) foods, expressed in CO2 equivalents, were estimated using GHGE data for corresponding primary food products from the dataFIELD database and associated loss factors from the Loss-Adjusted Food Availability (LAFA) database (30). LAFA provides the percentage of food weight lost throughout the supply chain (from farm to retail) as well as losses at the consumer level (e.g., inedible portions, cooking losses, and uneaten food). GHGE for each NHANES food was calculated as:
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where 
i
 represents the primary food products of the NHANES food. The weights of primary food products for each NHANES food were based on the Food Commodity Intake Database (FCID) (19), extended by Fouillet et al. (20) for more recent NHANES cycles (2011–2018). Both the weight and GHGE data align with FCID’s classification of primary food products. For the loss factors, LAFA food descriptions were mapped to FCID food codes by Conrad et al. (31). Using this approach, the calculated GHGE for the observed diets was 5.1 kg CO2 equivalents per day for females and 7.9 kg CO2 equivalents per day for males.




2.2 Diet modeling

The diet model optimized nutrient intake while minimizing GHGE and dietary change by adjusting food quantities. Different strategies for achieving this were explored to compare the performance of between- and within-food-group optimization, as well as to compute the trade-offs between nutritional adequacy, environmental sustainability, and acceptability. Full model definitions are provided in Supplementary Tables 1–3, with the applied nutritional guidelines outlined in Supplementary Table 4.


2.2.1 Within-food-group optimization

In the first modeling experiment, we examined the potential to improve the nutritional adequacy and GHGE of observed diets by adjusting food item quantities within food groups only. The model permitted changes only to the distribution of food items within each group, keeping the overall quantity of each food group similar to the observed diet. In the objective function of the model, the highest weight was assigned to minimizing the largest deviation from recommended macro- and micronutrient intake levels (Recommended Daily Allowances; RDA), then GHGE reduction, and finally, minimizing dietary change. A simplified version of the objective function is given by:
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. The full formulation is provided in Equation 30 of Supplementary Table 3.

Furthermore, we evaluated model outcomes using three different food group classifications (Perignon with 345 groups, WWEIA with 153 groups, and FNDDS with 46 groups) across varying levels of within-food-group changes allowed (0, 25, 50, 75, and 100%). When no change was allowed (0% change), the diet remained identical to the observed diet. In the least restrictive scenario (100% change), all food item quantities within each food group could be adjusted freely. For intermediate scenarios, we constrained the absolute change within each food group to x% or less. Additionally, no food item could exceed the quantity of the highest-consumed item in that food group. Note that these upper bounds for food item quantities were based on daily average intakes from the consumption dataset and do not reflect the highest intakes reported by individuals. The unrestricted scenario may favor a narrow selection of the healthiest and most sustainable foods, whereas the restricted scenarios lead to more diverse and balanced diets, which we assumed are more acceptable. This allowed us to examine the trade-off between acceptability, nutritional adequacy, and sustainability.



2.2.2 Lowered nutrient goals

In the second modeling experiment, which builds on the first, we investigated to what extent lowering nutrient goals can further reduce GHGE. This provides a sharper picture on the trade-off between nutritional adequacy and sustainability. Here, macronutrient bounds were extended by 20% (e.g., the protein lower and upper bounds were relaxed from 10–35 E% to 8–42 E%), and micronutrient goals were lowered from the RDA to the Estimated Average Requirements (EAR):
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For the full formulation, see Equation 31 of Supplementary Table 3.



2.2.3 Between-food-group vs. between-and-within-food-group optimization

In the last modeling experiment, we investigated the minimal amount of dietary change required to achieve at least a 30% reduction in GHGE while complying with macronutrient and micronutrient (RDA) guidelines:
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where 
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 represents total dietary change and 

D
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0
 (see Equation 37 of Supplementary Table 3).

We compared the required dietary change under two scenarios: one where only total food group quantities may be adjusted while distribution of food items within each group remains fixed (between-food-group optimization), and another where food item quantities can be changed without restriction (between-and-within-food-group optimization). This comparison demonstrates how within-food-group optimization can improve the acceptability of designed diets.

Acceptability was evaluated based on total dietary change (Supplementary Method 1) and food diversity. We assumed that diets requiring smaller deviations from observed consumption patterns are more acceptable (4, 26). Food diversity was measured by the number of unique food items and the average share of the most prevalent food item in each food group, where diets with a higher number of unique food items and a lower average share were considered more diverse and balanced, and therefore more acceptable (32, 33).





3 Results

To demonstrate the added value of within-food-group optimization on the nutritional adequacy, environmental sustainability, and acceptability of diets, we conducted various modeling experiments, for which the results are displayed below.


