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Editorial on the Research Topic
 Food systems evaluation methods and sustainability assessment




The Food System Countdown to 2030 was initiated to think about monitoring the food system transition toward “a future where all people have access to healthy diets, produced in sustainable, resilient ways, that restore nature and deliver just and equitable livelihood” (Fanzo et al., 2021). Recently, a food system indicator framework to track the transition was developed (Schneider et al., 2023).

The monitoring system is based on five pillars: (i) diets, nutrition, and health; (ii) environment, natural resources, and production; (iii) livelihoods, poverty, and equity; (iv) governance; and (v) resilience. In this context, the community of stakeholders and experts has identified 50 indicators that are valid per se and aligned with other indicator systems, including the Sustainable Development Goals, which are scheduled to be achieved before 2030 (Schneider et al., 2023).

Indicators are expected to reflect the complexity of the food system and the connectedness with several sectors concerning non-food components influencing the environment, social outcomes, and food consumption. The monitoring framework relies on data already collected and scheduled to be updated within the next 8 years (Schneider et al., 2023). During the observational period, the indicators can be integrated with other variables if considered relevant to the evaluation (Schneider et al., 2023). Therefore, in-depth insights can provide useful information to refine the monitoring framework.

The present topic collection comprises the originally considered topics (Table 1) as well as the themes of information and education as factors facilitating the food system transition. Specifically, it includes the information and education topic and the development of indicators to monitor specific aspects that have not yet been covered.


TABLE 1 Topics related to food system evaluation considered in the Research Topic launch.

[image: Table 1]

The literature review showed a limited availability of assessment methods for food system sustainability, which have only recently been developed (Fanzo et al., 2021; Sachs et al., 2023; Schneider et al., 2023). The article “A scoping review of indicators for sustainable healthy diet” focused on available methods to evaluate the sustainability of the food chain and its related impact on human health (Harrison et al.). The interest for alternative protein sources is increasingly growing, given the various recommendations for reducing meat intake for health and sustainability reasons. The article “Alternative protein innovations and challenges for industry and consumer: an initial overview” offers a preliminary overview for researchers and stakeholders in this field (Hefferon et al.).

The majority of published articles on this Research Topic are constituted by original research to try to identify overarching methods and indicators on specific aspects to disentangle innovative points at issue.

The approaches concerning the whole food system per se and in relation to climate change were discussed in two articles. A method based on a typical economic approach exploiting data from the global multi-regional input–output databases was used in the article “Using input-output analysis to measure healthy, sustainable food systems,” providing indications for assessing the whole food system sustainability (Boylan et al.). The problem of estimating variables measuring environmental warming was discussed in “Methane emissions from california dairies estimated using novel climate metric global warming potential star show improved agreement with modeled warming dynamics” (Pressman et al.).

Specific components and approaches related to production innovation are analyzed in two articles: one dealing with primary production, such as agroecology in primary production [“Insights into agroecological farming practice implementation by conservation-minded farmers in North America” (Silva et al.] and another dealing with cropland [“Estimating cropland requirements for global food system scenario modeling” (Smith et al.]. Furthermore, the food consumption issue is the object of the article “Assessing the diet quality, environmental impact, and monetary costs of the dietary transition in China (1997–2011): impact of urbanization” (Chang et al.).

Finally, information and education to promote a healthy and sustainable diet are discussed in three articles: “Simple eco-labels to nudge customers toward the most environmentally friendly warm dishes: an empirical study in a cafeteria setting” (Slapø and Karevold), “An approach for integrating and analyzing sustainability in food-based dietary guidelines” (Mazac et al.), and “Advancing an integrative framework to evaluate sustainability in national dietary guidelines” (Ahmes et al.).

It is clear that production and consumption, i.e., the opposite extreme points of the food chain, are the most considered components in the food system transition. Moreover, information and education seem linked to healthy and sustainable food consumption but not to the production, distribution, or food service sectors.

Indicators included in the sustainability monitoring and assessment framework do not include the structure of the transformation or the distribution system at the national and/or international level, including trade agreements. Additionally, they do not include economics in general, except for the affordability of a healthy and sustainable diet (Sachs et al., 2023).

Industry and trade are crucial in supporting sustainability (OECD, 2022; Zimmermann and Rapsomanikis, 2023) because “trade is an integral part of our food systems. It connects people at all stages of agricultural and food value chains, linking farmers with consumers across the world. It also links nations to each other and thus scales up from the domestic to the global perspective. By moving food from surplus to deficit regions, trade promotes food security” (Zimmermann and Rapsomanikis, 2023). While creating economic opportunities for producers, including farmers and small and medium enterprises (SMEs) (OECD, 2022), “the diversity of foods available, and can affect preferences and diets. Trade impacts food prices and the allocation of resources, and thus is inherent to economic growth and interacts with the environment. At the same time, trade can create both winners and losers, resulting in inequality, and can generate negative social and environmental outcomes.” (Zimmermann and Rapsomanikis, 2023). Trade enables food security while creating economic opportunities for producers, including farmers and small and medium enterprises (SMEs) (OECD, 2022). In this context, statistical data on economics can provide significant information. In this regard, the SUSFAN European research project approach (2015-2017) can be very helpful (SUSFANS Metrics, 2015).

In conclusion, integrating indicators from different suitable monitoring systems can provide comprehensive information. The Schneider et al. (2023) approach is characterized by openness to this option, which can be exploited as well.
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Background: Food production and consumption contributes to one third of households' environmental impact. The environmental impact of different food categories varies and in general environmental footprint of meat is high than fish and vegetable options. Environmental food labels have been suggested as a means to sway consumption patterns. The purpose of this study is to test if different simple eco-labels in combination with posters can influence consumers to select environmentally friendly food options.

Method: Three different labeling systems were tested on warm dishes in a University cafeteria in Oslo, Norway. The first system was traffic-light labels with three symbols (red, yellow and green), the second system was a single-green label that only labeled the environmentally friendliest dishes, and the third system was a single-red label that only labeled the least environmentally friendly option. Posters were placed in the cafeteria, explaining the labeling systems and the climate impact of different food categories. Outcome measures was sales share of meat, fish and vegetarian dishes. The intervention period was separated in two; the first 20 days (period 1) and 22 last days (period 2) to evaluate if the effects of the labels was different when first introduced and after some months.

Results: The traffic-light labels significantly reduced sales of meat dishes with 9% in the period 1 (p < 0.1) but not in period 2. Sales share of fish or vegetarian dishes were not impacted. Single-green and single-red labeling had no effect on sales share of meat, fish or vegetarian dishes. Posters were present during all interventions.

Conclusion: Findings suggests that traffic-light labels in combination with posters can improve the eco-friendliness of customers food choices in a cafeteria setting, at least short-term. Future studies should investigate the long-term effects of simple eco-labels. Additionally, one should study the combined effect of symbols with other changes in the choice architecture.

Keywords: food choices, behavioral economics interventions, nudging, eco-labels, simple-labels, environmental impact


INTRODUCTION

Food production and consumption is responsible for one third of European households' total environmental impact and is an important sector from an environmental perspective (Guinée et al., 2006b; European Environment Agency, 2015). The livestock sector is the key contributor to greenhouse gas (GHG) emissions and alone accounts for 15% of total global emissions (Guinée et al., 2006a; Steinfeld et al., 2006; Nordic Council of Minsters, 2012; Gerber et al., 2013; National Institutes of Health, 2015; Nelson et al., 2016; Springmann et al., 2018). A growing body of research suggests that a global shift toward a more plant-based diet is necessary in order to overcome the worst climate change scenario (Goodland, 1997; Goodland and Anhang, 2009; Krystallis et al., 2009; Stehfest et al., 2009; Audsley et al., 2010; Deckers, 2010a,b; Freibauer et al., 2011; Gerber et al., 2013; Green et al., 2015; Fischer and Garnett, 2016). This can either be achieved by substituting meat-based diets with plant-based diets (Berners-Lee et al., 2012; Sabate and Soret, 2014; Scarborough et al., 2014) or by substituting high GHG intensive meat products (e.g., beef and lamb) with lower GHG intensive products (e.g., chicken and fish) (McMichael et al., 2007; Committee, 2008; Green et al., 2015).

Traditionally policymakers have tried to change peoples' food habits trough restricting the access or limiting marketing of certain foods, providing people with information and education or economic incentives to change food habits (Gorski and Roberto, 2015). Such interventions build on economic theory and models of rational decision-making, assuming that human choices are reason based, rational and logical (Hollands et al., 2013). Some recent reviews have argued that such interventions have unclear effects on people's actual food choices (Grunert and Wills, 2007; Capacci et al., 2012; Wills et al., 2012). One explanation is the gap between knowledge and attitudes and actual behaviors, and that people make a high number of food choices every day making it difficult to adhere to all positive intentions (Camerer, 2003). Since food choices are often not planned in detail these purchases are largely characterized by habits and intuition (Meiselman and Bell, 2003).

Researchers, policy-makers, private companies and practitioners alike are therefore looking toward the relatively new field of behavioral economics for other interventions that may be better suited to change choices (Hallsworth et al., 2018). According to behavioral economics, many daily decisions are fast, intuitive and occur outside cognitive awareness (Sunstein and Thaler, 2008; King et al., 2013). By changing the context or decision architecture, people may be nudged toward better choices (Marteau et al., 2011). Changing the food environment and presentation of food options may therefore influence customers' food choices without removing options or changing economic incentives (Sunstein and Thaler, 2008).

Nudging involves changing the sequence of options presented and the available information about the options at the moment of choice (Sunstein and Thaler, 2008). Introducing environmental labels (eco-labels) can be considered adding information about the food choices. Some scholars have questioned if eco-labels qualify as ‘nudges' and should be considered as a traditional informative intervention (Kosters and Van der Heijden, 2015), while others argue that eco-labels provide additional information at the point of choice and therefore qualify as nudges (Ölander and Thøgersen, 2014). Simple labels that do not require high levels of literacy and numeracy (Rothman et al., 2006), and that reduce information overload are defined as simple labeling nudges (Iyengar and Lepper, 2000; Mitchell et al., 2005; Karevold et al., 2017) and are the labels this study investigates.


Eco-Labeling to Change Food Choices in a Cafeteria Setting

To our knowledge no studies have investigated the effect of simple labels as a strategy to get customers to change their food choices toward more eco-friendly options in a cafeteria. However, we have identified six reviews that have studied how labels and signs can influence consumers in cafeterias to eat healthier (Swartz et al., 2011; Hersey et al., 2013; Kiszko et al., 2014; Sinclair et al., 2014; Long et al., 2015; Fernandes et al., 2016). All reviews concluded that there is minimum evidence that supports the use of calorie labeling in cafeterias (Swartz et al., 2011; Kiszko et al., 2014; Sinclair et al., 2014; Long et al., 2015; Fernandes et al., 2016). The authors explained that the reason may be that detailed calorie labels only work on certain groups as women and health-conscious consumers (Swartz et al., 2011; Kiszko et al., 2014; Sinclair et al., 2014; Long et al., 2015). Two of the reviews argued that simple labels as traffic-light labels or labels that identify the best option attract more attention than detailed labels (Hersey et al., 2013; Fernandes et al., 2016). Therefore, simple labels may be more effective than numeric and detailed labels (Hersey et al., 2013; Fernandes et al., 2016).

Several studies on traffic-light labels found that they reduced the intake of unhealthy food products (Variyam et al., 1995; Borgmeier and Westenhoefer, 2009; Thorndike et al., 2012; Madhvapaty and DasGupta, 2015). It has been argued that traffic-light labels work well because consumers intuitively grasp the implicit messages of the relative colors and are able to compare options within the same category (Bargh, 1992). Another stream of research has studied how introducing a third option influences preferences, also called the compromise effect (Carroll and Vallen, 2014). The compromise implies that the middle option becomes more attractive or popular when a smaller or larger option is introduced, compared to when only the two extremes are available. In a calorie labeling study, customers avoided the largest and smallest caloric items and chose the items in-between (Carroll and Vallen, 2014). In another study, the middle size became more likely to be purchased when a larger and a smaller drink size option was added to the range of choices (Sharpe et al., 2008). Traffic-light labels may therefore lead to an increase in purchase of the middle option.

Simple signs may serve as reference points, indicating that an option has positive or negative characteristics. Previous research has investigated how reference points can lead to positive and negative contrast effects (Kahneman and Tversky, 1979, 2000, 2013; Kahneman, 1992). A reference point will typically influence people to experience options that are better as positive, while those under the reference point as negative (Kahneman and Tversky, 1979). Single positive signs such as a green label can communicate that an option is positive, while a red sign can imply a negative warning or signal not to choose. Introducing a single green label can make the other options seem less attractive and influence a reduced selection of these while increasing the consumption of the green option. On the other hand, a single-red label can make the other options seem more attractive and perhaps reduce the attraction of the red option.

A major gap in the literature is if simple food labels work over time in settings there customers are exposed to labels multiple times. None of the six reviews looked at the long-term effects of food labels. Thorndike et al. (2014) argued that customers develop “fatigue” for labels when exposed to them multiple times and that labels therefore stop working after some time (Thorndike et al., 2014). It is therefore important to determine the impact of eco-labels on real food purchase over time.

Cafeterias can be a venue for swaying food choices, as more and more meals are consumed in this context all over the western world (The Nielsen Company, 2016). If simple eco-labels can promote environmentally friendly choices, this can be a low-cost intervention to influence a high number of food choices for a high number of people in the population.

This paper makes several contributions. Our paper is the first to compare the effects of three different simple eco-label systems on environmentally friendlier food alternatives in a cafeteria setting. Previous studies have tested eco-labels in grocery stores (Vanclay et al., 2011; Elofsson et al., 2014; Vlaeminck et al., 2014). Further, this study investigates the effects of eco-labels on actual food choices. Previous studies have assessed attitudes and intentions that do not necessarily translate into actual food choices (Chatzidakis et al., 2007; de Boer et al., 2009; Krystallis et al., 2009; Bray et al., 2011; de Barcellos et al., 2011; Brouhle and Khanna, 2012).



Hypothesis

Based on the discussion above, we expect simple eco-labeling systems to impact consumers' food choices. A green sign is expected to function as a positive contrast and a red sign is expected to function as a negative contrast. This study will investigate the effects of three different simple labels; a traffic-light, a single-green label and a single-red label.

Thus, the present study explores three hypotheses:

Hypotheses (1): The three-colored traffic-light labeling will stimulate customers to choose more of the green-labeled dishes and yellow-labeled dishes, and less of the red-labeled dishes.

Hypotheses (2): The single-green labeling will stimulate customers to choose more of the green-labeled dishes, and less of the two other dishes.

Hypotheses (3): The single-red labeling will stimulate customers to choose less of the red-labeled dishes, and more of the two other dishes.




METHODS


Intervention

As shown in Figure 1, the traffic-light system labeled all three warm dishes, while the single-green and single-red marked one single dish on the menu. For the single-green labeling format only the vegetarian dish was labeled with the “Low CO2” sign. In contrast, the single-red labeling format exclusively marked the meat dish with a “High CO2” label.


[image: image]

FIGURE 1. The three different labeling systems used in the experiment.



As previously discussed, the environmental footprint of meat, fish and vegetarian diets are significantly different from each other. Based on a general categorization of these differences, all meat dishes were labeled as “High CO2” dishes, all fish dishes as “Medium CO2” and all vegetarian as “Low CO2” dishes. The labels used a simple color-coded scheme in combination with words inside the labels to visualize the environmental impact of the dish, which has been found to improve the efficacy of eco-labels (Tang et al., 2004).

The labels were placed on the menu board next to the dish description where consumers ordered their food. Menu labeling made sure that consumers were exposed to the active labeling formats during the time of decision making. Photos illustrating the placement of the labels on the menu board are provided in Appendix A.

In addition to labels, posters were placed in the cafeteria, explaining the labeling system and the climate impact of the different food categories. The posters are shown in Appendix B. Based on Golan et al.'s (2001) and Weiss and Tschirhart (1994) recommendations, information on the posters was held clear, concise and informative to avoid the possibility of information overload (Golan et al., 2001) and correspond with assumed prior knowledge of the target audience (Weiss and Tschirhart, 1994). We expected customers to have knowledge about carbon dioxide impact on climate change. However, we did not assume consumers as much knowledge about the environmental consequences of food production. The posters therefore did not explain carbon dioxide but focused on meat products' environmental impact. The posters were placed both at the entrance of the cafeteria and on a shelf next to the warm dishes. Besides, table cards with the same design as the posters were placed on the tables in the cafeteria.



Research Setting

This study was conducted in the largest cafeteria at the campus of the University of Oslo. The cafeteria sold three different warm dishes every day; one meat, one fish, and one vegetarian dish, in addition to other products. Warm dishes were selected for analysis, firstly because it was relatively easy to estimate the environmental impact of the different dish categories, and secondly because the price was the same for all dishes and constant during the study period. The cafeteria was open five days a week and served warm dishes from 11:00 a.m. to 6:00 p.m. Monday to Thursdays. Fridays were not included in the sample due to short opening hours (until 3:00 p.m.).

Control sales data were collected for 17 days prior to intervention. We used a pre-intervention control period and no parallel control period so that the measured purchase behavior during the control period was completely unaffected by the labeling intervention. We aimed to provide enough time to detect an effect on sales of the labeling intervention and similar duration for the intervention periods. The intervention period was 42 days and the Christmas holidays divided the intervention period. Since it is likely that many of the same guests visited the cafeteria several times, this gave us the opportunity to compare the effect of the labels when first introduced and after several months. Sales data were collected for the 22 days before the Christmas holidays (period 1) and 22 days after the holidays (period 2) separately. Two days in fall were taken out of the sample because the cafeteria sold out of warm dishes. Intervention period 1 was therefore reduced from 22 days to 20 days.

Since we in this study compared the effects of the different labeling systems, we needed to make sure that the impact of “popular dishes” was not mistaken for the effect of the labeling intervention. We therefore rotated the three labeling systems during each day of the intervention. Each day was divided into three time periods: late morning (11:00 a.m.−01:00 p.m.), early afternoon (01:00–03:00 p.m.) and late afternoon from (03:00–06:00 p.m.). The different labeling-systems randomly rotated between the different time periods each day. Thus, an even distribution amongst the three labeling designs was ensured during each measurement day. When the different labeling systems were at place is shown in Appendix C.



Output Data

Information about number of warm dishes sold was collected from the cash registry. The cafeteria's cash registers were programmed to capture the information needed to identity the different warm dishes, the time and day of sale. The cafeteria staff was informed about the purpose of the experiment and they were asked to not influence the customers' dish choices. Since the study aimed to identify the labeling treatments' effect on relative changes in dish purchases, the sales data were converted from absolute numbers into share of total sales each day. By using shares of total sale, we accounted for weekly fluctuations in number of sales of the warm dishes as a whole.



Data Analysis

Ordinary Least Squares regression (OLS) was used to analyze the impact of the labeling systems on sales share of different dishes. The regression controlled for other variables not captured by the labeling systems in order to best isolate the true relationship between the sales share of dishes under different labeling systems. We controlled for the effect of weekday and time of the day in the regression. Independent variables were categorical and were converted to binary dummy variables before serving as inputs for the estimated regression model. The results from the statistical tests were considered significant for p = 0.1. Regression results are shown in Appendix D.

We did not register any information about the individual guests and their personal choices. The guests in the cafeteria were staff and students working in this section of the campus, and it is probable that the same guests visited the restaurant on several occasions during the intervention periods. The observations of sales data are therefore not independent observations. Our study design allows us to investigate the effects of eco-labels on the food choices of the same guest over time.




RESULTS

The total number of observations was 228; control period 51 observations (3 per day × 17 days), 60 observations in intervention period 1 (3 per day × 20 days), and 66 in intervention period 2 (3 per day × 22 days).

Figure 2 shows the daily sales share of the three different warm dishes in the cafeteria before and after the introduction of the labeling systems.
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FIGURE 2. Percentage share of different dishes of total sales during control period and intervention periods.



Sales of meat dishes was higher than sales of vegetarian dishes during the whole period, indicating that meat dishes in general were more popular than vegetarian and fish dishes. In addition, sales of the different warm dishes highly fluctuated from day to day, leading to a high variation in daily sales data. Sales share for each day during the experiment are shown in Appendix E.


Hypotheses Testing

Hypotheses (1) was that the three-colored traffic-light labeling will stimulate customers to choose more of the green-labeled dishes and yellow-labeled dishes, and less of the red-labeled dishes.

Figure 3 shows the share of different dishes under the control and the different intervention periods under traffic-light labeling.
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FIGURE 3. Sales share of different dishes under traffic-light labels vs. no labeling. * indicates significance difference at the 90% significance level.



Results from the regression analysis show that traffic-light labeling did not significantly impact sales share of green-labeled vegetarian or yellow-labeled fish dishes on any of the intervention periods (p > 0.1). For meat dishes the results show that traffic-light labeling reduced sales with 9% in period 1 and that traffic-light labeling can explain about 7% of the reduction (COEF traffic-light = −0.069, p = 0.10). Traffic-light labeling did not have a significant effect on sales of meat dishes during the second intervention period (p = 0.38).

Hypotheses (2) was that the single-green labeling will stimulate customers to choose more of the green-labeled dishes, and less of the two other dishes.

Figure 4 shows the share of different dishes under the control period and the different intervention periods under single-green labeling. Under this system only the vegetarian dish was marked with a green label.
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FIGURE 4. Sales share of different dishes under single-green labels vs. no labeling.



The results from the regression analysis show that the single-green labels did not sway customers to choose more of the green-labeled vegetarian dishes (p > 0.1) nor less of the meat or fish dish (p > 0.1).

Hypotheses (3) was that the single-red labeling will stimulate customers to choose less of the red-labeled dishes, and more of the two other dishes.

Figure 5 shows the sales share of different dishes under the control period and the different intervention periods under single-red labeling. Here only the meat dish was marked with a red label.


[image: image]

FIGURE 5. Sales share of different dishes under single-red labels vs. no labeling.



According to the analysis the introducing the single red-label did not sway customers to choose less of the red-labeled meat dishes (p > 0.1) nor more of the vegetarian or fish dish (p > 0.1).




DISCUSSION

This experiment tested three different simple labels to promote eco-friendly food choices in a cafeteria setting. We expected that all three simple labels would improve the eco-friendliness of food choices.

However, we found that only the traffic-light labels significantly influenced customers to choose less meat dishes and only during period 1, but the traffic-light labels did not significantly increase sales of more environmentally friendly options. The effects of the traffic-lights suggest that the red traffic-light stopped some customers from going for the least eco-friendly option, but that the green lights did not make more customers go for the most eco-friendly option. However, the traffic-lights effects seemed to be time limited and faded away in the second intervention period since we only observed a significant change during the first intervention period.

The results suggest that the traffic-lights led to a switch from red choices to the yellow middle option. Sales of the green labeled vegetarian dish did not increase as much as sales of the middle yellow labeled fish dish. This can be interpreted as support for the compromise effect (Carroll and Vallen, 2014), meaning that the traffic-light labeling led to an increase of the middle option, and not to a switch to the more extreme green option. Another interpretation of the same result might be that meat hungry guests prefer fish proteins to pure vegetarian meals and that the meat and fish dish were considered more simulate to each other than a vegetarian dish.

The single green- and red-light systems did not sway food choices in a systematic direction. One explanation for the weak influence of the single eco-label might be that these contained even less information than the traffic-lights with comparable references. The single symbols might have been difficult to make sense of, as environmental labeling was a newly introduced marker on the dishes and customers did not have any prior knowledge about the labels used in this study.

We considered the cafeteria setting to be a relatively low involvement choice setting where customers less actively process available information about the food alternatives (Meiselman and Bell, 2003; Karevold et al., 2017). Therefore, it may be that costumers did not notice the labels. Also, perhaps the guests had limited previous knowledge about the connection between food choices and environmental consequences. In addition, perhaps the environmental signage was inconsistent with the guests' perceived need in the choice situation; the guests might have been more focused on effective delivery of a tasty meal than preserving the environment through eating something different. It may be that costumers had low environmental awareness or motivation to make eco-friendly.

We expected that the same set of customers were exposed to the labels during intervention period 1 and 2. Customers seemed to react favorable to the traffic-light label when first introduced, but their eco-friendly behavior declined over time and almost returned to control period behavior after some months during period 2. These results could be seen as an evidence for customers developing “fatigue” for the labels and that the effect of the eco-labels in this study was only relatively short lived. These findings may reflect typical customer behaviors and reactions to signage (Thorndike et al., 2014).



STRENGTHS AND LIMITATIONS

A notable strength of the study is that we measured changes in actual purchase choices rather than relying on self-reported behavior. This is important as previous studies suggest that people in general exaggerate their environmentally friendly behavior when responding to questionnaires (Chatzidakis et al., 2007; de Boer et al., 2009; Bray et al., 2011). Using real sales data may have limited our ability to control for external factors or events that might have occurred during the cafeteria intervention compared to a laboratory experiment, but still showed what the guests actually preferred.

By using the cafeteria's overall design for the labels and for posters (colors, typography and logos) we camouflaged the experiment and limited the risk influence of social desirability and other third variables. Since the customers were not aware that they were part of an experiment, they were less liable to modify their behavior in a socially desirable direction (Benz and Meier, 2008; Monahan and Fisher, 2010). Influencing the customers to believe that the labels and posters originated from the cafeteria operator may have increased the labels and posters credibility (Weiss and Tschirhart, 1994). Since the cafeteria employees collected sales data electronically through the cash register, customers were not aware that their food purchase was being analyzed. This reduced the risk of researcher and participant bias. This supports that the observed effect was strongly related to the intervention as opposed to any other confounding bias.

A strength of the study is that we rotated the interventions in a random manner for each observation day. Another strength is that we split the intervention periods in two, naturally divided by the Christmas holidays. As the guests were from the same area of the campus, we expect that same set of guests was exposed to several different versions of the signage during the period, but that this did not skew the results in a systematic way as the interventions were rotated randomly.

A limitation of the study is the relatively low number of observations (n = 228). Due to day-to-day variations in sales shares, it was difficult to detect a clear trend caused by the interventions. In addition, the labeling system only included warm dishes. One may argue that the labeling system would have had a greater and more detectable effect on sales if all food products in the cafeteria had been labeled. This would have allowed customers to more directly compare the environmental information provided by the labels across products.

Another limitation was that we could not separate the effect of the labels to the effect of the posters, as posters were visible to customers during the entire intervention period. As we did not collect information about the individual customers, we do not know how the guests perceived the signs and labels during the process of choosing what to eat.



CONCLUSIONS

This study suggests that traffic-light labeling according to the environmental impact of different dishes in combination with posters might have an effect, but that the effects may fade over time. Labeling of the eco-friendliest or lest eco-friendly dish does not seem to sway food choices in an environmentally friendly direction. Further studies should test the use of traffic-light labels for a longer period of time to determine if the label can have long-term effects on food choices.

As meat consumption has a significant negative environmental foot print, and more traditional policy interventions do not fully seem to capture peoples' motivations when choosing what to eat, behavioral economics interventions can be relevant future area of research. Future studies could combine signage tools with other nudge interventions to assess the combined effect of symbols with other changes in the choice architecture. It might be beneficial to look into the research on choice architecture interventions for health food choices as a reference.
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The food system is responsible for some of society's most pressing sustainability challenges. Dietary guidelines are one policy tool to help address the multiple sustainability challenges associated with food systems through dietary recommendations that better support environmental and human well-being. This article develops and applies a sustainability framework scoring tool comprised of four key dimensions (environmental, economic, human health, and sociocultural and political) and 32 sub-dimensions of sustainable food systems for the analysis and modification of national dietary guidelines. Two coders pilot tested the framework to quantify the occurrence of sustainability dimensions and sub-dimensions in national and regional dietary guidelines of 12 randomly selected high-income and upper-middle income countries including Albania, Australia, Brazil, the Grenadines, Grenada, Qatar, Netherlands, Nordic Countries, St. Vincent, Sweden, Thailand, the United Kingdom, and the United States. Sustainability Dimension Scores (SDS) were calculated as a percentage of the occurrence of the eight sub-dimensions comprising each sustainability dimension and Total Sustainability Scores (TSS) were calculated as a percentage of the occurrence of the 32 sub-dimensions in each guideline. Inter-rater reliability of TSS and SDS indicated high validity of applying the sustainability framework for dietary guidelines. SDS varied between the four sustainability dimensions with human health being the most represented in the dietary guidelines examined, as hypothesized (average SDS score of 83%; range from 50 to 100%). Significant differences (p < 0.0001) were found in mean SDS between the four sustainability dimensions. Overall, results indicate that the ecological (average SDS score of 31%; range from 0 to 100%) economic (average SDS score of 29%; range from 0 to 100%), and socio-cultural and political (average SDS score of 44%; range of 0–100%) dimensions of sustainability are underrepresented in the examined national dietary guidelines with significant differences in SDS between guidelines (p < 0.0001). TSS varied by country between 12 and 74% with a mean score of 36% (± 20%). Brazil had the highest TSS (74%) followed by Australia (69%). The sustainability framework presented here can be applied by policy makers, researchers, and practitioners to identify gaps and opportunities to modify national dietary guidelines and associated programs for transforming food systems through diets that support planetary health.

Keywords: dietary guidelines, sustainability, sustainable diets, integrative framework, food policy


INTRODUCTION

It is widely recognized that the way humans produce, distribute, consume, and waste food through the food system is responsible for some of society's most pressing sustainability challenges (Horrigan et al., 2002; Gomiero et al., 2011; Edenhofer et al., 2014; Tilman and Clark, 2014; He et al., 2018; Willett et al., 2019). Food systems are composed of complex sub-systems of diverse components, stakeholders, and processes from production to consumption to waste including communities and policies at local, national, and global scales (Herforth et al., 2017; Ahmed and Byker Shanks, 2019). While processes of the food system are linked with numerous environmental externalities, such as climate change, biodiversity loss, and water and air pollution (Vermeulen et al., 2012), human nutrition is critically dependent on multiple ecosystem services including water, soil fertility, pollination, climate regulation, and food quality (Deckelbaum et al., 2006). The sustainability challenges of the food system are exacerbated by climate change and variability (Vermeulen et al., 2012; Wheeler and von Braun, 2013) that threatens food security and public health through decreased agricultural production (Ewert et al., 2005; Avnery et al., 2011a,b; Tai et al., 2014), increased food contamination (Tefera, 2012), disruption of food supply chains (Campbell et al., 2016), increased prices (Tai et al., 2014), and reduced food quality (Myers et al., 2014; Ahmed and Stepp, 2016). The concept of sustainable diets has been promoted in recognition of the complex and interconnected challenges facing food systems (Gussow and Clancy, 1986; Burlingame, 2012).

Sustainable diets are healthy diets from sustainable food systems that advance the human condition and conserve ecological resources in socially acceptable ways (Burlingame, 2012; Johnston et al., 2014; Jones et al., 2016; Ahmed and Byker Shanks, 2019). Four key dimensions of sustainable diets have been identified based on the multiple dimensions of sustainability including ecological, economic, human health, and sociocultural and political (Jones et al., 2016; Downs et al., 2017; Mason and Lang, 2017). The ecological dimension of sustainable diets is characterized by the environmental aspects of agriculture toward minimizing the negative externalities of production while promoting biodiversity and ecosystem services (Nelson et al., 2009). The economic dimension of sustainable diets pertains to the activities and actors along food value chains from farm-to-fork and waste (Garnett, 2011; Barilla Center for Food and Nutrition, 2015; Fanzo et al., 2017). The human health dimension of sustainable diets involves health, nutrition, and food environments and relates to ensuring that diets are holistic and diverse, contain less meat, and are accessible to everyone, including the most vulnerable populations (Jones et al., 2016; Downs et al., 2017; Herforth et al., 2017; Mason and Lang, 2017). The sociocultural and political dimension of sustainable diets takes into account food culture, equity, skills, knowledge, and values as well as broader food system issues including labor rights, animal welfare, and food sovereignty (Downs et al., 2017; Mason and Lang, 2017; Ahmed and Byker Shanks, 2019).

Dietary guidelines are one policy tool that can help address the multiple sustainability challenges associated with diets and food systems through recommendations that better support human nutrition and public health while enhancing the ecological, economic, and cultural aspects of food systems. National dietary guidelines provide a unified voice to the public regarding where the government stands on dietary advice to inform food choices in the context of health promotion and disease prevention (Dietary Guidelines Advisory Committee, 2015). Different national and international institutions as well as scientific organizations have developed dietary guidelines over the past few decades to promote healthy lifestyles aimed at mitigating diet-related chronic disease (Magni et al., 2017). In addition to informing consumers about dietary choices, national dietary guidelines serve as the foundation for information on food and nutrition policies and programs instituted within a country, often with budgetary allocations (Dietary Guidelines Advisory Committee). For example, national dietary guidelines of the United States inform multiple national programs including the formulation of lunches as part of the National School Lunch Program, and the composition of the safety net provided by the Supplemental Nutrition Assistance Program as well as the Women, Infants, and Children (WIC) program. The food and beverage industry often responds to changes proposed in dietary guidelines by reformulating products.

The focus of dietary guidelines in the past was largely based on meeting nutrient requirements regarding how people should eat in their specific socio-ecological contexts to support nutrition and health (Magni et al., 2017). In more recent times, it has been acknowledged that dietary guidelines have the potential to not only support citizens on how to make healthier choices about food (and sometimes about physical activity), they can also serve to guide consumers in a country to make food choices that support the multiple dimensions of sustainable diets (Garnett, 2014; Donini et al., 2016; Nelson et al., 2016). The role of dietary guidelines has broadened in view of the multiple environmental constraints that put pressure on the food system and the resulting need to preserve natural resources and ecosystem health (Fischer and Garnett, 2016; Nelson et al., 2016). For example, several countries including Germany, Brazil, Sweden, and Qatar have incorporated aspects of sustainability into their dietary guidelines in recent years (Fischer and Garnett, 2016). Integrating recommendations for supporting the four dimensions of sustainable diets in national dietary guidelines has the potential to transform the food system toward enhancing planetary health by influencing the food choices and actions of consumers, food and nutrition programs, as well as the food and beverage industry.

The objective of this study was to develop, apply, and validate an integrative framework scoring tool to examine the presence of the environmental, economic, sociocultural/political, and human health dimensions of sustainability and associated sub-dimensions in national dietary guidelines. The goal of applying the integrative framework is to address the following research question: How are environmental, economic, sociocultural/political, and human health dimensions of sustainability and associated sub-dimensions represented in national dietary guidelines and, how does this vary between guidelines? We compared variation of the occurrence of the sustainability dimensions and sub-dimensions between 12 randomly selected national dietary guidelines of high-income and high-middle income countries toward validating the integrative framework for broader application. We hypothesized that the human health dimension of sustainability would be most well-represented in national dietary guidelines compared to the ecological, economic, and socio-cultural and political dimensions of sustainability given the overarching goal of dietary guidelines to improve well-being. In addition, we hypothesized that countries that are recognized to explicitly integrate sustainability into their dietary guidelines would demonstrate greater presence of the ecological, economic, and socio-cultural and political sustainability sub-dimensions. The sustainability framework and findings presented here have the potential to inform the evaluation and modification of national dietary guidelines by pointing to gaps and opportunities regarding the representation of the multiple dimensions of sustainability. Ultimately, taking an integrative sustainability approach to dietary recommendations helps support multiple Sustainable Development Goals (SDGs) toward advancing healthy diets from sustainable food systems that support planetary health.



METHODS


Development of Integrative Sustainability Framework

We developed a sustainability framework tool for quantitatively assessing the four key dimensions of sustainability in national dietary guidelines that was adapted from a previously developed sustainable diets framework published by two of this study's authors (Downs et al., 2017). The previous sustainable diets framework examined food policy in Nepal (Downs et al., 2017). In this study, we drew from this previous study (Downs et al., 2017) along with prevalent constructs of sustainable diets and sustainable food systems described in the literature that are applicable to recommendations in dietary guidelines (Supplementary Table 1).

Specifically, the search terms used to identify dimensions of sustainable diets and sustainable food systems that are evidence-based and applicable for inclusion in dietary guidelines included the following: sustainable OR sustainability AND diet OR food OR dietary guidelines. The search terms were entered into multiple publication databases including Web of Science, Science Direct, and Google Scholar. Two coders validated the inclusion of articles resulting from this search. The resulting articles (Supplementary Table 1) were scanned to identify specific attributes of sustainable diets and sustainable food systems associated with the environmental, economic, sociocultural/political, and human health dimensions of sustainability. We validated the inclusion of the identified attributes to include as constructs in our integrative framework through a primary literature in multiple publication databases to ensure each construct is supported by evidence.