3.1 Within-food-group optimization

In the first modeling experiment, we examined to what extent the nutritional adequacy and GHGE of observed diets could be improved by adjusting food item quantities within food groups only. Figure 3 shows how deviations from macro- and micronutrient guidelines and GHGE were reduced, with greater reductions observed when changes within groups were larger. When no restrictions were placed on the magnitude of change (allowed within food group change of 100% and no constraint on the maximum quantity of food items), deviations from dietary guidelines were either absent or negligible, and GHGE was reduced by 15 to 36%, when using the WWEIA or FNDDS food group classification. However, when using the Perignon classification, the largest deviations were still 36% for macronutrients and 1% for micronutrients, with a maximum GHGE reduction of just 3%.

[image: Six line graphs comparing macronutrient deviations, micronutrient deviations, and CO2 equivalent reductions from 0% to 100% on the y-axis for males and females with varying levels of allowed dietary change on the x-axis. Each graph includes three lines representing food group classifications: Perignon, WWEIA, and FNDDS.]

FIGURE 3
 Deviations from dietary guidelines for the most limiting macro- and micronutrient, along with reductions in greenhouse gas emissions (GHGE), for observed and optimized diets in which food item quantities were adjusted within food groups only. As the diet model prioritizes optimizing nutritional adequacy over sustainability (Supplementary Method 3), a reduction in macro- and micronutrient deviations may come at the cost of increased GHGE, as demonstrated by the scenario where a dietary change of 100% was allowed for the Perignon food group classification.


Figures 4, 5 offer a closer look at the micro- and macro-nutrient content of observed and optimized diets. For females, the average micronutrient content of the observed diets was below the RDA for calcium, folate, iron, magnesium, vitamin A, and vitamin E. Increasing the intake of iron and vitamin E, followed by calcium and folate, proved to be the most difficult, as shown by the Perignon and WWEIA food group classifications where the allowed within food group change was 50%. For males, the bottleneck nutrients were magnesium, vitamin A, and vitamin E. In terms of macronutrient and sodium content, the observed diets for both females and males failed to meet the dietary guidelines for fiber, total fat, saturated fatty acids (SFA), and sodium. Optimizing these nutrients proved challenging, with only the scenarios allowing 100% within food group changes, using the WWEIA and FNDDS classifications, meeting or nearly meeting the dietary guidelines.

[image: Bar charts display micronutrient content as a percentage of the recommended dietary allowance for different nutrients, comparing data for females and males. Categories include calcium, folate, iron, magnesium, vitamins A, C, and E. Bars are color-coded to indicate observed, Perignon, WWEIA, and FNDDS classifications, with dietary changes allowed within food groups.]

FIGURE 4
 Average micronutrient content of the observed and optimized diets in which food item quantities were adjusted within food groups only. The micronutrient content is presented as a percentage of the Recommended Daily Allowance (RDA). Note that only micronutrients with values below the RDA are displayed. Additionally, nutrient intake is capped at 100%.


[image: Bar charts comparing dietary changes in macronutrients and sodium intake for males and females. Categories include protein, carbs, fiber, fat, saturated fatty acids (SFA), and sodium. Four classification colors represent Observed, Perignon, WWEIA, and FNDDS data across different allowance levels.]

FIGURE 5
 Macronutrient and sodium content of the observed and optimized diets in which food item quantities were adjusted within food groups only. For protein, carbohydrate, total fat, and saturated fatty acids (SFA), the nutrient content is expressed as a percentage of energy intake. The dotted and dashed horizontal lines display the lower and upper bounds of recommended intake, respectively. The labels above the bars display the deviation from dietary guidelines (%).


An example of how within-food-group optimization improved the nutrient content of diets is shown in Figure 6. For females, iron intake substantially increased through the selection of iron-rich food items in the scenario where the allowed change within food groups was 100%. For instance, in the “Yeast breads” group, the model favored “Bread, whole grain white, toasted” (5.4 mg/100 g) over less iron-rich breads like “Bread, white” (3.4 mg/100 g) and “Bread, wheat or cracked wheat” (3.6 mg/100 g), the most consumed breads in the observed diet (Figure 7). In contrast, when dietary change was limited to 50%, a smaller increase in iron was observed, as it was constrained to stay closer to observed consumption patterns.

[image: Bar chart showing the contribution of iron to the Recommended Dietary Allowance (RDA) from various food groups, with adjustments of 0 percent, 50 percent, and 100 percent dietary changes. Food groups include ready-to-eat cereals (higher and lower sugar), yeast breads, pizza, burritos, tacos, cookies, eggs, rice, burgers, pasta dishes, soups, oatmeal, beans, cold cuts, and tomatoes.]

FIGURE 6
 Iron content of WWEIA groups contributing most to iron intake in observed and optimized diets for females, presented as a percentage of the Recommended Daily Allowance (RDA).