Based on the resulting evidence in the literature, the study team consisting of experts in sustainable food systems, diets, and nutrition had a discussion regarding the inclusion of the prevalent constructs characterizing sustainable diets and sustainable food systems that are supported by evidence that are applicable to national dietary guidelines. The resulting constructs that are supported by primary evidence were grouped as sub-dimensions of the four ecological, economic, and sociocultural and political, and human health dimensions of sustainability (Table 1). In some cases, similar constructs were combined to result in a total of eight sub-dimensions for each dimension of sustainability in the resulting sustainability framework tool (Table 1). Additionally, in some cases, specific sub-dimensions of sustainability could potentially be grouped in more than one sustainability dimension due to the interconnectedness of aspects of sustainability. In such cases, we tried to refine the sustainability sub-dimension and its description to be more aligned with a specific sustainability dimension. For example, food security touches upon issues that are connected to human health, economics, and social dimensions of sustainability. We thus broke out the components of food security as nutrition aspects of food security and economic aspects of food security and refined their descriptions.



Table 1. Sustainability framework tool for evaluating national dietary guidelines.
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Selection of Dietary Guidelines

In order to evaluate the applicability of the resulting integrative framework, the study team compiled all national dietary guidelines that are available in English that are either classified as high-income or upper-middle income. A total of 34 national dietary guidelines were identified that are in English from high-income and upper-middle income countries. As the goal of this study was to test the applicability of the framework in evaluating the representation of sustainability in national dietary guidelines, we focused on national dietary guidelines that are available in English as a convenience sample. We further focused on high-income and upper-middle income countries as advancing sustainable diets may not be as equitable or ethical of an approach in low-income country settings because of the prevalence of undernutrition (Milner and Green, 2018). Our sample size of 12 guidelines represents a sample size of 35% of the available (n = 34) national dietary guidelines in English from high-income and upper-middle income countries.

The resulting dietary guidelines were grouped into two categories based on their recognition of integrating sustainability in the literature. Specifically, all high-income and middle-income countries in the sample group that were recognized in the literature (Barilla Center for Food and Nutrition, 2015; Monteiro et al., 2015; Seed, 2015) to integrate sustainability were categorized as Group 1 countries and all other dietary guidelines were categorized as Group 2 countries. A total of seven countries that are either high-income or high-middle income that have national or regional dietary guidelines available in English were assigned as Group 1 countries including: Brazil (Monteiro et al., 2015), Qatar (Seed, 2015), Germany (Barilla Center for Food and Nutrition, 2015), Netherlands (Barilla Center for Food and Nutrition, 2015), Sweden (Barilla Center for Food and Nutrition, 2015), United Kingdom (Barilla Center for Food and Nutrition, 2015), and Nordic Countries (Barilla Center for Food and Nutrition, 2015). The Nordic Countries include Denmark, Finland, Iceland, Norway, Sweden, as well as the Faroe Islands, Greenland, and Aland. Although Sweden is included in the Nordic Countries' recommendations, given that they have their own standalone dietary guidelines they have been treated separately in Group 1. We assigned each country a number and used a random number generator to randomly select six dietary guidelines in the Group 1 category and six countries from the Group 2 category. A sample size of 12 national dietary guidelines consisting of six guidelines from Group 1 countries and six guidelines from Group 2 countries was based on a feasible number of guidelines to evaluate by the study team while having relevant power to pilot test the integrative sustainability framework and the research question regarding variation of sustainability dimensions between dietary guidelines of Group 1 and Group 2 countries. The randomly selected Group 1 countries were: Brazil, Qatar, Netherlands, Sweden, the United Kingdom, and Nordic Countries (Barilla Center for Food and Nutrition, 2015; Monteiro et al., 2015; Seed, 2015). The randomly selected Group 2 countries were: Grenada, Albania, Australia, United States, Thailand, and St. Vincent and the Grenadines. The most current dietary guidelines available in 2017 were used for this study.



Evaluation of Dietary Guidelines

Two coders applied the sustainability framework tool to score each dietary guideline in the study. For each of the 32 sub-dimensions in the sustainability framework (Table 1), the coder assigned a 0 for the absence of the sub-dimension in the dietary guidelines and a 1 to indicate the presence of the sub-dimension. The coder further listed the page number(s) which each sub-dimension theme was present in national dietary guidelines as well as highlighted the specific text. Discrepancies between coders were resolved through discussion and support by a third coder where each guideline was revisited and the associated text was discussed.



Data Analysis

We created two scoring indices to evaluate the representation of sustainability dimensions and sub-dimensions in national dietary guidelines. Sustainability Dimension Scores (SDS) of each of the four dimensions of sustainability were calculated as a percentage by tabulating the total presence of the associated eight sub-dimensions of sustainability. Total Sustainability Scores (TSS) were calculated as a percentage by calculating the presence of the 32 sub-dimensions in each guideline. JMP (version 13.0 SAS Institute Inc., Cary, NC) was used for measuring interrater reliability of coded results, statistical analysis, for and creating graphs. Specifically, Analysis of Variance (ANOVA) and pairwise comparison tests were applied to examine differences in means of TSS and SDS between the sustainability dimensions and between the national dietary guidelines.




RESULTS


Literature Search Outcomes

A total of 101 articles resulted from the literature search on sustainable diets, sustainable food systems, and sustainability in dietary guidelines that were considered suitable by the study team to examine for attributes to include in the integrative framework for evaluating dietary guidelines. The resulting sub-dimensions included in the framework either relate to those being managed by individuals, such as through dietary choices, those that relate to systems-level management by policy makers and institutions, or those that are influenced by both individual and systems-level management. For the ecological dimension of sustainability, the sub-dimensions of production quality and adequate production are managed at the systems level while food procurement that supports the following ecological sub-dimensions of sustainability are influenced by both systems-level and individual choices: biodiversity, agrobiodiversity, and ecosystem services; sustainable agriculture; local and seasonal foods; clean energy; low GHGE and climate resilience. For the economic dimension of sustainability, the following sub-dimensions are managed at the systems level: distribution, supply chains, and transport; economic aspects of food security; food system livelihoods; and food advertising. Food procurement that supports food loss and waste; food packaging; farmers' markets and local food systems; and food storage and preparation are influenced by both systems-level and individual choices for the economic dimension of sustainability. For the human health dimension of sustainability, the sub-dimensions of food safety as well as nutrition aspects of food security are managed at the systems scale while dietary diversity; regular exercise and physical activity; energy limitation; ultra-processed food limitation; plant-based diets and nutrient-dense foods; and holistic diets are influenced at both individual and systems levels. For the sociocultural/political dimension of sustainability, the attributes of food consciousness, consumer preferences, and food knowledge and skills are those related to individual dietary choice while equity issues, food sovereignty, labor, and animal welfare are those related to the systems level of policy and institutions. Food systems and cultural values are influenced by both the individual and systems levels.



Variation of Sustainability Dimension Scores (SDS)

Inter-rater reliability of Total Sustainability Scores (TSS) and Sustainability Dimension Scores (SDS) indicated high validity of applying the sustainability framework for national dietary guidelines. Application of the sustainability framework tool (Table 1) for presence of sustainability dimensions found Sustainability Dimension Scores (SDS) varied between the four sustainability dimensions (Figure 1) with human health being the most represented dimension in the national dietary guidelines examined (average SDS score of 83%; range from 50 to 100%). Overall, results indicate that the ecological (average SDS score of 31%) economic (average SDS score of 29%; range from 0 to 100%), and socio-cultural and political (average SDS score of 44%; range of 0–100%) dimensions of sustainability are underrepresented in national dietary guidelines. Significant differences (p < 0.0001) were found in means SDS between the four sustainability dimensions. Pair-wise comparison between the four sustainability dimensions demonstrates that the mean SDS of the human health dimension was significantly higher (p < 0.0001) than that of the economic, ecological, and sociocultural and political dimensions. No significant differences in means of SDS were found between these latter three sustainability dimensions (p > 0.05).
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FIGURE 1. Variation of sustainability dimension scores (SDS) between ecological, economic, human health, and socio-cultural and political sustainability in national dietary guidelines. Application of the sustainability framework tool (Table 1) for presence of sustainability dimensions found sustainability dimension scores (SDS) varied between the four sustainability dimensions with human health being the most represented dimension in the national dietary guidelines examined. Overall, results indicate that the ecological, economic, and socio-cultural and political dimensions of sustainability are underrepresented in national dietary guidelines. Significant differences (p < 0.0001) were found in means SDS between the four sustainability dimensions. Pair-wise comparison between the four sustainability dimensions demonstrates that the mean SDS of the human health dimension was significantly higher (p < 0.0001) than that of the economic, ecological, and sociocultural and political dimensions. No significant differences in means of SDS were found between these latter three sustainability dimensions (p > 0.05). There were no significant differences in the SDS for the dimensions of sustainability between Group 1 countries that are recognized in the literature to integrate sustainability in dietary guidelines compared to Group 2 countries.



For the ecological dimension of sustainability (Figure 2), the most represented sub-dimensions were local and seasonal foods (present in 50% of the dietary guidelines) followed by sustainable agriculture practices and production quality (each present in 33% of the dietary guidelines). The least represented sub-dimension for the ecological dimension of sustainability was clean energy and sustainable technologies (present in 17% of the dietary guidelines). The SDS for the ecological dimension of sustainability ranged from 0 to 100% between national dietary guidelines with significant differences between national dietary guidelines (p < 0.0001); the dietary guidelines of Brazil (SDS of 100%), Nordic Countries (88%), Australia (88%), and Sweden (50%) had the highest scores. Average SDS for the ecological dimension of sustainability of Group 1 countries that are recognized to integrate sustainability in dietary guidelines in the literature was 33% and 31% for Group 2 countries; this difference was not significant (p = 0.94).
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FIGURE 2. Presence of ecological sub-dimensions in national dietary guidelines. This figure demonstrates the presence of the eight sub-dimensions of ecological sustainability in the 12 national dietary guidelines evaluated in this study.



For the economic dimension of sustainability (Figure 3), the most represented sub-dimensions were food advertising (present in 42% of the dietary guidelines) followed by costs of diets, food loss and food waste, and food packaging and recycling (each present in 33% of the dietary guidelines). The least represented sub-dimension for the economic dimension of sustainability was distribution, supply chains, and transport (absent in all of the dietary guidelines). The SDS for the economic dimension of sustainability ranged from 0 to 100% with significant differences between national dietary guidelines (p < 0.0001); Australia (SDS of 100%), Brazil (88%), and Qatar (50%) had the highest scores. Average SDS for the economic dimension of sustainability of Group 1 countries was 38 and 23% for Group 2 countries; this difference was not significant (p > 0.50).
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FIGURE 3. Presence of economic sub-dimensions in national dietary guidelines. This figure demonstrates the presence of the eight sub-dimensions of economic sustainability in the 12 national dietary guidelines evaluated in this study.



For the human health dimension of sustainability (Figure 4), dietary diversity, ultra-processed food limitation, and plant-based diets were present in all of the dietary guidelines examined. Regular exercise and physical activity (present in 92% of the dietary guidelines), energy limitation (92% prevalence), and holistic diets (75% prevalence) were other prevalent sub-dimensions of the human health dimension of sustainability. The least represented sub-dimension for the human health of sustainability was nutrition aspects of food security related to food environments (present in 42% of the dietary guidelines). The SDS for the human health dimension of sustainability ranged from 50 to 100% without significant differences between national dietary guidelines (p = 0.06). The dietary guidelines of Brazil, Australia, and the United States all had the presence of all human health sustainability sub-dimensions. The other dietary guidelines examined also had high SDS for the human health dimension of sustainability including 88% each for Qatar, Sweden, Nordic Countries, Grenada, Albania, and Thailand. Average SDS for the human health dimension of sustainability of Group 1 countries was 80% and 86% for Group 2 countries; this difference was not significant (p = 0.59).
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FIGURE 4. Presence of human health sub-dimensions in national dietary guidelines. This figure demonstrates the presence of the eight sub-dimensions of human health sustainability in the 12 national dietary guidelines evaluated in this study.



For the socio-cultural and political dimension of sustainability (Figure 5), the most represented sub-dimensions were food consciousness (present in 83% of the dietary guidelines) followed by food knowledge and skills and food system and cultural values (both present in 58% of the dietary guidelines). The least represented sub-dimension for the socio-cultural and political dimension of sustainability was labor (present in 17% of the dietary guidelines). The SDS for the socio-cultural and political dimension of sustainability ranged from 0 to 100% with significant differences between national dietary guidelines (p < 0.0001); Brazil (SDS of 100%), Qatar (88%), and Australia (88%) had the highest scores. Average SDS socio-cultural and political dimension of sustainability of Group 1 countries was 58% and 34% for Group 2 countries; this difference was not significant (p = 0.22).
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FIGURE 5. Presence of socio-cultural and political sub-dimensions in national dietary guidelines. This figure demonstrates the presence of the eight sub-dimensions of socio-cultural and political sustainability in the 12 national dietary guidelines evaluated in this study.





Variation of Total Sustainability Scores (TSS)

Total Sustainability Scores (TSS) varied by dietary guidelines of the different countries between 12 and 74% with a mean score of 36% (Figure 6). Brazil had the highest TSS (74%) followed by Australia (69%). All other dietary guidelines had TSS <50%. Comparison of Group 1 countries (that are recognized in the literature to integrate sustainability in dietary guidelines) with Group 2 countries found that while Group 1 countries overall had higher TSS (39%) than Group 2 countries (33%), this difference was not significant (p = 0.59; Figure 7). Of note, Australia was categorized as a Group 2 country but had the second highest TSS in this study following Brazil.
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FIGURE 6. Variation of total sustainability dimension scores (TSS) between national dietary guidelines. This figure demonstrates the variation of total sustainability dimension scores comprised of the 32 sub-dimensions of sustainability in the 12 national dietary guidelines evaluated in this study.
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FIGURE 7. Variation of total sustainability dimension scores (TSS) of national dietary guidelines between country groupings. This figure demonstrates the variation of total sustainability dimension scores comprised of the 32 sub-dimensions of sustainability between countries classified as Group 1 (recognized in the literature to integrate sustainability in dietary guidelines) compared to Group 2. Analysis of variance of TSS between Group 1 and Group 2 found no significant differences.






DISCUSSION

This study applied and validated a sustainability framework tool to examine national dietary guidelines based on the ecological, economic, sociocultural/political, and human health dimensions of sustainability. The inter-rater reliability of Total Sustainability Scores (TSS) and Sustainability Dimension Scores (SDS) across coders highlights the validity of applying the sustainability framework for evaluating dietary guidelines. Overall, findings demonstrate notable variation in the presence of the multiple sub-dimensions of sustainability in national dietary guidelines of high- and upper-middle income countries with TSS ranging from 12 to 74% and a mean TSS of 36%. Significant differences were further found in mean SDS between the ecological, economic, sociocultural/political, and human health dimensions of sustainability. For the limited sample size of 12 national dietary guidelines from high- and upper-middle income countries analyzed in this study, findings confirm the hypothesis that the human health dimension of sustainability is well-represented while the ecological, economic, and socio-cultural and political dimensions of sustainability are underrepresented, with several exceptions. This finding supports the overarching goal of dietary guidelines which has been to support human health (Magni et al., 2017). More recently, dietary guidelines have been recognized to have the potential to also support the multiple dimensions of sustainable diets (Garnett, 2014; Donini et al., 2016; Nelson et al., 2016). However, our findings did not support the hypothesis that countries that are recognized to explicitly integrate sustainability into their dietary guidelines demonstrate greater presence of the ecological, economic, and socio-cultural and political sustainability sub-dimensions. Policy makers, researchers, and practitioners can apply the sustainability framework presented here to analyze existing guidelines with the view to identifying sustainability gaps and opportunities that can be addressed in future iterations of the guidelines toward supporting both human and planetary health.

Advancing an integrative sustainability framework through national dietary guidelines recognizes the interrelationship of sustainability challenges and opportunities toward meeting multiple Sustainable Development Goals (Global Panel, 2017; Sabbahi et al., 2018; Ahmed and Byker Shanks, 2019). As the current world population of over 7.6 billion is projected to notably increase to 9.3 billion by 2050 (Food and Agriculture Organization, 2009), there is a need for production systems to supply increased levels of food (Alexandratos and Bruinsma, 2012). The increased production of this food should be cultivated in ways that support biodiversity and don't burden ecosystems (Foley et al., 2011; West et al., 2014) while mitigating greenhouse gas emissions (Intergovernmental Panel in Climate Change, 2013; Intergovernmental Panel on Climate Changes, 2014). Concurrently, this food should be produced, distributed, and consumed in ways that recognize the importance of socio-cultural factors in the food system. Inequality in access is a pressing social challenge facing current diets that is directly linked to health disparities among vulnerable populations including the lowest income and marginalized groups (Alesina and Glaeser, 2004). Ultimately, taking an integrative sustainability approach to dietary recommendations helps support multiple Sustainable Development Goals (SDGs), such as ending hunger, achieving food security, improving nutrition, and promoting sustainable agriculture (SDG 2); promoting well-being for all (SDG 3); reducing poverty (SDG 1); addressing inequality (SDGs 5 and 10); improved work and productivity (SDG 8); and addressing consumption, waste, the effects of climate change, and the use of natural resources (SDGs 12, 13, 14, and 15) (Sabbahi et al., 2018; Ahmed and Byker Shanks, 2019). While these SDGs are being prioritized by international organizations and national governments, they often compete with each other as well as other societal goals.

Our results regarding the general underrepresentation of the ecological, economic, and socio-cultural and political dimensions of sustainability highlight a need to expand the integration of multiple sub-dimensions of sustainability in national dietary guidelines while suggesting complexity of managing multiple dimensions of sustainability (Tuomisto, 2019) including their tradeoffs. For example, previous research has highlighted that the global supply of fruits and vegetables is insufficient to meet health needs based consumption recommendations of national dietary guidelines (Siegel et al., 2014). Another disconnect between dietary recommendations to support human health and food production practices that support environmental health are recommendations of increased fish consumption; if consumers were to increase their fish intake to meet current dietary recommendations, already fragile fish stocks would feel notable pressure (Jenkins et al., 2009). Many of the sub-dimensions of the ecological, economic, and socio-cultural dimensions of sustainability have historically been viewed as being beyond the remit of dietary guidelines and thus explain the numerous gaps seen in the prevalence of these dimensions of sustainability in this study (Fischer and Garnett, 2016; Medact and Eating Better Alliance Policy Briefing, 2017). However, as the linkages between the multiple dimensions of sustainability are recognized as being crucial to planetary health, there is a need for a paradigm shift in the way we approach dietary recommendations toward examining diets within sustainable food systems that support planetary health (Fischer and Garnett, 2016).

While the human health dimension is overall very well-represented in the examined national dietary guidelines, the gap that can be addressed for modifying future dietary guidelines and associated programs is the integration of food security and access. Nutrition aspects of food security linked to food environments was the only human health sub-dimension prevalent in <50% of the dietary guidelines examined. Given that the food environment is a key determinant of healthy diets by shaping consumer interactions in the food system and subsequent food purchases based on the availability, affordability, convenience and desirability of food (Herforth and Ahmed, 2015), dietary guidelines should incorporate an understanding of how key aspects of the food environment influence food security, food access, and diets.

The evaluation of multiple sub-dimensions of sustainability included in the framework presented here can help identify possible unintended consequences of implementing specific recommendations for supporting sustainable diets. Future research is called for to evaluate the suitability of the proposed framework for evaluating dietary guidelines of low-income countries. In advocating for the modification of dietary guidelines that more comprehensively integrate sustainability, it is important to note the multiple tradeoffs and challenges that exist which call for modification of national dietary guidelines on the basis of local contexts. In addition, after sustainability gaps are identified, the next step is to translate these recommendations into practice by identifying context-specific and effective ways of implementing the required changes for food systems transformation. The 32 sub-dimensions of sustainability that were included in the framework emphasize management decisions at various scales of influence that call for associated interventions and programs at different scales. These scales of influence range from those at the individual level, such as through dietary choices to those at the systems level including those influenced by policy makers and the private sector, as well as those influenced by multiple scales of management.

In advocating for the modification of dietary guidelines that more comprehensively integrate sustainability, it is important to note the multiple challenges that exist. One such challenge is the contentious nature of sustainability in some socio-political contexts. For example, the integration of dimensions of sustainability has been contentious or considered beyond the scope of dietary guidelines in the United States and Australia (Fischer and Garnett, 2016; Medact and Eating Better Alliance Policy Briefing, 2017). While the development of the 2015–20 Dietary Guidelines for Americans considered taking into account sustainability dimensions, sustainability recommendations were ultimately considered beyond the scope of the guidelines due to opposition from agriculture departments and vested interest groups (Medact and Eating Better Alliance Policy Briefing, 2017). However, as demonstrated in this study, even countries that do not explicitly indicate the integration of sustainability into their guidelines, such as Australia can integrate sustainability less explicitly. While Group 1 countries that are recognized in the literature to integrate sustainability in their dietary guidelines had higher SDS for the ecological, economic, and socio-cultural and political dimensions of sustainability compared to Group 2, these differences were not significant. In addition, while Brazil, classified as a Group 1 country in this study had the highest TSS, there were no significant differences in the TSS between Group 1 and Group 2 countries. Despite sustainability being contentious within the Australian national dietary guidelines context, the Australian guidelines had the second highest overall Total Sustainability Scores (TSS) in this study following Brazil. This suggests that countries don't necessarily need to frame their guidelines as “sustainable” in order to include key aspects of sustainability within them. Moreover, those countries that do frame their guidelines as being “sustainable” may only focus on a few aspects of sustainability rather than adopting a more holistic approach. As consumers increasingly expand their literacy and values regarding sustainability, the incorporation of sustainability in dietary guidelines will likely increase. A national survey found that 74% of people surveyed in the US agreed that dietary guidelines should include measures of sustainability (John Hopkins Center, 2016). One approach of further increasing sustainability literacy and values is through various curriculum programs targeted at a range of age groups as well as through labeling and advertising.

Another challenge of integrating the multiple dimensions of sustainability in national dietary guidelines is to ensure that associated recommendations and strategies are context specific to a given nation (Tuomisto, 2019) and its' environmental, economic, and socio-cultural factors (Milner and Green, 2018; Springmann et al., 2018) while being applicable to the population as a whole. This requires specific plans and programs associated with the sub-dimensions of sustainability within dietary recommendations to be context-specific to a nation yet applicable and modifiable to the broad population of that nation. For example, recommendations of reducing consumption of animal-source foods in low-income countries may not be as an equitable or ethical of an approach as in high-income country settings because of the prevalence of undernutrition in the former (Milner and Green, 2018). Implementation of a specific approach to sustainable diets may have different implications in different regions (Milner and Green, 2018). Previous research has shown that substituting animal-source foods with plant-based foods has brought greater benefits for health and reductions in emissions of greenhouse gases in high-income countries while being negated at a global level by water use (Springmann et al., 2018). Thus, strategies are called for to support populations to consume recommended foods and amounts within the contextual constraints faced by these populations within a specific nation. For example, recommendations for adopting nutritionally balanced, low animal-source food diets that allow for dietary diversity may be a more equitable approach in low-income countries (Springmann et al., 2018). As the gap between the rich and the poor continues to widen in many countries throughout the world, a more comprehensive approach to addressing this challenge in dietary guidelines will especially be necessary.

Another challenge of integrating multiple dimensions of sustainability in dietary guidelines relates to the number of government ministries and organizations that influence a nation's food system. Although it is often the Ministry of Health who spearheads the development of national dietary guidelines, integrating multiple dimensions of sustainability within guidelines will necessitate the involvement of ministries beyond health and include multi-sectoral collaborations. Ensuring that key stakeholders from ministries and sectors influencing food systems, such as agriculture, trade, etc. are included as part of the co-development of the guidelines will likely help to increase buy-in and improve policy coherence (Milner and Green, 2018; Tuomisto, 2019).

Identifying sustainability gaps in dietary guidelines is one step toward enhancing integrating multiple dimensions of sustainability for transforming food systems. The next step is to translate national dietary recommendations based on specific sub-dimensions of sustainability into practice through programs and plans. These programs and plans should be context-specific and can vary throughout a nation depending on ecological, sociocultural, and economic aspects of a place (Milner and Green, 2018). For example, arable farming may not be possible in certain areas within a country with cattle grazing being the most suitable option for food production (Tuomisto, 2019). Suggestions of primarily plant-based diets in those areas may compromise environmental, socio-cultural, health, and economic aspects of sustainability through import of foods to meet dietary recommendations (Tuomisto, 2019) that are not aligned with cultural preferences and historical diets. Programs would be needed in such areas to educate populations about the about preparation of nutritionally adequate plant-based diets (Tuomisto, 2019).

It is increasingly recognized that enhancing sustainability in food systems is shared by all players in the food system and strategies are needed to ensure the long-term commitment by all concerned parties (Food and Agriculture Organization, 2002). Thus, the development and implementation of programs and plans to support sub-dimensions of sustainability are to target different scales of management including individual-level management, systems-level management by policy makers and institutions, and a combination of individual and systems-level management. As consumers can be powerful forces to direct the market place to provide access to specific foods (Food and Agriculture Organization, 2002) associated with sustainable diets, educational efforts are called for to enhance consumer awareness regarding the sub-dimensions of sustainability that are influenced at the individual scale. At the systems-level, different programs and plans are also called for that address the different scales of food systems including the local, regional, national, and global.

Future research is called for to build upon the integrative framework proposed in this study while addressing multiple limitations of the research presented here. A methodological limitation of the integrative framework we applied in this study was that it coded for the presence and absence of specific sub-dimensions of sustainability and did not evaluate frequency or high vs. low presence of specific sub-dimensions within national dietary guidelines. Our experience in coding indicated notable variation in the frequency of occurrence of a specific sub-dimension of sustainability between dietary guidelines. While some guidelines reiterated the importance of a specific sub-dimension multiple times with extensive supporting information, other guidelines only once briefly touched upon the sub-dimension. For example, the dietary guidelines for Brazil mentioned the importance of procuring seasonal and local foods on multiple pages and in multiple contexts while the guidelines of several other countries, such as Grenada mentioned this sub-dimension of sustainability to a notably lesser extent. However, both scored the same based on the scoring system implemented in this study, yet we can assume that reiterating the importance of a specific sub-dimension multiple times with substantial supporting evidence or recommendations would have greater impact on consumers and the development of supporting programs and policies. Further methodological development is needed in order to systematically evaluate the frequency of the presence of specific sub-dimensions in dietary guidelines. Another limitation of the integrative framework presented here is the equal prioritization of the ecological, economic, socio-cultural/political, and human health dimensions and sub-dimensions of sustainability. Countries implementing national dietary guidelines may have different priorities and can modify the proposed framework and its scoring based on these priorities. Finally, other key limitations of this study were inclusion of dietary guidelines from only upper-middle and high-income countries as well as those available in English. Future analysis of dietary guidelines is called for that applies the integrative approach presented here to include a more representative sample inclusive of low- and middle- income countries as well as in order to identify global patterns and making broader conclusions toward supporting sustainable food systems for all. Further cross-cultural comparison across countries as well as those of different income levels may result in modification of the proposed integrative framework as well as prioritization of the different sub-dimensions of sustainability based on context. The integrative framework and associated scoring indices of Sustainability Dimension Scores and Total Sustainability Scores presented here can further be modified and validated for application for evaluating specific foods (Supplementary Table 2), diets (Supplementary Table 3), and food environments (Supplementary Table 4). This would enable research to evaluate how dietary guidelines of a specific nation translate into impacting local food environments, food availability, and diets.



CONCLUSION

National dietary guidelines are a policy tool that have the potential to shift consumption patterns in directions that support multiple dimensions of sustainability in the food system, while supporting both environmental and human well-being. Given the pressure that food system processes from production through consumption and waste are placing on the planet, coupled with the uncertainty of climate change and variability for food security of a growing population, it is especially critical for food policies, such as national dietary guidelines to support sustainability goals. Effective incorporation of multiple dimensions of sustainability into dietary guidelines has the potential for food system transformation that enables consumers to make food choices that support planetary health.
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Our current food systems are hampering efforts to meet the Sustainable Development Goals. Reshaping our food systems could have enormous co-benefits for our populations and planet. However, decision makers and experts are questioning whether it is possible to meet environmental, social and economic goals simultaneously, or whether tradeoffs are necessary. There has been a call for the development of better measurements and indicators to help policymakers understand the benefits and considerations for healthy and sustainable food systems. There is an urgent need to address the gaps in understanding of what a sustainable food system means across varying populations and geographies and how we can better measure these systems. Practice calls for a framework in which different aspects of food and nutrition security can be measured under identical scope, where policy simulations which arrive at multi-indicator outcomes are comparable, and where quantified trade-offs between different sustainable development objectives are valid. We introduce, and focus on one technique that does allow such multi-indicator scope-consistent analysis of food systems under a life-cycle perspective: input-output analysis. We describe input-output analysis, and its relevance and advantages for measuring the sustainability of food systems, nutrition and diets, including resilience and vulnerability. Using data from the global multi-regional input-output databases, we then describe potential measures that are able to extend the current state of art into a more comprehensive framework that has the potential to support policy related to global initiatives such as the Sustainable Development Goals.

Keywords: sustainability, food systems, diet, indicator, measurement, nutrition security


INTRODUCTION

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

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

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

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

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

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


Aim of This Work

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




PRIOR WORK TO MEASURE HEALTHY AND SUSTAINABLE “DIETS”

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

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

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

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

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



ADVANCING THE MEASUREMENT OF HEALTHY AND SUSTAINABLE “DIETS”


The Importance of a Global Life-Cycle Perspective

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

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

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

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

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

c) is governed by accepted worldwide standards.

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



Input-Output Approaches to Measuring the Sustainability of Food Systems

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

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

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



Example Studies From the Literature

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

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

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

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



Example Indicators Using IOA

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


Social and Environmental Impacts of Food Demand

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

Figure 1 shows multipliers for a range of American food products, in terms of seven environmental and social indicators. The information is taken from a number of publications [employment (Alsamawi et al., 2014a); GHGEs (Malik et al., 2016); energy use (Lan et al., 2016); land (Moran et al., 2013); Nitrogen emissions (Oita et al., 2016); water scarcity (Lenzen et al., 2013)].
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FIGURE 1. Multipliers for a range of US food products. Multipliers for a range of US food products, in terms of 7 environmental and social indicators, per unit of US$ of household expenditure. FTE, Full-time equivalent; GHG, greenhouse gas; MJ, megajoule; N, nitrogen. Social multiplier is shown in (A), and environmental multipliers in (B–G).


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

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

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



Vulnerability: Global Food Hinterlands

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

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


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


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


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




Local Disasters, Global Reach

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


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

[image: Table 1]

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


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


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

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



Resilience

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

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



Fiscal Measures and Income Distribution

IOA can also be used effectively to measure the intended and unintended consequences of policy intervention to promote healthy and sustainable food systems, by assessing the impact of consumer-oriented interventions on the global food system. For example, fiscal policy interventions have been widely recommended as effective interventions to incentivize dietary change among consumers (Thow et al., 2018). These interventions work by creating price differentials that favor the consumption of sustainable (environment- or health-wise) commodities (Bonnet and Réquillart, 2013; Edjabou and Smed, 2013; Härkänen et al., 2014; Bíró, 2015; Hagenaars et al., 2017; Harding and Lovenheim, 2017; Nomaguchi et al., 2017; The Lancet Diabetes and Endocrinology, 2017; The Lancet Public Health, 2017). While much existing evidence is specific to a given national context (for example the UK, Chile, Denmark or Hungary), it is possible to assess global impacts of a commodity-specific tax using a time series of global MRIO databases that covers 220 countries. For example, it is possible to assess the wage impacts on sugar producers and manufacturers of commodities high in sugar (Figure 5). Due to the geographical location of these producers, low-income countries will be most significantly affected, highlighting the challenge in balancing environmental, health, social and economic wins.
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FIGURE 5. Incidence of a 10% tax on a range of food items. Incidence of a 10% tax on the total output of a set of primary (A) and secondary food (B) items. To refer fiscal effects to a meaningful unit reflecting countries' relative wealth, color shadings reflect multiples (1–10) of each country's total daily wage payment. Left panel: Sugar beet, sugar cane, raw sugar, refined sugar. Right panel: Refined sugar, soft drinks, chocolate, ice cream, extracts.


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



The Supply Chains of Foods Associated With Chronic Disease Risk

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



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


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



Trade, Inequality, and Food Insecurity

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

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

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





CONCLUSIONS

This paper highlights the value of IOA in not only providing data to monitor against existing indicators but in developing new and more comprehensive indicators through its ability to consider whole food systems and consideration of regional and cultural circumstances. Using examples, we have illustrated the power of IOA in providing policy makers with information regarding the global impacts of policies to promote healthy and sustainable systems, so that they can mitigate these impacts through complementary policy intervention.
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International organizations, governments, researchers, and activists have proposed the need for deeper integration of sustainability considerations in national food-based dietary guidelines (FBDGs). Yet, as recent scholarship advances the conversation, questions remain around how to effectively frame and address the interconnectedness of multiple sustainability domains. Little systematic analysis has evaluated how current FBDGs have integrated complex messages about socially, environmentally, and economically sustainable consumption practices with nutrition and health messages. This study had two nested objectives: (i) to examine the validity of an existing sustainable diets framework by assessing how sustainability concepts have been framed and included in national FBDGs available from 2011 to 2019 and (ii) to describe a novel analysis approach that augments an existing framework which integrates sustainability domains and can be adapted for use by future FBDGs. A qualitative content analysis was used to examine sustainability concepts found in 12 FBDGs and supporting documents available in English that were developed for use in 16 countries across Europe, North and South America, and Asia as of 2019—from a global review of those published prior to 2016 and gray literature review of publications between 2016 and 2019. Health domains were the primary frame found across the FBDGs examined, but documents also commonly incorporated agricultural, sociocultural, and economic sustainability principles. Analyzed documents were used to adapt an existing policy analysis framework into a “Sustainability in FBDGs Framework.” This proposed framework contributes a novel analysis approach and has five core domains that are interconnected: health and nutrition, food security and agriculture, markets and value chains, sociocultural and political, and environment and ecosystems. This study adds to the growing body of literature related to sustainable food systems and dietary guidelines by presenting how sustainability framing in FBDGs can be used to further develop a comprehensive framework for integrating sustainability domains. While this project helps to validate previous work, further analyses of FBDGs which have emerged since this study and those not available in English are needed to improve the guidance approach described here and for assessing the incorporation of sustainability domains in future FBDGs. This work is useful in informing processes for policy developers to integrate sustainability considerations into their national FBDGs.

Keywords: dietary guidelines, sustainability, sustainable diets, integrated framework, food system


INTRODUCTION

Global food systems are facing multiple sustainability challenges. Agriculture has pushed Earth's systems past planetary boundaries in biosphere integrity, biogeochemical flows, and land-system changes (Steffen et al., 2015). Sixty percent of fish stocks are completely depleted and 30 percent are over-fished (UN FAO, 2010). Estimates of 25–30% of global greenhouse gas (GHG) emissions are attributed to livestock and agricultural production (Tubiello et al., 2014). Given such challenges, global temperatures have risen and precipitation patterns have changed, perpetuating a negative feedback loop impacting food systems (Vermeulen et al., 2012).

There is recent recognition that dietary practices can improve environmental outcomes and the sustainability of the food system (Macdiarmid, 2013; Tilman and Clark, 2014; van Dooren et al., 2014; Hallström et al., 2015; Willett et al., 2019). “Environmentally-friendly” food choices and consumption patterns can have an impact on larger food systems; for example, buying direct from producers or purchasing more local foods disrupts globalized production and supply chains and can contribute to nutritious dietary practices at home (Mbow et al., 2019; Willett et al., 2019).

Calls have been made for more environmentally-sustainable diets over the last decade (Godfray et al., 2010; Foley et al., 2011; Tilman and Clark, 2014; Aleksandrowicz et al., 2016; Springmann et al., 2016; Willett et al., 2019). Plant-based diets incorporating whole grains, pulses, fruits and vegetables, and seeds and nuts, with reductions in ultra-processed and animal-based food are proposed as healthy and sustainable dietary patterns (Mbow et al., 2019; Willett et al., 2019). Still, many definitions of sustainable diets have been put forward. The existence of multiple definitions poses a challenge for developing a singular guiding recommendation for shifting dietary patterns. The study herein adopted the definition compiled by the UN FAO and Biodiversity International of healthy and sustainable diets as:

“those diets with low environmental impacts which contribute to food and nutrition security and to healthy life for present and future generations. Sustainable diets are protective and respectful of biodiversity and ecosystems, culturally acceptable, accessible, economically fair and affordable; nutritionally adequate, safe and healthy; while optimizing natural and human resources” (UN FAO, 2018), p. 1.