[image: Bar chart showing the share of food items within the WWEIA food group "Yeast breads" for various types of bread: white, wheat or cracked wheat, chapatti or roti, French or Vienna, whole wheat, whole grain white, and whole grain white toasted. The x-axis represents share percentages, highlighting allowed dietary changes within food groups at 0 percent, 50 percent, and 100 percent. Toasted whole grain white shows a high share at 98 percent.]

FIGURE 7
 Distribution of foods with the highest share consumed in WWEIA group “Yeast breads” in observed and optimized diets for females. Note that in the scenario where dietary change within food groups is limited to 50%, also no food item can exceed the highest observed quantity within its group.




3.2 Lowered nutrient goals

When nutrient goals were lowered by extending macronutrient bounds by 20% and lowering micronutrient goals from the RDA to the EAR, larger reductions in GHGE were achievable (Figure 8). This greater reduction was most evident when 100% of the diet could be adjusted. In this scenario, GHGE reductions exceeding 60% were possible, representing a twofold improvement compared to the full nutrient goals. Larger reductions in GHGE were also observed in the scenario where 75% of the diet could be altered, when the WWEIA and FNDDS classifications were used. However, in the other scenarios, lowering the nutrient goals did not result in a notable GHGE reductions. In these cases, the nutrient goals remained unachieved, leaving limited opportunity for further reductions in GHGE.

[image: Graphs showing reduction in CO2 equivalents based on food group classification: Perignon, WWEIA, FNDDS for females and males. Horizontal axis represents allowed dietary change; vertical axis shows reduction percentage. Lines indicate nutrient goals—black for full, blue for lowered.]

FIGURE 8
 Greenhouse gas emission reductions of the optimized diets, relative to the observed diets, under full and lowered nutrient goals. For the lowered nutrient goals, macronutrient bounds were extended by 20%, and micronutrient goals were lowered from the Recommended Dietary Allowance (RDA) to the Estimated Average Requirements (EAR).


Examples of GHGE reductions for a selection of WWEIA food groups are shown in Figure 9. Reductions in groups such as “Burgers” and “Meat mixed dishes” were achieved by replacing beef with turkey or chicken. For groups such as “Burritos and tacos” and “Pasta dishes,” switching to vegetarian options lowered GHGE. Notably, for males, no reductions were observed in groups such as “Beef” or “Meat mixed dishes” when full nutrient goals were applied. This was due to males’ relatively high salt intake, which led the model to favor foods low in sodium over those with low GHGE.

[image: Bar chart comparing CO2 equivalent emissions from various food categories for females and males, measured as a share relative to observed diet emissions. Categories include beef, burgers, burritos, chicken, and more. Blue represents observed, green full nutrient goals, and orange lowered nutrient goals. Both genders show highest emissions from beef.]

FIGURE 9
 Greenhouse gas emissions from WWEIA food groups (≥3 items) with the highest contributions in observed and optimized diets, under full and lowered nutrient goals. For the lowered nutrient goals, macronutrient bounds were extended by 20%, and micronutrient goals were lowered from the Recommended Dietary Allowance (RDA) to the Estimated Average Requirements (EAR).




3.3 Between-food-group vs. between-and-within-food-group optimization

In the previous sections, we presented improvements in nutritional adequacy and GHGE of diets when optimizing food item quantities within food groups only. In this section, we will examine the dietary changes required to achieve a 30% reduction in GHGE while complying with macro- and micronutrient (RDA) guidelines. We compared two modeling approaches: between-food-group optimization, where only total food group quantities can be adjusted while the distribution of food items within each group remains fixed, as well as between-and-within food-group optimization, where the quantities of individual food items can be adjusted freely (100% allowed dietary change).

For between-food-group optimization, the total dietary change ranged from 36 to 58%, depending on the food classification used (Figure 10). In contrast, for between-and-within-food-group optimization, the average required dietary change was 23%, which is half of that for between-food-group optimization (44%). Furthermore, the diets obtained by between-and-within-food-group optimization contained a higher number of unique food items. Here, only 38% of food items were removed on average, compared to 53% when applying between-food-group optimization, during which certain food groups were entirely removed. Nonetheless, the latter resulted in more balanced diets, with the average maximum food item share within a food group at 36%, similar to the observed diets, compared to 40% for between-and-within-food-group optimization. Note that the share is relatively higher for food group classifications with fewer food items within each food group.

[image: Six line graphs displaying dietary changes, removed food items, and food item share for males and females. Each graph compares three food group classifications: Perignon, WWEIA, and FNDDS. The y-axis represents percentages ranging from 0% to 60%, and the x-axis indicates dietary change categories: between groups and between & within groups. For total dietary change and removed food items, percentages generally decrease from between groups to between & within groups. For food item share, percentages increase slightly for both genders across classifications.]

FIGURE 10
 Comparison of between- versus between-and-within-food-group optimization for various acceptability measures. The calculation of total dietary change is detailed in Supplementary Method 1. The percentage of removed food items and the share of food items reflect diet diversity, with food item share being the average share of the most prevalent food item in each food group.





4 Discussion

This study demonstrated that between-and-within-food-group optimization facilitates greater improvements in the nutritional adequacy, environmental sustainability, and acceptability of diets than between-food-group optimization alone. By adjusting food item quantities within food groups only, macro- and micronutrient recommendations could be met while achieving up to a 36% reduction in GHGE. A further reduction in GHGE, exceeding 60%, could be attained by lowering macro- (by 20%) and micronutrient (RDA to EAR) goals. To achieve a 30% reduction in GHGE while complying with macro- and micronutrient (RDA) guidelines, between-and-within-food-group optimization required, on average, only half the total dietary change (23%) compared to between-food-group optimization (44%). This 44% dietary change in U.S. diets for between-food-group optimization aligns with findings by Vieux et al. (9) for France and Finland (45% on average). It is lower than the values reported for the United Kingdom and Sweden (62%) (9) and by Green et al. (6) for the United Kingdom (68%), and exceeds that of Nordman et al. (18) for Denmark (30%) (Table 1). In summary, this study quantified the positive impact of the modeling decision to optimize food item quantities within food groups, as opposed to not doing so, on the nutritional adequacy, environmental sustainability, and acceptability of diets. Note that these results only provide an indication of the potential improvements achieved by optimizing foods within food groups, compared to not doing so. In different study settings, such as when applied to another target population or when additional nutritional constraints are included, the benefits of within-food-group optimization may vary in magnitude. In the remainder of this section, we will also discuss possible drawbacks of within-food-group optimization, as well as briefly address other modeling decisions, including handling missing data and outliers, selecting sustainability metrics, choosing dietary reference values, and quantifying consumer acceptability.

A potential drawback of optimizing food item quantities within food groups is the concern that only a narrow range of the healthiest and most sustainable foods is selected, making modeled diets less diverse and more sensitive to inaccuracies in nutrient (34) and GHGE (35) data. However, rather than avoiding within-food-group optimization altogether, this risk can be managed by applying constraints on food item quantities to help preserve dietary diversity, as demonstrated by our modeling scenarios where the percentage of allowed dietary change within food groups and the maximum quantity of food items were restricted. Additionally, the impact of data inaccuracies can be mitigated through outlier handling techniques, such as winsorization (36).

Furthermore, within-food-group optimization requires GHGE data on food item level, which is not always available. When different data sources do not share the same level of detail, Gazan et al. (8) proposed to aggregate more detailed data (e.g., nutrient composition) to match the least detailed data source (e.g., GHGE). Instead, we recommend modeling at the available levels, where GHGE is optimized at group level and nutrient content at food item level. This approach makes it easier to achieve nutrient goals, thereby requiring less dietary change to achieve the same GHGE reduction. It offers a temporary solution until GHGE data becomes available for a wider range of foods, a need also highlighted by other researchers (22). Alongside GHGE data, it is equally important to collect and model data on other sometimes divergent sustainability mid-point metrics, such as blue water use (or water scarcity), or end-point metrics such as biodiversity, in order to support a more multidimensional approach to designing sustainable diets.

Regarding the modeling decision of which dietary reference values to apply, there may be a trade-off between nutritional adequacy and environmental sustainability. Lowering nutritional goals can allow for greater reductions in GHGE, as shown by Perignon et al. (2) and this study (Figure 8). A question that remains is the extent to which improving sustainability may come at the expense of nutritional adequacy? For example, the Recommended Daily Allowances (RDA) serve as guidelines for micronutrient intake to meet the needs of 97.5% of the population and are often used in individual diet counseling. Many individuals, however, can remain healthy with lower intake levels, such as the Estimated Average Requirements (EAR), which meet the needs of 50% of the population (37, 38). Alternatively, increased use of dietary supplements and food fortification could help improve the sustainability of diets (39, 40).

Among all modeling decisions, determining how to quantify consumer acceptability may be the most technically challenging. In this study, we assumed that diets with greater diversity and fewer changes from the observed diet would be more acceptable. However, there is still limited understanding of which types of dietary change are most acceptable to consumers (3, 4). For instance, are small adjustments across a variety of foods more acceptable than large changes to a few? Is it easier for consumers to adapt to the addition of new foods or to the elimination of familiar ones? Are modifications within food groups preferred over changes between groups? Although modifications within food groups may be preferred because the alternatives are likely more similar in taste (41), a potential downside is that dietary advice at individual food level can be more challenging to recall and follow than general food group recommendations (42). As for food diversity, its association with acceptability is not necessarily linear. For example, a diet with many different food items could become less acceptable if the preparation of such meals is deemed too effortful by consumers. Conversely, diets with less variety, like having the same breakfast every day, may be acceptable for consumers who prefer routine. Further research is needed to address these questions to ensure optimized diets are not only healthy and sustainable but also acceptable to individuals. This involves both understanding the behavioral drivers of consumer acceptance as well as developing methods to quantify and integrate those drivers into diet modeling.