Dietary guidelines have been proposed as one tool to promote sustainable dietary practices and address the complex challenge of shifting diets (Gussow and Clancy, 1986; Dye Gussow, 1999; Lang, 2017; Lang and Mason, 2017; Seed and Rocha, 2018; Willett et al., 2019). Recent evidence has shown that greater adherence to FBDGs has been correlated with more plant-based diets; further, diets following guidelines were associated with lower health costs, energy intake and environmental impact scores, more deaths averted, and less exposure to pesticides (Kesse-Guyot et al., 2020). Food based dietary guidelines (FBDGs) are a tool to disseminate the policy guidance given by national governments, and can be the foundation of national dietary education, measurement, and monitoring activities (Seed and Rocha, 2018).

Recent political and scholarly discussions of sustainability—and its importance—in national-level nutrition policy and guidelines has grown. Members party to the Rome Declaration on Nutrition (FAO, 2014) and the United Nations (UN) Decade of Action on Nutrition (United Nations, 2017) have committed to incorporate sustainability considerations in national policy change for health and nutrition. Prior calls from scholars for sustainability in FBDGs have supported such policy transitions (Gussow and Clancy, 1986; Dye Gussow, 1999; Lang, 2017; Lang and Mason, 2017; Seed and Rocha, 2018; Willett et al., 2019).

Public health scholars and practitioners have acknowledged the need for food policy to include sustainability considerations (Sabaté et al., 2016; Wegener et al., 2018). Despite such discussions, little systematic work has evaluated how food-based guidelines integrate and frame sustainability considerations (Ahmed et al., 2019). A framework is needed for comparing progress across guidelines and as a guidance approach for future integration of multiple sustainability dimensions into FBDGs (Lang, 2017; Ahmed et al., 2019). Such a framework could be used to understand how food guides integrate sustainability considerations to meet broader international sustainability goals (Ahmed et al., 2019; Willett et al., 2019).

A shared framework for assessing and integrating sustainability into FBDGs has yet to be ratified by the larger scientific community (Lang and Mason, 2017). Studies on FBDGs where guidelines do include sustainability dimensions have found that human health aspects of sustainability (e.g., dietary diversity, limiting energy intake, plant-based foods) are more represented than socio-cultural and political, economic, and environmental aspects (Ahmed et al., 2019). Beyond health, movement toward integration of sustainability into FBDGs is limited by the lack of consensus on what constitutes and how to recommend a sustainable diet in different geographical and climatic areas and sociocultural contexts (Tuomisto, 2019; Zagmutt et al., 2019).

Framing is a form of political influence and is a theoretical and methodological tool for the study of problems and how they are discussed (Jenkin et al., 2011). Frames are important since they make some aspects of reality more salient by describing an issue, and frames offer the authors' description of the solution (Entman, 1993; Trevena et al., 2015). Framing has implications for the ways actors influence their world and make sense of issues and opinions. Given the edifying goals of FBDGs, an awareness of the way sustainability is framed is a step toward understanding how actions are being influenced toward sustainability (Trevena et al., 2015).

Some existing frameworks have been proposed as quantitative tools to inform the evaluation and modification of national food policies and dietary guidelines (Downs et al., 2017; Ahmed et al., 2019). Downs et al. (2017) developed a food policy framework and applied it to Nepalese food policy. Their framework is the first of its kind to interrogate the presence of sustainability dimensions and associated sub-dimensions in food policy. The Downs et al. (2017) framework was developed to be applied to documents beyond Nepal. A second framework by Ahmed et al. (2019) was built upon the Downs et al. (2017). This second framework was developed specifically for examining the presence or absence of the human health, environmental, economic, as well as sociocultural and political sustainability dimensions in FBDGs (Ahmed et al., 2019). It has been noted that further use of these existing frameworks is needed to address the qualitative framing and interconnectedness of the various sustainability domains (Ahmed et al., 2019).

Frameworks intended to guide choice and policy need to acknowledge and navigate complexities of the food system (Ahmed et al., 2019; Mbow et al., 2019; Willett et al., 2019). Frameworks need a way to recognize the interconnectedness of food, health, and the environment in signaling needed environmental, policy, and system improvements. Such food system interconnections include environmental and socio-cultural dimensions (e.g., preference, food security) and do not assume consumption choices are driven solely by health (Rizvi et al., 2018).

The overall aim of this study was to examine how sustainability is framed in FBDGs. This study contributes a novel analysis approach to and validation of existing frameworks. Such adaptation applies existing frameworks to enable qualitative investigation of sustainability domains and examine complex interconnections in those domains for recommending healthy and sustainable diets. This study has two main, nested objectives. The first objective was to examine the validity of an existing sustainable diets framework by assessing how sustainability concepts have been framed and included in national FBDGs available from 2011 to 2019. This was done by focusing on: (i) how sustainability concepts were framed and included in FBDGs developed explicitly with sustainability considerations in guideline planning and writing prior to 2019; (ii) how concepts were interconnected in current FBDGs; and (iii) how the current analysis builds on recent literature regarding international sustainability framing in FBDGs. We aim to adapt existing frameworks and further apply a novel analysis approach to elicit a comprehensive framework which graphically depict the key domains, concepts, and their interconnections. The second objective uses the findings of the first objective to propose framework adaptations that graphically represent the overlaps and interconnections of diverse sustainability concepts.



MATERIALS AND METHODS


Document Collection and Inclusion Criteria

The initial selection of the FBDG documents analyzed in this study was based on the UN FAO global review of FBDGs in 2016 (Gonzalez Fischer and Garnett, 2016). The study identified 83 of the 215 countries worldwide (39 percent) as having FBDGs, of which 11 (representing 15 countries) included sustainability considerations. Though many other countries have FBDGs, the scope of this study applied only to those identified by the global UN FAO review with explicit sustainability considerations in planning and writing of the documents of those published prior to 2016 and our gray literature review of publications between 2016 and 2019.

The UN FAO review divided these eleven FBDGs into three categories related to the extent of integration of sustainability concepts (Gonzalez Fischer and Garnett, 2016). The first category identified four countries (Brazil, Germany, Qatar and, Sweden) that have official guidelines with explicit references to sustainability in their main messaging: “Official guidelines that include sustainability.” The second category of FBDGs described four documents (the Nordic Nutrition Recommendations, United Kingdom, France and, the Netherlands FBDGs) with “Quasi-official guidance that combines health and sustainability messaging.” Quasi-official guidelines were defined as “those that stem from government agencies or government funded entities” (p. 17). The final category consisted of three countries (Australia, China and, United States) with attempts to include sustainability. The meaning of attempts included those documents where “environmental considerations reach[ed] an advanced stage but [did] not achieve government endorsement” (p. 3).

National FBDG documents were sourced from the FAO database (Food Agriculture Organization of the United Nations, 2019). Documents were included in this analysis if the document was highlighted by the FAO review in one of the three above described categories. A review of the FAO database revealed no other FBDGs published after the UN FAO report with sustainability explicitly placed in their guide. However, the 2019 Canadian Dietary Guidelines document “for Health Professionals and Policymakers” was also included. The Canadian guidelines were released and added after an initial analysis because they included explicit language identifying the environmental impacts of diets as a consideration (Health Canada, 2019). Documents were excluded if not available in English (e.g., official French FBDG in French) or included no specific or explicit connection to sustainability integration. Ten official FBDGs and two supporting documents from 16 countries or regions were therefore analyzed; see document description in Table 1.


Table 1. Summary of Food-based Dietary Guidelines and related documents examined (n = 12), table separated by category of sustainability inclusion.

[image: Table 1]



First Objective: Examine How Sustainability Has Been Framed in National FBDGs

This study followed the qualitative content analysis procedure from Mayring (2004) to examine the sustainability domains used in current FBDGs and how sustainability concepts are interconnected. Qualitative content analysis involves three main parts: (i) examining collected documents using content analysis categories formed from a foundational framework, (ii) building upon the framework with the data collected, and (iii) performing formative and summative checks of the content analysis categories used. To make use of the concepts and definitions in previous literature and the emergent data, this study used combinations of deductive and inductive coding in qualitative content analysis.

Within each document, line-by-line coding produced the qualitative data. Coding was completed through close reading of the documents where content was coded based on defined categories. Domains for this analysis were based on the pre-existing domains of sustainable food policy framework by the Downs et al. (2017), on which Ahmed et al.'s (2019) framework was also based. The five domains identified were: nutrition and health, food security and agriculture, environment and ecosystems, markets and value chains, and sociocultural and political. Each domain has several concepts that were used to code document references (i.e., the data collected), indicating their inclusion in each domain. Collected data were organized by domain and concepts to understand the content covered and how sustainability concepts were included. For this analysis, all 60 concepts from the original Downs et al. (2017) framework were included to determine if there was inclusion of all concepts.

This qualitative research coding approach sought to elicit core, common themes from a large body of data. This study follows the single reviewer methods of policy analysis and single knowledgeable coder approaches, reproducible if other similarly knowledgeable coders apply the same method (Campbell et al., 2013; Seed, 2015). Using such a qualitative approach did not seek to provide quantitative assessments of reliability imbued with positivistic bias (Syed and Nelson, 2015). This approach was used as it is appropriate for seeking meaning and deep understanding of the data, not seeking quantitative reliability but complex understanding. To improve quality of coding, four readings were completed of each document, with reformulating and re-coding each time. The first author carried out all reading and coding which is supported by Krippendorff's position that having multiple coders “does not affect the measured reliability” (Krippendorff, 2004) p. 219.

The initial content analysis categories were the concepts and definitions from Downs et al. (2017). Concepts were then adapted and combined based on emergent data from the documents and from Ahmed et al.'s (2019) framework. In the combined deductive-inductive approach that was utilized in the study (Drisko and Maschi, 2015), the sources of each concept and examples of the coded data are provided below. Concepts covered in the documents that did not fit within the original framework were added from the data (i.e., the FBDGs examined) in an iterative and recorded inductive process. With each addition or shifting of the concepts, a review of the previously examined documents occurred to investigate the use and connections the given concept shifts.

To investigate the interconnection of concepts in the coded data, matrix coding queries were run in QSR International's NVivo12 Software for cross-concept comparison. Text segments that were coded under two or more concepts were highlighted and reviewed for their use across documents. Review of the text under two or more concepts also included investigation of the way that each piece of text overlapped with more than one domain.



Second Objective: Adaptation of the “Sustainability in FBDGs Framework”

The framework used in this study was informed by the domains and concepts from Downs et al. (2017) as well as concepts identified in the literature evaluating sustainable diets and food policy (Ahmed et al., 2019). The 12 documents (FBDGs and supporting documents) were examined for their inclusion of sustainability concepts based on those domains. A literature review of both peer-reviewed and gray literature in addition to Downs et al. (2017) was conducted. The literature reviewed, based on Downs et al. (2017), informed the definitions and concepts included in considerations of sustainable diets such as health influence of agriculture (Garnett, 2014), seasonal, local, and indigenous crops (Burlingame and Dernini, 2012), fossil fuel use (Johnston et al., 2014), water quality (Behrens et al., 2017), agricultural inputs (Donini et al., 2016), biodiversity (Röös et al., 2015; Lang and Mason, 2017), and adequate infrastructure and access to markets (Gonzalez Fischer and Garnett, 2016).

Formative and summative framework checks—the final, iterative component of qualitative content analysis—were undertaken after the coded data from the national documents was analyzed. Checks were made for how accurate and complete the sustainability domains in the framework were as they related to food and diets. The formative framework checks guided concept fit into their respective domains and checked for relevancy through framework improvement and ongoing feedback. A summative check for validity was done after the process concluded by the first author employed a final review of all concepts and documents.

Formative feedback on the comprehensiveness of considering sustainability in FBDGs, areas of overlap of the concepts, and areas for improvement on the Downs et al. (2017) framework (i.e., where concepts were missing from their food policy context compared to FBDGs) was collected from a group of 12 food system sustainability professionals and educators. These food systems education experts were asked to review the framework in a focus group-style discussion based on their expertise as sustainable food systems practitioners after they had volunteered to participate, were made aware that this was an anonymous discussion for formative peer-review of the framework, and give verbal consent. Formative framework checks specifically asked the reviewers to consider: (i) identifying concept and sub-definition strengths and weaknesses (i.e., how accurately the description is of what defines the content of each concept) and target areas of work and, (ii) recognition of when concepts might be moved to different domains, cut, or added.

The post hoc summative framework check compared the adapted framework with the Ahmed et al. (2019) framework; our study addresses the call for a qualitative validation of their 2019 work. Following qualitative content analysis methodology, the domains of the framework herein were confirmed through comparison with the sustainability dimensions in the sustainability framework tool for evaluating FBDGs of Ahmed et al. (2019). See concepts confirmed by Ahmed et al. (2019) below (e.g., waste [solid, plastic, packaging], food system, and healthy weight).




RESULTS


First Objective


Inclusion of Sustainability Concepts in Documents

Table 2 presents selected examples (non-exhaustive) in each domain of text coded in multiple domains and describes the interconnectedness of each example from all 12 of the FBDGs. The five main sustainability domains, and 60 concepts defined within these domains used to guide this analysis, are described in depth in Table S1 and encompass concepts related to diverse topics such as food literacy, fossil fuel use, diverse production systems, healthy weight, food safety, and agricultural livelihoods.


Table 2. Selected examples (non-exhaustive) of text coded in each domain and an indication of the other domains each example is interconnected with; color is included: [image: image] for sociocultural and political (Sc+P), [image: image] for environment and ecosystems (E+E), [image: image] for health and nutrition (H+N), [image: image] for food security and agriculture (FS+Ag), and [image: image] for markets and value chains (M+VC).
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The extent to which the FBDGs addressed the different concepts of the framework varied, but no document included fewer than 11 (17%) of the concepts.

Overall, the documents most frequently framed their recommendations using concepts from the health and nutrition domain. Health and nutrition framing brought in discussions of food choices and staying physically active for maintaining a healthy weight, as well as food safety and dietary diversity as important features of a healthy diet, tied to the sociocultural domain. Some concepts and framing in the sociocultural and political domain mostly addressed food literacy (e.g., reading labels) and consumer demand (e.g., overconsumption and ready-made foods), tied to the health aspects for example. Markets and value chains were a topic covered mostly in relation to access to markets and transportation as it related to GHG emissions, which was also tied to the environment and ecosystems domain. Most recommendations that were directly related to the environment included eating less meat and processed foods and some were framed through discussion of food and packaging waste and air and water quality as they related to the environment and health. Less frequently discussed, but still present were recommendations framed around food security and agriculture, which were mostly discussed in terms of nutritious, local, and seasonal food with a few mentions of diverse production systems and soil health.



Conceptual Complexity

To illustrate the interconnectedness of sustainability concepts and their inclusion in the texts, the framework adapted in this study reformats the Downs et al. (2017) framework (see Figure 1). This reformatting adapted Downs et al.'s grouping of concentric circles by overlapping circles in a five-part Venn diagram that indicates a blurring of their heretofore distinct domains. This study thus presents an adpatation of the Downs' framework, in that it depicts interconnectivity through conceptual overlaps and definitions that encompass wider understanding of the concepts. Selected examples of interconnected text from each document examined are given in Table 2.


[image: Figure 1]
FIGURE 1. Sustainability in Food-Based Dietary Guidelines (FBDG) Framework. Domains and concepts included in FBDGs with sustainability domains; concepts in white included in all documents reviewed (n = 12), concepts in bold were inductively added by the author from this analysis. GHG, Greenhouse Gases; GDP, Gross Domestic Product; ag, agriculture.


To visually depict the areas of frequent conceptual overlap, Figure 1 was used to indicate which of the five domains of the framework each concept was coded under: [image: image] for sociocultural and political, [image: image] for environment and ecosystems, [image: image] for health and nutrition, [image: image] for food security and agriculture, and [image: image] for markets and value chains.

To illustrate this interconnectedness, the following three quotes demonstrate the interconnected nature of the concepts that inform the framework proposed here:

“Depending on their characteristics, [image: image] and the [image: image] [image: image] and [image: image], [image: image] and [image: image] and [image: image], or else may [image: image] and [image: image]” (Ministry of Health of Brazil, 2015), p. 18.

A second quote depicts the complex, interconnected use of the different domains in one main idea in this quote also from the Brazil FBDG:

“[image: image] and [image: image] should be [image: image] and [image: image] and [image: image], meeting the [image: image] and [image: image]. Furthermore, it should derive from [image: image] of [image: image] and [image: image]” (Ministry of Health of Brazil, 2015), p. 8.

The most recently published of all documents included in this study, the Canadian Dietary Guidelines (albeit, in the background documentation “for Health Professionals and Policymakers”) presents a unique and interwoven consideration of the food systems of Indigenous Peoples in Canada. The larger social determinants of health structures—especially as they pertain to Indigenous communities—are a consistent focus of their 2019 publication, which present challenges to sustainable food systems in the Canadian context:

“[image: image] of [image: image] include the [image: image] that [image: image] from the [image: image] [image: image] that [image: image] for [image: image], as well as for the [image: image], [image: image], and [image: image]” (Health Canada, 2019), p. 36.

The circles of the framework shown in Figure 1 are overlapping, providing an indication of the interconnectedness among the different domains represented in the food guides (see also Table 2). Figure 1 shows how the different aspects of food and eating (i.e., social, environmental, economic) overlap in complex ways. Overlapping circles and size of the circles in Figure 1 were driven by the percent overlap and number of references coded for each concept, respectively.




Second Objective: Adaptation of the “Sustainability in FBDGs Framework”

The framework was finalized into five domains and concepts within those domains. Figure 1 represents the “Sustainability in FBDGs Framework.” Eight concepts were included in all 12 of the documents reviewed (i.e., physical activity, food literacy, cultural acceptability, malnutrition, dietary diversity, energy/calorie intake, water consumption, and non-communicable diseases). These are highlighted using white text in Figure 1. Post hoc framework comparison noted that several of the same domains and concepts were also evident in Ahmed et al.'s (2019) recent work, confirming the relevance of the addition of several concepts.