5 Conclusion

This study demonstrated that within-food-group optimization increases opportunities to improve the nutritional adequacy, sustainability, and acceptability of diets. As such, we recommend optimizing both between and within food groups.



Data availability statement

Publicly available datasets were analyzed in this study. This data can be found at: https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2017. Additional data sources can be found in the Methods section.



Author contributions

DW: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Visualization, Writing – original draft. JG: Conceptualization, Methodology, Supervision, Validation, Writing – review & editing. SB: Methodology, Validation, Writing – review & editing. AM-B: Conceptualization, Methodology, Supervision, Validation, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This study was supported by Wageningen Economic Research, Wageningen University & Research; Division of Human Nutrition, Wageningen University; Group Operations Research and Logistics, Wageningen University.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that Gen AI was used in the creation of this manuscript. During the preparation of this work DW used GPT-4 in order to improve the readability and the language of the manuscript. After using this tool, the authors reviewed and edited the content as needed and take full responsibility for the content of the publication.

Any alternative text (alt text) provided alongside figures in this article has been generated by Frontiers with the support of artificial intelligence and reasonable efforts have been made to ensure accuracy, including review by the authors wherever possible. If you identify any issues, please contact us.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2025.1648055/full#supplementary-material



References
	 1. Tubiello,FN, Rosenzweig,C, Conchedda,G, Karl,K, Gütschow,J, Xueyao,P , et al. Greenhouse gas emissions from food systems: building the evidence base. Environ Res Lett. (2021) 16:065007. doi: 10.1088/1748-9326/ac018e
	 2. Perignon,M, Masset,G, Ferrari,G, Barré,T, Vieux,F, Maillot,M , et al. How low can dietary greenhouse gas emissions be reduced without impairing nutritional adequacy, affordability and acceptability of the diet? A modelling study to guide sustainable food choices. Public Health Nutr. (2016) 19:2662–74. doi: 10.1017/S1368980016000653 
	 3. Gazan,R, Brouzes,CMC, Vieux,F, Maillot,M, Lluch,A, and Darmon,N. Mathematical optimization to explore tomorrow’s sustainable diets: a narrative review. Adv Nutr. (2018) 9:602–16. doi: 10.1093/advances/nmy049 
	 4. van Dooren,C. A review of the use of linear programming to optimize diets, nutritiously, economically and environmentally. Front Nutr. (2018) 5:48. doi: 10.3389/fnut.2018.00048 
	 5. Leonard,UM, and Kiely,ME. Can micronutrient requirements be met by diets from sustainable sources: outcomes of dietary modelling studies using diet optimization. Ann Med. (2024) 56:2389295. doi: 10.1080/07853890.2024.2389295 
	 6. Green,R, Milner,J, Dangour,AD, Haines,A, Chalabi,Z, Markandya,A , et al. The potential to reduce greenhouse gas emissions in the UK through healthy and realistic dietary change. Clim Change. (2015) 129:253–65. doi: 10.1007/s10584-015-1329-y
	 7. Horgan,GW, Perrin,A, Whybrow,S, and Macdiarmid,JI. Achieving dietary recommendations and reducing greenhouse gas emissions: modelling diets to minimise the change from current intakes. Int J Behav Nutr Phys Act. (2016) 13:46. doi: 10.1186/s12966-016-0370-1 
	 8. Gazan,R, Barré,T, Perignon,M, Maillot,M, Darmon,N, and Vieux,F. A methodology to compile food metrics related to diet sustainability into a single food database: application to the French case. Food Chem. (2018) 238:125–33. doi: 10.1016/j.foodchem.2016.11.083 
	 9. Vieux,F, Perignon,M, Gazan,R, and Darmon,N. Dietary changes needed to improve diet sustainability: are they similar across Europe? Eur J Clin Nutr. (2018) 72:951–60. doi: 10.1038/s41430-017-0080-z 
	 10. Reynolds,CJ, Horgan,GW, Whybrow,S, and Macdiarmid,JI. Healthy and sustainable diets that meet greenhouse gas emission reduction targets and are affordable for different income groups in the UK. Public Health Nutr. (2019) 22:1503–17. doi: 10.1017/S1368980018003774 
	 11. Mariotti,F, Havard,S, Morise,A, Nadaud,P, Sirot,V, Wetzler,S , et al. Perspective: modeling healthy eating patterns for food-based dietary guidelines—scientific concepts, methodological processes, limitations, and lessons. Adv Nutr. (2021) 12:590–9. doi: 10.1093/advances/nmaa176 
	 12. Dussiot,A, Fouillet,H, Perraud,E, Salomé,M, Huneau,JF, Kesse-Guyot,E , et al. Nutritional issues and dietary levers during gradual meat reduction—a sequential diet optimization study to achieve progressively healthier diets. Clin Nutr. (2022) 41:2597–606. doi: 10.1016/j.clnu.2022.09.017 
	 13. Rocabois,A, Tompa,O, Vieux,F, Maillot,M, and Gazan,R. Diet optimization for sustainability: INDIGOO, an innovative multilevel model combining individual and population objectives. Sustainability. (2022) 14:12667. doi: 10.3390/su141912667
	 14. Tompa,O, Kiss,A, Maillot,M, Sarkadi Nagy,E, Temesi,Á, and Lakner,Z. Sustainable diet optimization targeting dietary water footprint reduction—a country-specific study. Sustainability. (2022) 14:2309. doi: 10.3390/su14042309
	 15. Heerschop,SN, Kanellopoulos,A, Biesbroek,S, and van’t Veer,P. Shifting towards optimized healthy and sustainable Dutch diets: impact on protein quality. Eur J Nutr. (2023) 62:2115–28. doi: 10.1007/s00394-023-03135-7 
	 16. Verly,E Jr, Machado,ÍE, Meireles,AL, and Nilson,EAF. Avoidable diet-related deaths and cost-of-illness with culturally optimized modifications in diet: the case of Brazil. PLoS One. (2023) 18:e0288471. doi: 10.1371/journal.pone.0288471 