While most of the concepts included in the framework for FBDGs were based on Downs et al. (2017), a further seven were added as a result of the analysis in this study—-waste, food system, educational benefits of diet, healthy weight, physical activity, water consumption, and policy. These concepts were not evident in the Nepalese food policy context, examined in Downs et al. (2017), but were identified in the 12 FBDG documents included this study and are represented as bold text in Figure 1.

Three concepts—stability, on-farm food loss, and land tenure—were included in the original Downs et al. (2017) framework, but none of the FBDGs reviewed in this study made any reference to them. As a result, these were not included in the final framework of this study.




DISCUSSION


Lessons Learned From Examining Sustainability in FBDGs

This study adapted a framework for integration of sustainability concepts into FBDGs based on Downs et al.'s (2017) work on food policy and further contributes to the validation of Ahmed et al.'s (2019) framework for FBDGs. Differing from Ahmed et al.'s (2019) approach, this study included FBDGs that have been identified as incorporating sustainability domains. The results of this analysis corroborate Downs and Ahmed finding that sustainability is a complex and interconnected concept and practice that is evident in recent national FBDGs (Ahmed et al., 2019). This work substantiates previous frameworks through a review of FBDGs which specifically include sustainability considerations and graphically depicts the key domains, concepts, and their interconnections for qualitative review of sustainability domains in FBDGs.

Adapting Downs et al.'s (2017) framework, this study explored how it could be possible to visually depict separate domains while also enabling inclusion of the interconnectivity of concepts in sustainability, a process which answers calls for a reapplication and development of their framework as a visual medium for further policymaking. These results represent findings building upon the Downs et al. (2017) framework and demonstrated conceptual complexity within current FBDGs. There has been a rapid introduction and evolution of sustainability considerations in FBDGs since 2011 and more recently between 2016 and 2019, evidenced in this study. Despite the limitations of their temporal boundaries, this work examines an important set of FBDGs which add insight in an era of rapid development of dietary recommendations for sustainability. This finding was also evident and confirmed in Ahmed et al.'s (2019) work. Yet, distinct from these earlier frameworks, this study elicited many examples of overlapping coding (i.e., text that was coded into more than one domain) and included FBDGs identified by the FAO as explicitly incorporating sustainability considerations, indicative of the interconnected use of the concepts within the various domains. Recognizing that different components of a sustainable diet can have greater impacts on the environment, nutrition, or agriculture than others (Downs et al., 2017; Ahmed et al., 2019), there is no current consensus about the weight of the different trade-offs inherent in improving and promoting one aspect of sustainability at the potential cost of others.

Investigating the interconnectedness of concepts was possible through the use of text coded in two or more concepts and domains and elicited five domains and 57 total concepts. Many of the concepts were found to be relevant to multiple domains, and thus depicting the possibility of making complex sustainable and healthy dietary recommendations in current national FBDGs (see examples in Table 2). Regardless of the length of each document, all included at least four out of five domains and often included many concepts within each domain. While some of the FBDGs were identified by the UN FAO as having the most comprehensive inclusion of sustainability, that is Australian and Brazilian (Gonzalez Fischer and Garnett, 2016), there was not complete inclusion of all sustainability concepts within any single FBDG.

Overlapping coding was found in all documents in this study and gives further evidence to the interconnected inclusion of sustainability domains. These findings demonstrate the challenges of fitting concepts into one specific area, as their relevance is largely shared across domains. The results of this study visually represent the interconnected nature of food, health, and the environment. Such results yield recommendations for users (e.g., policymakers) applying this framework to acknowledge the conceptual complexity of sustainability domains and their interconnections. Though we recognize the need for parsimony in representing the interconnected aspects of sustainability, it is important that frameworks also find ways to represent and acknowledge such complexities.

When reviewing the food guidelines it was evident that the documents were more focused on the health and nutrition domain than food security, agriculture, and environment and ecosystem domains, which was expected as these were FBDGs, not food policies (Ahmed et al., 2019). For example, six of the eight concepts included in all of the documents reviewed relate mostly to health and nutrition: physical activity, malnutrition, dietary diversity, energy/calorie intake, water consumption, and non-communicable diseases; with the others, food literacy and cultural acceptability (also included in all documents reviewed), categorized in the sociocultural and political domain. Yet, several of these concepts are also linked to other domains. For example, malnutrition is also connected to sociocultural and political structures and inequities (Ingram, 2011), and non-communicable diseases are also linked to pervasive food marketing, “fad diets,” and advertisements (McGinnis et al., 2006).

Integrating the health and nutrition domain with the other four in the framework is a step toward depicting the connections among food choices, health, sociocultural contexts, economies, and the environment. Such a step is important due to the many uses and impacts FBDGs have. Dietary guidelines can educate policy makers, program planners, researchers and the lay public about the interconnectedness of these domains, as well as the many, linked externalities of diets (e.g., more health issues and GHG emissions from animal products, food quality and soil degradation from monocultures, laborer health and animal welfare issues of factory farming). Education around such interconnections and impacts of diets—highlighted in part by FBGDs—has the potential to shift entire ontologies around food and consumption habits (Lang, 2017; Mazac and Tuomisto, 2020).

It is recognized that developing a framework for application internationally, especially across cultures and low-, middle-, and high-income countries, is challenging as there are different and multiple sociocultural, economic, and environmental factors in play (Downs et al., 2017; Ahmed et al., 2019). However, sustainable FBDGs will not mean “globally uniform diets, but culturally appropriate expressions of the same ecological and nutritional baselines” which could vary regionally and locally (Lang, 2017), p. 45. Using the Sustainability in FBDGs Framework and incorporating sustainability considerations in FBDGs will not mean an end to choice (as some might argue), but would, in fact, be a way for eaters to question the pervasive and strong influence over food tastes by commercial advertising and industry, who wield large budgets and lobbies to promote often unsustainable dietary patterns and foods (Lang, 2017).

The novelty of this study's framework is in the way it makes it possible to compare FBDGs both to the framework and each other; to ask what has been included, what is missing, and to see how many concepts have been integrated in other FBDGs to date. This framework can be foundational for cultivating the idea that diets have many dimensions and are interconnected such that diets must be approached with a systems lens. Integrating interconnected sustainability concepts into food guidelines can provide a means for meeting international calls for sustainability and addressing global progress toward the UN's 2015 Sustainable Development Goals (SDGs) (United Nations, 2015; Lang, 2017).



Applicability of the Sustainability in FBDGs Framework

This study supports the call proposed by Ahmed et al. (2019), to apply and develop integrative frameworks and addresses the lack of previous work depicting the interconnections of sustainability dimensions/sub-dimensions. The application of this study's framework can help those developing future FBDGs in the promotion of sustainable, bio- and culturally diverse diets that are appropriate to the country context. The framework may be used as an approach to assess the interconnected inclusion of sustainability domains in FBDGs that already exist (as illustrated by this study and by Ahmed et al., 2019).

This framework may also guide interconnected sustainability consideration in future FBDGs development. To apply the framework presented in this study, developers can begin by identifying the domains they wish to consider (e.g., health and nutrition & food security and agriculture), or any combination of such. Then, the concepts within those domains can be emphasized based on the context and considerations of that country. The definitions and examples of each domain (found in Table S1) can assist developers in selecting and formulating recommendations. Together with expert nutrition advice and rigorous evidence, this framework can be used to develop and guide recommendations for sustainable diets. Developers may apply the framework to assist in integrating sustainability domains into FBDGs through following examples given here, including various stakeholders as in these selected FBGDs, and applying this study's coding process to check and add to the interconnected nature of statements for sustainability consideration.

Countries currently without food guides can use this framework to address the various components of sustainable dietary guidance in their development process when they engage with multiple sectors, ministries, and experts. When applying the framework in different countries (e.g., low-, middle-, and high-income) the framework will help developers to address different, potentially overlapping issues, reflective of the country context. However, recommendations of sustainable dietary practices in FBDGs must navigate contextual differences. FBDGs must reflect variations in local climate and agricultural practices, nutritional needs of the population, as well as present culturally relevant dietary advice. It is recognized that different countries, regions, and even communities and individuals will have different values, practices, and barriers when it comes to how and what to eat (Desmarais and Wittman, 2014; van Dooren et al., 2014; Lang, 2017; Lang and Mason, 2017; Willett et al., 2019), which will change or make irrelevant the implementation of this framework.



Study Limitations and Future Directions

The framework adapted in this study does not address or evaluate the strength of specific policies or recommendations for influencing a sustainable diet. For example, Germany's FBDGs included four of the five domains, and 17% of the concepts. Yet, these numbers do not give an indication of the strength or impact of the recommendations made or exactly how explicit the connections to sustainability were. Simply finding the presence or absence of a concept does not compel or imply dietary change in a sustainable direction. A challenge of developing policies or guidelines is that they do not necessarily translate into immediate or effective action (Downs et al., 2017). Even if we identify recommendations made in the guidelines that have actions associated with them, evaluating impact is often not straightforward.

The framework is limited to identifying concepts and domains included in FBDGs based on the emphases of sustainability explicit in the final, publicly available versions of the guidelines. We have no deeper indication of the possible sustainability considerations made by policymakers and guideline developers throughout the development process. For example, the concepts of land tenure and on farm food loss were not found in any of the FBDGs in this analysis and were removed from this framework. These concepts are perhaps not immediately relevant to food guidelines—as they may be for food policies upon which Downs et al. (2017) was formulated. Though it was designed to be useful in diverse settings with little normative language, when this framework is applied in the future in different situations, adaptations will need to be made to reflect the country context and level of FBDGs development in the past (from none in many developing countries to well-established in countries such as the United States) (Gonzalez Fischer and Garnett, 2016; Herforth et al., 2019).

This study is also limited in that there was only funding, time, and resources available for one English speaking coder to conduct the document review, leading to uncertainty in categorization of the concepts. With only one coder, there is a chance that differing interpretations of where concepts should be placed in the framework were overlooked. Further, this study was limited to the inclusion of one focus group with 12 food system sustainability experts; more and different groups may have added or subtracted from the framework creating different concept or domains. Therefore, future work would benefit by conducting a formal reliability assessment, including the examination of non-English language FBDGs, and cross validating the content of the framework domains. Still, the qualitative application and validation of previous work (Downs et al., 2017; Ahmed et al., 2019) is step forward adding nuance and confirming the key findings proposed by earlier work in this field. There remains a need for further studies to monitor future FBDGs progress and to compare changes over time. Studies which build upon these analyses may provide additional guidance on integrating sustainability concepts and informing future approaches for applying these frameworks to policymaking.

Another limitation is that there remains no agreement in the literature on approaches for weighting of the different concepts or what is most important to emphasize in sustainable dietary recommendations. Raw quantification of concept inclusion is therefore less relevant than deeper, qualitative examination regarding contextual inclusion of sustainability domains. Another approach would be to set thresholds for different factors as an aim to reach a desired state in all domains following the concept of doughnut economics (Raworth, 2017). The trade-offs and thresholds from the environment, health, and ethical perspectives would have to be addressed in greater depth in another analysis that would be a possible future direction.

Much more work is needed in the field, to identify the indicators of change and measure impacts of including sustainability in FBDGs. Further evaluation is needed of how and why concepts related to sustainability were included or excluded. Such motivations behind concept inclusion are important for developing policy approaches which include sustainability domains in FBGDs in the future.



Conclusion: Beyond Sustainability in FBDG

Sustainability concepts have been recently included and published in at least 12 English-language FBDGs internationally, developed since 2011 in two supporting documents, and since 2016 in at least 10 official guidelines. This framework described here shows that sustainability was considered in FBDGs in interconnected ways. FBDGs internationally, such as in Qatar, Sweden, Brazil, Germany, and Canada, have included stakeholders and integrated interconnected domains that include sustainability in the guidelines for their respective countries.

We are at a critical juncture where there is some scholarship (Ahmed et al., 2019) and incorporation of sustainability in FBDGs, heeding earlier calls (Gussow and Clancy, 1986; World Health Organization Food Agriculture Organization of the United Nations, 1996) and recent recommendations made by international governing bodies and global reports (Gonzalez Fischer and Garnett, 2016; Willett et al., 2019). Embracing the possibility of “healthy diets from sustainable food systems” (Willett et al., 2019), p. 1, countries with dietary guidelines that include sustainability principles have started to address the crucial and immediate challenge of shifting diets (Mbow et al., 2019). Lessons from these countries can help to inform the continued international efforts needed to reduce the impact of food systems on sustainable futures for the planet.
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Introduction: Diets are currently unsustainable in many countries as evidenced by the growing burden of malnutrition, degradation of natural resources, contributions to climate change, and unaffordability of healthy diets. Agreement on what constitutes a healthy and sustainable diet has been debated. In 2019, FAO and WHO published the Sustainable Healthy Diets Guiding Principles, defining what qualifies as a sustainable healthy diet. While valuable, these principles require measurable indicators to support their operationalization. Our scoping review aims to describe how sustainable healthy diets have been assessed in the literature since 2010.

Methods: A search for English-language articles published in peer-reviewed journals was conducted from January 2010 through February 2020 across three databases. Out of the 504 articles initially identified, 103 articles were included. Metadata were extracted from each article on: publication year, country of study, study aims, methods, main data sources, indicators used to assess sustainable healthy diets, reported indicator strengths or limitations, and main study findings. A qualitative content analysis identified major conceptual themes across indicators and their frequency of use.

Findings: From the 103 empirical articles included in our review, 57.3% were published after 2017. Most studies were carried out in high-income countries (74%). Approximately 42% of the articles assessed the sustainability of diets using solely health and environmental indicators; <25% assessed the sustainability of diets across health, environmental, and sociocultural aspects of sustainability. We found a substantial number of unique indicators used for assessing health (n = 82), environmental (n = 117), and sociocultural (n = 43) aspects of diets. These indicators covered concepts related to health outcomes, aspects of diet quality, natural resources, climate change, cultural acceptability, and cost of diets. The preponderance of indicators currently used in research likely poses challenges for stakeholders to identify the most appropriate measures.

Conclusion: Robust indicators for sustainable healthy diets are critical for understanding trends, setting targets, and monitoring progress across national and sub-national levels. Our review highlights the geographical imbalance, the narrow focus on health and environmental aspects, and the lack of common measures used in research. Measures registries could provide the decision-support needed by stakeholders to aid in the indicator selection process.

Keywords: sustainable healthy diets, indicators and metrics, sustainable diets, dietary assessment, sociocultural indicators, environmental indicators, dietary indicators


INTRODUCTION


The Unsustainability of Current Diets

Combatting malnutrition in all its forms—including undernutrition, micronutrient deficiency, overweight, and obesity—and reducing the burden of diet-related non-communicable diseases (NCDs) are two of the major global challenges of the twenty-first century. The recent State of Food Security and Nutrition report confirms the rise in prevalence of global hunger over the past 5 years (FAO, 2020). Undernutrition for children aged <5 years persists in the forms of stunting (144 million), wasting (47 million), and underweight (88 million) (UNICEF/WHO, 2020; WHO, 2020). At the same time, ~2 billion adults and 340 million children (aged 5–19 years) are currently overweight or obese (Abarca-Gómez et al., 2017).

Malnutrition has serious, costly, and long-lasting health, social, and developmental impacts for individuals and countries. During childhood, undernutrition is associated with higher risks of infectious diseases, lower cognitive scores, and poor school achievement (Adair et al., 2013; Black et al., 2013; Sacchi et al., 2020). Obesity also poses immediate health risks (Lloyd et al., 2012; Narang and Mathew, 2012; Cote et al., 2013; Mohanan et al., 2014; Bacha and Gidding, 2016; Di Bonito et al., 2018) and often persists into adulthood with increased risk of non-communicable diseases such as coronary heart disease, stroke, type 2 diabetes, and several types of cancer (Guh et al., 2009; Lauby-Secretan et al., 2016). Micronutrient deficiencies, which can occur across age and body weight categories, are a particular concern for women of reproductive age and young children (Black et al., 2013; Zimmermann, 2016). Malnutrition also carries large direct and indirect costs to individuals and national economies as it has direct impact on human capital. While the causes of malnutrition are complex, poor diet is a leading contributor to the global burden of diet-related diseases and is responsible for more deaths than any other risk factor globally (Afshin et al., 2019). Suboptimal diets are generally low in fibers, fruits, vegetables, legumes, whole grains, nuts and seeds, milk, seafood, calcium, and healthy fats (omega 3 fatty acids, polyunsaturated fatty acids) and high in trans-fatty acids, sodium, red or processed meat, and sugar-sweetened beverages (Afshin et al., 2019).

Beyond delivering suboptimal and inequitable population health outcomes, current food consumption patterns place a significant strain on land, water, air, and other natural resources. Agricultural production is responsible for 40% of global land use and 70% of fresh water withdrawals (Foley et al., 2005; Molden, 2013). The conversion of natural ecosystems to cropland and pasture land is one of the greatest drivers of biodiversity loss (Tilman et al., 2017). The over-application and misuse of fertilizers results in nitrogen and phosphorus runoff, fueling the eutrophication of lakes, rivers, and coastal areas and creating “dead zones” (Diaz and Rosenberg, 2008). Current consumption patterns contribute to climate change, with global food systems accounting for up to 29% of global greenhouse gas emissions (GHGE) (Vermeulen et al., 2012). Although malnutrition in all its forms is the largest cause of lost health in the world (Swinburn et al., 2019), the health effects of climate change will considerably compound these health challenges in the near future through impacts on crop yields, nutrient quality of foods, and changing land and ocean temperatures (Myers et al., 2017).

Healthy diets remain unaffordable for many people in almost every region of the world (FAO, 2020). Nutrient-dense foods are often more expensive than starchy staples and foods high in sugar and fat, especially in low-income countries (Headey and Alderman, 2019). At the same time, current production levels of nutrient-dense foods like fruits and vegetables are inadequate to meet minimum global dietary recommendations for the global population (Mason-D'Croz et al., 2019). Meanwhile, 32% of food produced globally is lost or goes to waste (FAO, 2011). At the same time, food choices and food-related behaviors are deeply connected to social and economic expressions of identity, gender, religion, preferences, and cultural meaning (Monterrosa et al., 2020). For example, in many societies food symbolizes social standing, where foods consumed by the affluent symbolize superiority while less-prestigious foods may be associated with poverty (Cloete and Idsardi, 2013; Monterrosa et al., 2020). Religious or spiritual views can determine which foods are good or bad, holy or unholy, clean or dirty (Fieldhouse, 2013). The sustainability of any diet is influenced by sociocultural factors such as conditional food preferences, attitudes, values, social structures, cultural practices, and assets just to name a few (Monterrosa et al., 2020). Any attempt to transition toward more sustainable healthy diets must take into account the sociocultural factors that underpin consumption patterns.