	 17. Fu,H, Li,Y, Jiang,P, Zhou,S, and Liao,C. Transition towards sustainable diets: multi-objective optimization of dietary pattern in China. Sustain Prod Consum. (2024) 48:14–28. doi: 10.1016/j.spc.2024.04.029
	 18. Nordman,M, Stockmarr,A, Lassen,AD, and Trolle,E. Low-carbon diets across diverse dietary patterns: addressing population heterogeneity under constrained optimization. Sci Total Environ. (2024) 953:176155. doi: 10.1016/j.scitotenv.2024.176155 
	 19. Bashiri,B, Kaleda,A, Gavrilova,O, and Vilu,R. A culturally acceptable shift in diet to reduce land footprint: an optimization study for Estonia. Environ Model Assess. (2025) 30:125–39. doi: 10.1007/s10666-024-09996-4
	 20. Fouillet,H, Huneau,JF, Perraud,E, Dussiot,A, Wang,J, Kesse-Guyot,E , et al. Plant to animal protein ratio in the diet of the elderly: potential for increase and impacts on nutrient adequacy and long-term health—a diet optimization study. Am J Clin Nutr. (2025) 122:556–70. doi: 10.1016/j.ajcnut.2025.06.011 
	 21. Kesse-Guyot,E, Baudry,J, Berlivet,J, Perraud,E, Julia,C, Touvier,M , et al. To be climate-friendly, food-based dietary guidelines must include limits on total meat consumption–modeling from the case of France. Int J Behav Nutr Phys Act. (2025) 22:95. doi: 10.1186/s12966-025-01786-9 
	 22. Rippin,HL, Cade,JE, Berrang-Ford,L, Benton,TG, Hancock,N, and Greenwood,DC. Variations in greenhouse gas emissions of individual diets: associations between the greenhouse gas emissions and nutrient intake in the United Kingdom. PLoS One. (2021) 16:e0259418. doi: 10.1371/journal.pone.0259418 
	 23. Bolo,A, Verger,E, Fouillet,H, and Mariotti,F. Exploring multidimensional and within-food group diversity for diet quality and long-term health in high-income countries. Adv Nutr. (2024) 15:100278. doi: 10.1016/j.advnut.2024.100278 
	 24. Arens,ZG, and Hamilton,RW. The substitution strategy dilemma: substitute selection versus substitute effectiveness. J Acad Mark Sci. (2018) 46:130–46. doi: 10.1007/s11747-017-0549-2
	 25. Huh,YE, Vosgerau,J, and Morewedge,CK. More similar but less satisfying: comparing preferences for and the efficacy of within-and cross-category substitutes for food. Psychol Sci. (2016) 27:894–903. doi: 10.1177/0956797616640705 
	 26. Hill,JO. Can a small-changes approach help address the obesity epidemic? A report of the Joint Task Force of the American Society for Nutrition, Institute of Food Technologists, and International Food Information Council. Am J Clin Nutr. (2009) 89:477–84. doi: 10.3945/ajcn.2008.26566 
	 27. National Center for Health Statistics. (2017). National Health and Nutrition Examination Survey Data. Hyattsville, MD: U.S. Department of Health and Human Services, Centers for Disease Control and Prevention.
	 28. U.S. Department of Agriculture (USDA), Agricultural Research Service (ARS). (2020). USDA Food and Nutrient Database for Dietary Studies 2013–2018. Food Surveys Research Group, Beltsville Human Nutrition Research Center.
	 29. U.S. Department of Agriculture (USDA), Agricultural Research Service (ARS). (2020). What We Eat in America Food Categories 2017–2018. Food Surveys Research Group, Beltsville Human Nutrition Research Center.
	 30. US Department of Agriculture & Economic Research Service. (2022). Food Availability (Per Capita) Data System. U.S. Department of Agriculture and Agricultural Research Service, Beltsville.
	 31. Conrad,Z, Niles,MT, Neher,DA, Roy,ED, Tichenor,NE, and Jahns,L. Relationship between food waste, diet quality, and environmental sustainability. PLoS One. (2018) 13:e0195405. doi: 10.1371/journal.pone.0195405 
	 32. Embling,R, Pink,AE, Gatzemeier,J, Price,M, Lee,MD, and Wilkinson,LL. Effect of food variety on intake of a meal: a systematic review and meta-analysis. Am J Clin Nutr. (2021) 113:716–41. doi: 10.1093/ajcn/nqaa352 
	 33. Zandstra,EH, de Graaf,C, and van Trijp,HC. Effects of variety and repeated in-home consumption on product acceptance. Appetite. (2000) 35:113–9. doi: 10.1006/appe.2000.0342 
	 34. Ahuja,JK, and Perloff,BP. Quality control procedures for the USDA food and nutrient database for dietary studies nutrient values. J Food Compos Anal. (2008) 21:S119–24. doi: 10.1016/j.jfca.2007.05.005
	 35. Lansche,J, Gaillard,G, Nemecek,T, Mouron,P, Peano,L, Bengoa,X , et al. (2013). The World Food LCA Database project: towards more accurate food datasets. In The 6th International Conference on Life Cycle Management (LCM 2013) Gothenburg.
	 36. Abuzaid,A, and Alkronz,E. A comparative study on univariate outlier winsorization methods in data science context. Ital J Appl Stat. (2024) 36:85–99. doi: 10.26398/IJAS.0036-004
	 37. U.S. Department of Agriculture and U.S. Department of Health and Human Services. (2020). Dietary guidelines for Americans, 2020–2025. 9th Edition. December 2020. Available at https://www.dietaryguidelines.gov/
	 38. Institute of Medicine. (2000). Dietary reference intakes: applications in dietary assessment. Washington (DC): National Academies Press (US).
	 39. Fatemi,SF, Irankhah,K, Kruger,J, Bruins,MJ, and Sobhani,SR. Implementing micronutrient fortification programs as a potential practical contribution to achieving sustainable diets. Nutr Bull. (2023) 48:411–24. doi: 10.1111/nbu.12630 
	 40. Grasso,AC, Besselink,JJF, Tyszler,M, and Bruins,MJ. The potential of food fortification as an enabler of more environmentally sustainable, nutritionally adequate diets. Nutrients. (2023) 15:2473. doi: 10.3390/nu15112473 
	 41. Kourouniotis,S, Keast,RSJ, Riddell,LJ, Lacy,K, Thorpe,MG, and Cicerale,S. The importance of taste on dietary choice, behaviour and intake in a group of young adults. Appetite. (2016) 103:1–7. doi: 10.1016/j.appet.2016.03.015 
	 42. Mata,J, Todd,PM, and Lippke,S. When weight management lasts. Lower perceived rule complexity increases adherence. Appetite. (2010) 54:37–43. doi: 10.1016/j.appet.2009.09.004 