The History of Sustainable Healthy Diets

The term “sustainable diets” is not new. It was first introduced in the literature in Gussow and Clancy (1986), where the authors argued the importance of optimizing individual diets for both human health and the protection of natural resources (Gussow and Clancy, 1986). The concept obtained little attention in the ensuing years, as the global community focused on reducing hunger, undernutrition, and food insecurity. This focus led to policies centered around increasing agricultural industrialization, production intensification, and food globalization, often with little consideration for how such policies may exacerbate existing inequalities or negatively impact natural resources (Lang, 2010). In 2010, a widely accepted definition of sustainable diets was coined stating, “Sustainable diets are those diets with low environmental impacts which contribute to food and nutrition security and to a healthy life for present and future generations. Sustainable diets are protective and respectful of biodiversity and ecosystems, culturally acceptable, accessible, economically fair and affordable; nutritionally adequate, safe and healthy; while optimizing natural and human resources” (Burlingame and Dernini, 2012). This definition broadened the understanding of sustainable diets to be more comprehensive, encompassing aspects beyond human health and natural resources alone.

In 2014, the Second International Conference on Nutrition highlighted the challenges and urgency of transforming food systems to deliver healthy diets in a sustainable manner given the growing double burden of malnutrition (CIHEAM/FAO, 2015). Conceptual frameworks were developed showing the relationship between food systems and nutrition (HLPE, 2017). Calls for transforming food systems to become more sustainable and capable of ensuring healthy diets began to be globally embraced. The role of diets as a lever for sustainability was highlighted in many publications (Johnston et al., 2014; Gustafson et al., 2016; Downs et al., 2017). However, this role was often ill-defined; at times, it focused only on a single issue, while at other times it included multiple environmental, economic, and societal goals. The lack of agreement by countries on what constitutes healthy diets and more so on what constitutes healthy diets that are sustainable led the Food and Agriculture Organization of the United Nations (FAO) and the World Health Organization (WHO) to produce the Sustainable Healthy Diets Guiding Principles in 2019. While the previous definition included health considerations, in its application, economic and environmental goals of diets were often given preeminence. This new definition placed health at the forefront of consideration, while still underscoring the need to consider all aspects. The report defined sustainable healthy diets as, “dietary patterns that promote all dimensions of individuals' health and wellbeing, have low environmental pressure and impact, are accessible, affordable, safe and equitable, and are culturally acceptable” and includes 16 principles grouped under three aspects of sustainability: health, environmental and sociocultural that must be considered together for achieving sustainable healthy diets (FAO WHO, 2019).



Challenges to Quantifying Sustainable Healthy Diets

The 16 guiding principles of sustainable healthy diets aim to provide flexible guidance to countries for policy and program implementation, taking into account different local contexts. However, for them to be operationalized, the values laid out in the 16 guiding principles must correspond to measures capable of analyze trends, set targets, and monitor progress at national or subnational levels. Clear indicators and methods for measuring the different aspects of sustainable healthy diets are necessary for (1) building the evidence base to support guidelines and policies for the promotion of sustainable healthy diets and (2) monitoring and evaluating progress toward national and subnational targets for transitioning toward sustainable healthy diets. In order to build a compendium of indicators for sustainable healthy diets, there is a need to identify and describe the measures currently being used in research on sustainable healthy diets. Previous literature reviews have partially examined measurements of sustainable diets, but fell short of investigating how the concept of sustainable diets was defined by researchers and did not report on any strength or limitation of proposed measures (Jones et al., 2016; Eme et al., 2019). Our goal was to carry out a literature review of empirical studies to describe how sustainable healthy diets have been defined and measured in the research literature. This review was designed to address the questions: (1) how have sustainable healthy diets been defined in the scientific literature since 2010 and (2) what range of indicators is currently in use for assessing sustainable healthy diets and with what frequency are these indicators being used?




METHODS


Study Design

Given the complexity of sustainable healthy diets and the vast number of indicators proposed and reported in the academic literature, a modified scoping review design was adopted (Peters et al., 2015). As opposed to systematic literature reviews, which seek to answer a very specific set of questions, scoping reviews aim to determine what kind of evidence (quantitative or qualitative) is available on a particular topic and synthesize these data through mapping or charting. Since scoping reviews are broader in nature, they can be particularly useful for bringing together evidence from heterogeneous sources. Existing indicators of sustainable healthy diets reported in peer-reviewed literature were compiled and categorized. The indicator compilation was conducted between March and August 2020.



Literature Search Strategy and Study Selection

A search for English-language articles published in peer-reviewed journals between January 2010 and February 2020 was performed using the electronic databases PubMed, Science Direct, and Web of Science. The start date for the search was based on the year the definition of sustainable diets was published (Burlingame and Dernini, 2012). The search was undertaken with a uniform set of search terms, along with Boolean logic modified to the select database (Supplementary Table 2).

Following recommended protocols for scoping reviews, at least two reviewers were involved in the abstract and full-text screening of each article in order to minimize reporting bias (Peters et al., 2015). The database search resulted in 504 articles. After removing duplicates, 443 articles remained. The initial round of title and abstract screening yielding 199 eligible articles. A further round of full-text screening resulted in 103 original articles for inclusion in this review (Figure 1). Any conflicts between independent reviewers regarding the eligibility of articles for inclusion were resolved through discussions within the review team until consensus was reached. Criteria for exclusion are described in Supplementary Table 3.


[image: Figure 1]
FIGURE 1. PRISMA diagram of article identification and selection for qualitative analysis.




Data Collection and Analysis

Papers included in this review were analyzed and data were extracted for details on the following variables: publication year, country of study, study aims, methods, main data sources, definitions of sustainable diets, indicators used to assess sustainable diets, reported justifications and limitations of select indicators by the study authors, and main study findings. Data extraction was completed by one of three reviewers for each article. Quality assurance checks on extracted data were completed by a second reviewer on approximately 75% of included articles to limit data extraction errors. Indicators were identified based on the data sources used and the empirical analysis undertaken as part of each study. For the purpose of this review, we defined “concepts” as the abstract phenomena or idea that was being studied while “indicators” were defined as quantitative or qualitative measures used to communicate information on that particular phenomena or idea. Variables, or the value that an indicator takes on and its scale of measurement, were not extracted as part of our review. As part of the data extraction tool, all indicators were mapped to one of the three main aspects used to define sustainable healthy diets (i.e., health, environmental, and sociocultural aspects). All data were collected, stored, and analyzed in Microsoft Excel.

Given the heterogeneity of study designs related to sustainable healthy diets, the indicators used in assessing the sustainability of diets were evaluated on a qualitative and descriptive basis, rather than quantitatively. Following data extraction and cleaning, a qualitative content analysis was undertaken to identify major conceptual themes across indicators. Indicators were further grouped based on semantic similarities in order to synthesize the results presented below. The frequency of use for each indicators was calculated by conceptual theme. The total number of unique or non-repeating indicators was also calculated to provide insight on the range of diverse measurements being used by researchers. In line with standard scoping review practices, a formal assessment of the methodological quality of included studies was not performed (Peters et al., 2015). Therefore, although the main findings of each study are presented, weighing the quality of evidence for each study was outside the scope of this review.




RESULTS

This scoping review included 103 empirical studies, with the majority of these articles published after 2017 (57.3%) (Figure 2). The vast majority of studies were focused in high-income countries (74%), particularly Western Europe, Northern Europe, and Southern Europe (Figure 3). A summary of the 103 articles included in this review are listed in Supplementary Table 1. Indicators used to assess the sustainability of diets in each article were mapped to one of the three main aspects used to define sustainable. An overview of the health, environmental, and sociocultural indicators used for assessing the sustainability of diets can be found in Tables 1–3, respectively.


[image: Figure 2]
FIGURE 2. Distribution of articles by year of publication, 2010–2019. Six articles identified between January–February 2020 are not pictured in the figure above, but were included in the scoping review.
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FIGURE 3. Distribution of countries contributing data to included articles, by sub-region and income group. Sub-Region classification is based on the United Nations Statistics Division classification (UNSD, 2020). Income group classification is based on the World Bank's 2020 fiscal year classification (World Bank Country Lending Groups, 2020). The x axis shows the number of countries that contributed data to the included studies from the sub-region shown. Studies were classified as global if they included data from >36 countries.



Table 1. Health indicators by concept measured and frequency of use in the scoping review.
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Definitions of Diets' Sustainability

Twenty-nine articles (28% of sample) referred to or cited the 2010 definition of sustainable diets. Sustainable diets were not explicitly defined in 60 articles (58% of sample). The remaining articles (n = 14; 14% of sample) offered an alternative definition of sustainable diets. Alternative definitions often considered only two out of the three aspects of sustainable healthy diets. Alternative definitions more frequently focused on health and environmental aspects, and neglected to mention the sociocultural aspect. Supplementary Table 4 provides representative quotes for alternative definitions of sustainable diets proposed in the literature as found by this scoping review.



Methods and Data Sources Used Across Studies

Of the 103 articles included in the current review, 44 examined observed diets only (i.e., based on empirical data and representative of actual population diets). Eighteen articles examined modeled diets only (i.e., those consistent with evidence-based recommendations or hypothetical scenarios) and 39 articles examined both observed and modeled diets. Multi-objective optimizations modeling, which was used in 12 articles, was one of the most common modeling methods employed. Multi-objective optimization modeling, also known as linear programming, is a mathematical technique used to minimize or maximize a linear function, depending on a series of defined constraints. It is commonly used in diet optimization studies. For the studies that aimed to improve diet-related health outcomes, most assumed health improvements would be achieved through adherence to evidence-based dietary recommendations. However, seven studies explicitly estimated improvements in health outcomes associated with different dietary scenarios. Dietary data came largely from national health and food consumption surveys collected at the individual level (e.g., Australian Health Survey, the Danish National Dietary Survey, and the French NutriNet-Santé study), data collected at the household level through household consumption and expenditure surveys (HCES), and data available at the national level through Food Balance Sheets (FAOSTAT).

Methods used for evaluating the environmental impacts of diets varied across studies. Life cycle assessment (LCA) was used in the majority of studies. LCA is a quantitative modeling approach used to estimate environmental impacts across a product's life cycle (Garnett et al., 2016). The system boundaries of LCAs can differ, with the most comprehensive boundaries being “cradle to grave.” While the systems boundaries varied by study, nearly all began with the “cradle” or the raw materials needed for agricultural inputs. Many studies stopped short of undertaking a full life cycle analysis through the “grave” or the end point where a final product is disposed; instead, limiting systems boundaries to production stages such as “cradle to farm gate” or “cradle to retail.” Input-output analysis was used in five studies to estimate the environmental or economic impacts of diets. Input-output analysis is an economic technique used to trace economic activity through complex supply-chain networks and estimate immediate and indirect impacts of systemic shocks (Boylan et al., 2020). Environmental data came largely from LCA databases, LCA studies, previously published peer-review literature, national environmental or agricultural database such as those maintained by ministries of agriculture, and global databases, for example the Water Footprint Network.

Sociocultural data relied largely on household consumption and expenditure surveys, cost of living surveys, market research data from sources like Kantar world panel purchase database (Consumer Panels, 2021), and price audits of local food environments. Other sociocultural data came from study-specific surveys on attitudes and practices or taste preferences, or were derived from food consumption surveys.



Concepts and Indicators of Sustainable Healthy Diets

Forty-two percent of articles in our review assessed the sustainability of diets using both health and environmental indicators. Relatively few articles (32%) assessed the sustainability of diets using any sociocultural indicators. Less than 25% of the articles assessed the sustainability of diets across all three aspects (Figure 4).
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FIGURE 4. UpSet plot of articles using indicators to assess the sustainability of diets across three aspects. The left bar plot represents the total number of articles using health or nutrition, environmental, sociocultural, or economic indicators. Every possible intersection is represented by the bottom plot, and their occurrence is shown in the top bar plot.




Health Concepts and Indicators

Seventy-five articles (72% of the sample) assessed the health aspects of diets. A total of 143 health indicators were identified within these articles, including 82 unique health indicators (Supplementary Table 5). Indicators were coded to concepts related to diet quality, diet quantity, and health outcomes.

While no universal definition for diet quality exists, the concept of diet quality is frequently examined through parameters such as nutrient adequacy, variety or diversity, moderation, nutrient density, and food safety (Alkerwi, 2014). Adequacy refers to the attainment of dietary energy, macro-, and micronutrients appropriate to age, sex, disease status, and physical activity level for a healthy life. Adequacy was one of the more frequently assessed health concepts (n = 22; 15% of the health indicators) and was often measured through indicators that determined adequate total energy, macronutrient, and micronutrient intake based on national and international recommendations (Table 1). Nutrient density reflects the nutrient content of a given food relative to its total energy content. Approximately 11% (n = 16) of the health indicators measured nutrient density, with the Nutrient Rich Food Index and the Nutrient Rich Diet Index (Fulgoni et al., 2009; Van Kernebeek et al., 2014) being the most frequently used. Moderation refers to avoiding or limiting foods that contribute to an excess risk to disease. Of the indicators used to assess moderation (n = 12; 8% of the health indicators), most focused on the total amount or proportion of animal source foods or animal source protein in the diet. Diversity reflects the consumption of a variety of foods across and within food groups over a given period of time. The concept of diversity was assessed through indicators such as the Diet Diversity Score, the Minimum Dietary Diversity indicator for young children, and the Functional Diversity score (Steyn et al., 2006; Luckett et al., 2015; WHO., 2021). Food safety is another parameter of diet quality and includes both foodborne disease and harmful hazards such as toxins and food contaminants. Food safety was found only once in our review of indicators. The concept of diet quality was most frequently assessed through composite indicators, which measured multiple concepts of diet quality previously mentioned (e.g., adequacy, moderation, diversity, etc.) (n = 47; 33% of the health indicators). Of the indicators which assessed multiple concepts of diet quality, the most frequently used indicators where healthy eating indices based on national dietary guidelines (e.g., Brazilian Healthy Eating Index, the DHD15-Index, and the Healthy Eating Index), Mediterranean Diet Scores, and the PANDiet score (Trichopoulou et al., 2005; Guenther et al., 2008; Previdelli et al., 2011; Verger et al., 2012; Naja et al., 2015; Looman et al., 2017). Other frequently used indicators included total energy and macronutrient intake and measures of adequacy (such as total energy, macronutrient, micronutrient, fruit and vegetable intake, etc.) based on national or international recommendations (both nutrient- and food-based).

Other health indicators related to concepts of diet quantity and health outcomes. Diet quantity is a concept referring to the total dietary energy supply or intake. Diet quantity was rarely assessed (n = 4; 3% of health indicators), but when it was, it focused on energy supply or availability and energy intake. Finally, health outcomes were the second most frequently assessed health concept (n = 26; 18% of health indicators). Nearly all health outcomes were morbidity or mortality indicators for chronic diseases such as coronary heart disease, stroke, type 2 diabetes, and certain cancers. The most frequently used health outcome indicators were Disability Adjusted Life Years (DALYs) from cardiovascular disease, diabetes, and/or cancer. Other health-related indicators included prevalence of underweight and stunting for children <5 years of age, avoided premature deaths, reduced DALYs, years of life saved, and Health Gain Score (Van Dooren et al., 2014).



Strengths and Limitations of Health and Nutrition Indicators

The authors of the included articles reported several strengths and limitations of different health indicators. In the case of nutrient adequacy, indicators were frequently justified by researchers because they were based on national or international guidelines for optimal nutrient intake (Tyszler et al., 2016; Kramer et al., 2017; Lachat et al., 2018; Rao et al., 2018), however, some articles noted that bioavailability of nutrients may not have been considered (de Ruiter et al., 2018) and even when taken into account, bioavailability can vary substantially with other individual- and household-level factors (Rao et al., 2018). Indicators of nutrient density, such as the Nutrient Rich Food Index, were selected because they had been shown to track diet quality more effectively compared with other indices and because they had been validated in prior studies (Castañé and Antón, 2017; González-García et al., 2018). A noted strength of the Nutrient Rich Diet Index was that because it is not scaled to energy intake, it allows for comparison between diets with different caloric content, therefore, easing the comparisons across the literature (Esteve-Llorens et al., 2020). While indices like the Nutrient Rich Diet Index have been validated, one study noted that nutrient density scores are less “transparent” making results highly dependent on how the score is constructed and may be difficult to interpret (Röös et al., 2015). Diet diversity indicators among children were justified as proxy indicators of diet quality associated with nutrient adequacy of children's diets and based on prior validation studies among children in the article's age range (Galway et al., 2018). Among indicators for multiple components of diet quality, the PANDiet score was justified because it is based on adherence to national nutrition and health recommendations and tracts with other indicators of nutritional quality among French and U.S. national health and nutrition surveys (Masset et al., 2014b; Lacour et al., 2018; Seconda et al., 2018, 2019). The DHD15-Index, an example of one specific healthy eating index used, was justified because it reflects adherence to the Dutch food-based dietary guidelines and is also a measure of health since it is negatively correlated with mortality and cardiometabolic risk factors (Van Dooren et al., 2018b; Vellinga et al., 2019). Similar to the DHD15-Index, other composite indices such as healthy eating indices, the Health Score, and the Diet Quality Index were justified because they were based on national dietary guidelines (Carvalho et al., 2013; Wrieden et al., 2019) and assessed overall diets beyond single nutrients (Rose et al., 2019), an important factor for the reduction of obesity and diet-related non-communicable diseases (Van Dooren et al., 2014).



Environmental Concepts and Indicators

Ninety-five articles (92% of the sample) assessed the sustainability of diets using environmental indicators. A total of 262 environmental indicators were identified within these articles, including 117 unique environmental indicators (Supplementary Table 5). Indicators were coded to concepts related to natural resources (e.g., water use, land use, biodiversity, etc.) and climate change (e.g., greenhouse gases, ozone depletion, etc.)