Copyright
 © 2025 van Wonderen, Gerdessen, Biesbroek and Melse-Boonstra. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Within-food-group optimization improves nutritional adequacy, sustainability, and acceptability of modeled diets



		1 Introduction



		2 Materials and methods



		2.1 Data



		2.1.1 Observed diet



		2.1.2 Food group classification



		2.1.3 Greenhouse gas emissions









		2.2 Diet modeling



		2.2.1 Within-food-group optimization



		2.2.2 Lowered nutrient goals



		2.2.3 Between-food-group vs. between-and-within-food-group optimization















		3 Results



		3.1 Within-food-group optimization



		3.2 Lowered nutrient goals



		3.3 Between-food-group vs. between-and-within-food-group optimization









		4 Discussion



		5 Conclusion



		Data availability statement



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		Publisher’s note



		Supplementary material



		References



















OPS/images/fnut-12-1648055-g010.jpg
60%

40%

20%

60%

40%

20%

Total dietary change Removed food items

Food item share

iy

~

=

——x

Between
groups

Between & within Between Between & within
groups groups groups
Dietary change

Between Between & within
groups groups

Food group classification + Perignon © WWEIA % FNDDS

e

Qe





OPS/images/cover.jpg
’ frontiers | Frontiers in Nutrition

Within-food-group optimization
improves nutritional adequacy,
sustainability, and acceptability of
modeled diets












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
¥ frontiers Frontiers in Nutrition






OPS/images/fnut-12-1648055-g005.jpg
Protein (E%) Carbs (E%) Fiber (g) Fat (E%) SFA (E%) Sodium (mg)
407 3 o0 o 5 83 o
# o o | 3000 oS
3 8 o
3 S0t 2000

1000

0

50

100

>

0 0 0
0 50 100 0 50 100 0 50 100 0

Allowed dietary change within food groups (%)

50

100

Food group classification W Observed M Perignon M WWEIA B FNDDS

S[ewo |

N





OPS/images/fnut-12-1648055-g006.jpg
Ready-to-eat cereal, higher sugar
Ready-to-cat cereal, lower sugar
Yeast breads

Pizza

Burritos and tacos

Cookies and brownies

Eggs and omelets

Beans, peas, legumes
Cold cuts and cured meats

Rice|
Burgers | S
Pasta mixed dishes, excludes macaroni and cheese |  E———
Soups | EE—
Oatmeal | e

Tomatoes

2
X

2% 4% 6%
Contribution of iron to RDA

Allowed dietary change within food groups M 0% M 50% M 100%





OPS/images/fnut-12-1648055-g003.jpg
Macronutrient deviation Micronutrient deviation

CO; eq. reduction

75% 0%
o
50% -15% g
25% &
30%
0%
5% 0%
R0 -15% g
B
B
25%
-30%
0%
0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 25% 50% 75% 100%

Allowed dietary change within food groups

Food group classification + Perignon © WWEIA % FNDDS





OPS/images/fnut-12-1648055-g004.jpg
Micronutrient content (% of RDA)

100

50

100

50

Calcium

Folate Iron

Magnesium

Vitamin A

Vitamin C

Vitamin E

0 50 100

0 50100 0 50 100

Allowed dietary change within food groups (%)

0 50 100

0 50 100

0 50 100

0 50 100

Food group classification M Observed M Perignon M WWEIA M FNDDS

Sfewo,

Qe





OPS/images/fnut-12-1648055-g009.jpg
Beef, excludes ground
Burgers

Buritos and tacos

Meat mixed dishes

Chicken, whole pieces

Cold cuts and cured meats
Pasta mixed dishes, excludes macaroni and cheese
Pizza

Soups
Shellfish

Frankfurter sandwiches
Sausages
Eggs and omelets

Other sandwiches
Other Mexican mixed dishes
Cheese
Pork

Female

'“vﬂ11ﬂmﬂ“"“§

0% 5% 10%
€O, eq. (share relative to the emissions of the observed diet)

0% 5% 10% 15%

M Observed M Full nutrient goals M Lowered nutrient goals






OPS/images/fnut-12-1648055-g007.jpg
Bread, white

Bread, wheat or cracked wheat

Bread, chappatti or roti, wheat

Bread, French or Vienna

Bread, whole wheat

Bread, whole grain white

Bread, whole grain white, toasted

°
2
=

0

3

10% 20% 30%
Share of food items within WWEIA food group "Yeast breads"

Allowed dietary change within food groups M 0% M 50% B 100%





OPS/images/fnut-12-1648055-g008.jpg
Reduction in CO; equivalents

0%

-20%

-40%

-60%

0%

-20%

-40%

-60%

Food group classification

Perignon WWEIA FNDDS
g
B8
=%
&
=
B
&
0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 0% 25% 50% 75% 100%

Allowed dictary change within food subgroups

Nutrient goals + Full © Lowered





OPS/images/fnut-12-1648055-g001.jpg
Caleium (mg/100g) Folate (ug/100g) Iron (mg/100g) Magnesium (mg/100g)

Beans, peas, legumes { @ - .- .7
Cheese e i o .
Eggs and omelets{ e i . . 0
Fish {@— .
Nutrition bars P | W
Nuts and seeds | ®#— P - | PR, -
Other red and orange vegetables {® o | . - |
Ready-to-cat cercal, lower sugar {®6— : —oteo—— || —d || ow |
Yeast breads { @0——— | - - s
0

0 1000 0 1000 0 20 500

Vitamin A (ug/100g)  Vitamin C (mg/100g)  Vitamin E (mg/100g)

Beans, peas, legumes {® . ® i
Cheese| —@o— . .
Eges and omelets | —@— . i -
Fish|® . -— |
Nutition bars

Nuts and seeds {® . i +~e~;
Other red and orange vegetables : .
Ready-to-eat cereal, lower sugar {o- o &
Yeast breads {® . o

0 500 1000 0 00 0 20





OPS/images/fnut-12-1648055-g002.jpg
Beef, excludes ground
Burgers

Burritos and tacos

Meat mixed dishes

Chicken, whole pieces

Cold cuts and cured meats
Pasta mixed dishes, excludes macaroni and cheese
Pizza

Soups

Shellfish

Frankforter sandwiches
Sausages

Eggs and omelets

Other sandwiches

Other Mexican mixed dishes
Cheese

Pork

2 4 6
€O, eq. (kg/100g)