Indicators related to greenhouse gases were the most frequently utilized out of all the environmental concepts (n = 77; 29% of environmental indicators) (Table 2). Greenhouse gases includes gases such as carbon dioxide, methane, and nitrous oxide, which lead to global warming. The most frequently used indicators related to greenhouse gases included GHGEs, carbon footprint, and global warming potential. Water use was the second most frequently assessed environmental concept of diets (n = 47; 18% of environmental indicators). Water use quantifies the amount of water used to produce various goods and services. Frequently used indicators of water use included total water use and water footprint, blue water use and blue water footprint, green water use and green water footprint, freshwater use, and water scarcity footprint. Land use was another frequently assessed environmental concept for diets (n = 36; 14% of environmental indicators) that refers to the designated use of land by humans such as cropland, grazeland, and forest management. Commonly used indicators for assessing land use included total land use, land occupation, cropland use, ecological footprint, and nature occupation. Energy use (n = 16; 6% of environmental indicators) was frequently assessed through total energy use, energy consumption, cumulative energy demand, and non-renewable energy. Toxicology refers to the assessment of toxic substances in the environment and was frequently assessed through indicators such as ecotoxicity, human toxicity, particulate matter-related emissions, and respiratory inorganics (n = 16; 6% of environmental indicators). Eutrophication refer to excess levels of nutrients (e.g., nitrogen and phosphorus) in a body of water, while acidification refers to excess acid in the soil, water, or air. Frequent indicators for eutrophication included eutrophication potential, freshwater eutrophication, and marine eutrophication. Acidification was most often assessed through acidification potential and air acidification. Reactive nitrogen includes all the biological, chemical, and radiative active nitrogen compounds in the atmosphere. Nitrogen application and nitrogen footprint were the most frequently used indicators for assessing reactive nitrogen. Ozone depletion refers to a decline in the level of ozone gas as a result of its breakdown into oxygen. Ozone depletion was frequently measured through indicators such as ozone layer depletion and photochemical ozone depletion. Biodiversity refers to the variety and variability of living organisms in a given area. Biodiversity was most commonly assessed through species loss from land use followed by biodiversity damage potential and extinction rate. Indicators for food waste and phosphorus use, while infrequent, were leveraged in a few articles. Other common indicators include those that combined multiple environmental concepts such as the ReCiPe score (Huijbregts et al., 2017) which can include up to 18 environmental indicators. Other composite environmental indicators included the GHGE-Land Use score and sustainability scores (Van Dooren et al., 2014; van Dooren and Aiking, 2016; Fresán et al., 2018).


Table 2. Environmental indicators by concept measured and frequency of use in the scoping review.
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Strengths and Limitations of Environmental Indicators

The authors noted several strengths and limitations of environmental indicators in the included articles. Regarding greenhouse gases, authors frequently noted that GHGE can be used as a proxy for other environmental impacts since it is often highly-correlated with other phenomenon such as eutrophication, acidification, land use, and other environmental indicators (Masset et al., 2014b, 2015; Van de Kamp and Temme, 2018; Van de Kamp et al., 2018; Van Dooren et al., 2018b). Conversely, other articles which employed GHGE noted that other environmental indicators such as biodiversity loss and water use are important environmental impacts that still need to be taken into account (Masset et al., 2014b; Arrieta and González, 2018), thus suggesting that GHGE alone is insufficiently capture environmental impact. Carbon footprint was often justified due to its widespread use in studies on dietary patterns (Lukas et al., 2016; Esteve-Llorens et al., 2019b, 2020). However, some articles noted the selected systems boundaries (e.g., cradle-to-gate, cradle-to-store, cradle-to-grave) can significantly impact carbon footprint estimates (Esteve-Llorens et al., 2019a, 2020). The strengths and limitations of water use varied considerably depending on the type of water use assessed. The efficient use of green water can decrease reliance on blue water and the inclusion of green water in water resource management is now frequently recommended (Vanham et al., 2016; Kim et al., 2020). One article noted that water footprint, when used only in its aggregate form (summed total of blue, green, and gray water), can be misleading due to the significant tradeoffs that exist between blue and green water, and their substantial differences from gray water. Moreover, water footprint represents only the quantity of water used without considering how it relates to environmental impact (De Laurentiis et al., 2019). Water scarcity footprint was a preferred indicator in some articles because it considers the different impacts water use has according to a particular region (Hess et al., 2015; De Laurentiis et al., 2019; Ridoutt et al., 2019). A number of strengths were also mentioned with regard to combined environmental indicators. Because GHGE are one of the most commonly accepted indicators for assessing environmental impacts of dietary patterns and because land use and changes in land use are good proxies for biodiversity, the GHGE-Land Use score was considered a strong indicator by one article (van Dooren and Aiking, 2016). Similarly, a sustainability score derived from GHGE and land use, was justified in another article because the score incorporated the two most important contributors to environmental impacts of agricultural production (GHGE and land use), along with fossil fuels (Van Dooren et al., 2014). While environmental indicators like GHGE, land occupancy, and fossil energy can individually contribute to sustainability assessments, tradeoffs exist between them. The strength of using a ReCiPe or partial ReCiPe score, which includes these three indicators and up to 15 others, is that it avoids the potentially undesirable negative effect of assessing one indicator alone (Kramer et al., 2017).



Sociocultural Concepts and Indicators

Thirty-three articles (32% of the sample) assessed the sustainability of diets using sociocultural indicators. A total of 59 sociocultural indicators were identified within these articles, including 43 unique sociocultural indicators (Supplementary Table 5). Indicators were coded to concepts related to cultural acceptability, meal satisfaction, animal welfare, and economic costs.

The main sociocultural concepts measured were the cost of diets (n = 24; 41% of sociocultural indicators), cultural acceptability (n = 10; 17% of sociocultural indicators), and environmental costs (n = 7; 12% of sociocultural indicators) (Table 3). Of the 24 indicators related to costs of diets, most focused on the total cost of diets, cost of meals, cost of recipes, or cost of nutrients. Four indicators focused on the affordability of diets, such as the share of household budget dedicated to purchasing food or the ratio of food expenditure to per capita income. Cultural acceptability was most frequently measured as a minimal departure from the current diet. Indicators of environmental costs included cost benefits related to environmental improvements, the cost of total environmental impact of diets, and the cost of GHGE, total energy, and total water embodied in food consumption. Other concepts measured included animal welfare, satisfaction, and health costs. Animal welfare was assessed using animal life years suffered, loss of animal lives, and loss of morally adjusted animal lives. Satisfaction was measured through the appreciation of meals, palatability (based on food portions, frequency and associations), and tastiness of meals. Of the four indicators of health costs, two assessed health savings costs (cost-benefit due to health improvements and cost per DALYs saved) and the other two assessed health costs attributed to obesity.


Table 3. Sociocultural indicators by concept measured and frequency of use in the scoping review.
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Strengths and Limitations of Sociocultural Indicators

Relatively few strengths or limitations were cited concerning the sociocultural indicators used for assessing the sustainability of diets. Cultural acceptability of diets was not directly measured but assumed to exist in seven articles because the study designs attempted to maintain close adherence to current consumption patterns and food choices (Masset et al., 2014b; Kramer et al., 2017; Gazan et al., 2018; Rao et al., 2018; Benvenuti et al., 2019; Perignon et al., 2019; Reynolds et al., 2019). A clear limitation of this approach is that it does not guarantee that dietary shifts within a certain degree of current consumption patterns would be acceptable to consumers (Perignon et al., 2019); nor does it account for other cultural and traditional factors which can strongly influence food choice (Donati et al., 2016). When it comes to determining the cost of diets, the price of foods as an indicator can be expressed as price/kg and price/kcals (Masset et al., 2014a). One article noted that this unit of expression gives significantly different results for foods high in fat, sugar, salt, and for fruits and vegetables (Masset et al., 2014a). While one article noted that attempting to assess the affordability of diets as a ratio of diet costs relative to household income was a strength (Seconda et al., 2019), another noted it may lead to approximations in diet monetary costs assessments if there is a large time gap between when food price data and dietary intake data are collected (Seconda et al., 2018).



Cross-Cutting Indicators

A total of 11 indicators were identified during the review that cut across multiple aspects of diets' sustainability (Table 4), including 10 unique indicators (Supplementary Table 5). Out of these 11 indicators, nearly all cut across just two aspects, health and environment (n = 8; 72% of cross-cutting indicators). These indicators included measures such as carbon footprint per nutrient score, nutrient GHGE efficiency, and nutritional water productivity. Sustainability scores and the sustainability index cut across health, environment, and sociocultural aspects.


Table 4. Cross-cutting indicators measured and frequency of use in the scoping review.
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DISCUSSION

Indicators for sustainable healthy diets—when they are measurable, robust, and verifiable—can provide critical information for policy makers, researchers, civil society, and industry. While the exact composition of diets will vary across population groups and contexts, the importance of being able to measure progress toward national or subnational targets for promoting sustainable healthy diets over time is critical.

Our review found that while 28% of the 103 articles included referred to or cited the 2010 definition for “sustainable diets,” fewer than 25% of all studies measured concepts across all three aspects of sustainability (health, environment, and sociocultural aspects). This suggests that the different aspects of sustainability are rarely comprehensively acknowledged or assessed when it comes to diets. While 92% of the studies we reviewed included any environmental indicators, a much smaller proportion (32%) included any sociocultural indicators. This imbalance is consistent with other literature reviews on measures of diets' sustainability, which found ≥70% of studies focused on human and/or environmental health outcomes and ≤30% focused on sociocultural or economic outcomes (Jones et al., 2016; Eme et al., 2019). Indicators for the sociocultural aspects of sustainability have been either under-researched or poorly established (Meybeck and Gitz, 2017). This is likely due to the fact that defining concepts and measurements within this aspect of sustainability is particularly challenging (Comerford et al., 2020).

Our review found a disproportional amount of research on the environmental and health aspects of diets, as well as the high degree of heterogeneity in indicators used across studies examining these two aspects. The breadth of indicators currently in use across research on the sustainability of diets was also consistent with the findings of recent literature reviews (Jones et al., 2016; Eme et al., 2019). This was particularly true for the diet quality concepts for which 55 unique indicators were identified (Supplementary Table 5). Capturing all aspects of diet quality is challenging and developing valid food- and diet-related measures of diet quality remains difficult due to the variety of dietary patterns observed globally (Alkerwi, 2014; FAO, 2020). A recent synthesis of dietary quality metrics for validating the double burden of malnutrition identified 19 dietary metrics, including 7 related to maternal and child health and 12 developed for NCDs (Miller et al., 2020). However, no metric was found to be applicable for both, and the authors expressed a need to develop novel dietary metrics for both maternal and child health and NCDs. While the authors of the review noted environmental sustainability measurements were outside the scope of their review, they highlighted the importance of incorporating environmental impacts into future dietary metrics. Another recent systematic review of diet quality metrics identified 81 different indices for diet quality (Trijsburg et al., 2019). However, only 18 were eligible for use in low- and middle-income countries and even then 16 indices failed to capture three important dimensions of diet quality (adequacy, diversity, and moderation) and the other two were country-specific. The authors emphasized the urgent need to develop both country-specific indices based on food-based dietary guidelines as well as a global diet quality index in order to allow cross-country comparisons.

While most research on the environmental effects of diets has been conducted on a small number of concepts—particularly greenhouse gases, land use, and water use—measures for eutrophication, acidification, nitrogen and phosphorus use, biodiversity, etc. are also being used. A recent literature review examined 55 different indicators for assessing the environmental impacts of diets (Van Dooren et al., 2018a). Through a selection process, the researchers concluded that two of these indicators (GHGE and land use) fulfilled most criteria necessary for addressing the environmental impact of diets. Many articles have highlighted the tradeoffs or synergies that exist across different environmental indicators (Kramer et al., 2017; Kim et al., 2020). Similar to nutritional indicators, environmental indicators are not always positively correlated; gains made through dietary changes in one indicator (such as GHGE) do not guarantee gains in other indicators (such as water use). Even within the same concept, such as water use, tradeoffs can still exist. For example, a recent systematic review on water footprints of diets underscored the importance of distinguishing between green water and blue water in addition to measuring total water footprint (Harris et al., 2020). The authors found considerable differences in blue and green water footprint of diets depending on geography, with blue water footprints being particularly high in Asia, suggesting that changes in diets alone may be insufficient to reduce these strains (Harris et al., 2020). No such constraints would have been identified had the authors examined aggregate total water footprints alone.

The breadth of indicators currently in use for measuring the different aspects of diets' sustainability may create challenges for researchers, evaluators, and policy makers to identify and select the most appropriate measures. Furthermore, the lack of common measures makes the comparison of study results across time and place difficult. This is an important consideration for monitoring progress at a national or subnational level or analyzing trends over time. The selection of indicators can be a complex and time-consuming process. It often involves an examination of the quality of proposed indicators and a process of engaging stakeholders in their selection. The criteria used to select indicators can (1) aid in the establishment of a shared process and vocabulary for stakeholders to select indicators, (2) reinforce the linkage between the indicators and the evaluation or research questions being addressed, and (3) help in the design, collection, storage, and retrieval of data that are clearly linked to the intended uses of findings (MacDonald, 2013). Selecting indicators for measuring the different aspects of diets' sustainability should rely on pre-defined criteria such as those listed in Table 5. However, this table does not reflect an exhaustive list of criteria that could be drawn from for selecting indicators. As with the selection of any indicator, there are always tradeoffs between completeness and simplicity.


Table 5. Examples of criteria used for selecting sustainable healthy diet indicators (CIHEAM/FAO, 2015; Mason and Lang, 2017; Mayton et al., 2020).
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If sustainable healthy diets are to be achieved, we must accelerate progress to coordinate research and collaboratively build the evidence-based needed to address diets' unsustainability. Researchers, evaluators, and policy makers need decision-support tools to aid them in selecting indicators that are most appropriate for measuring different aspects of diets' sustainability from the large number that are currently being used in research and practice. These basic tools would enhance investigators' capacity to evaluate the growing number of simulated and natural experiments aimed at promoting sustainable healthy diets by supporting the use of common measures for systematic analyses and comparisons across different studies. FAO is currently working on plans to develop one such tool—a compendium of indicators for sustainable healthy diets—based on the findings of this scoping review and input from technical experts. Additionally, measures registries, such as the one developed through the National Collaboration on Childhood Obesity Research (NCCOR) in the United States, may provide a blueprint for such a decision-support resource (National Collaborative on Childhood Obesity Research, 2020). Given the complexity of measuring the sustainability of diets, including the diversity of indicators and data sources that are drawn from, it may be beneficial to draw lessons from the development of other measures registries, surveillance catalogs, and user guides.


Limitations

Our scoping review had several limitations. First, the literature databases and the key word search strings used likely limited our results. Given the complexity of the concept of sustainability in its application to diets, there is often inconsistency in the terminology used to describe work in this area. It was beyond the time and resources of our project to carry out individual scoping reviews for each aspect of sustainability (e.g., economically sustainable diets); therefore we were parsimonious in our key word search string. Despite this limitation, our results are comparable to the findings of two recent literature reviews, even with differences in the key words and databases searched (Jones et al., 2016; Eme et al., 2019). Secondly, our exclusion criteria likely excluded some articles that contained indicators relevant to assessing diets' sustainability, such as studies focused on individual food items or food groups. While studies focusing on individual foods or food groups could be relevant to the aims of this review, many of the databases used for evaluating environmental impacts of population-, household-, or individual-level diets relied on databases, such as the EcoInvent life cycle inventory database, which have been constructed using studies on individual food items. Third, a clear geographical imbalance continues to be a limitation of the current literature. The vast majority (>70%) of studies included in our review focused on high-income countries, particularly western, northern, and southern Europe. Many of the data sources drawn from, such as national health and nutrition surveys, household consumption and expenditure surveys, or LCA databases, are not available in many low- and middle-income countries. Therefore, the indicators generated in these studies might not be applicable to low-resource contexts. This geographical bias also overlooks things like the burden of diseases and dietary patterns that tend to characterize low- and middle-income countries. Our review identified relatively few health outcome indicators for other forms of malnutrition apart from those for diet-related NCDs. Finally, while a concerted effort was made to map indicators with their corresponding aspects, not all indicators discretely fit into one domain. For example, we categorized indicators for food waste as measures of the environmental aspect of sustainable healthy diets. However, food waste indicators could also illustrate phenomena related to food safety (health aspect), social norms and consumer attitudes, or even economic constraints (sociocultural aspect). While this review aimed to describe the range of indicators currently used, during the indicator selection process it is worth considering that one indicator may partially describe many different concepts or aspects of sustainability.




CONCLUSION

Quantifiable indicators for sustainable healthy diets are critical to understanding current trends, setting targets, and monitoring progress across national and sub-national levels. Our review adds to the current body of knowledge by describing the reported strengths and limitations of frequently used indicators and how sustainable healthy diets were defined by researchers. Serious barriers to accelerating progress toward sustainable healthy diets includes the persistent geographical imbalance in research on sustainable healthy diets, the tendency to overlook sociocultural aspects of sustainable healthy diets, and the lack of common definitions and metrics used in research. Each of these barriers must be addressed in order for sustainable healthy diets to be realized. Weighing the quality of evidence and critical examination of the indicator quality was outside the scope of this review, but is the next critical step toward aiding researchers, evaluators, and policy makers in selecting appropriate indicators. Many factors have to be considered when selecting indicators for measuring diets' sustainability—including tradeoffs between and within different aspects of sustainability. These tradeoffs will require value-based decision-making that will be context specific. FAO is committed to accelerating progress on achieving sustainable healthy diets by coordinating research and collaboratively building an evidence base. Central to this commitment is the urgent need for decision-support tools to support the selection and adoption of high-performing and comparable measures across all aspects of sustainability are needed for advancing research, practice, and policy related to sustainable food systems transformation.
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Introduction: The production of plant crops is foundational to the global food system. With the need for this system to become more sustainable while feeding an increasing global population, tools to investigate future food system scenarios can be useful to aid decision making, but are often limited to a calorie- or protein-centric view of human nutrition.

Methods: Here, a mathematical model for forecasting the future cropland requirement to produce a given quantity of crop mass is presented in conjunction with the DELTA Model®: an existing food system scenario model calculating global availability of 29 nutrients against human requirements. The model uses national crop yield data to assign yield metrics for 137 crops.

Results: The crops with the greatest variation between high and low yielding production were specific nuts, fruits, and vegetables of minor significance to global nutrient availability. The nut crop group showed the greatest overall yield variation between countries, and thus the greatest uncertainty when forecasting the cropland requirement for future increases in production. Sugar crops showed the least overall yield variation. The greatest potential for increasing global food production by improving poor yielding production was found for the most widely grown crops: maize, wheat, and rice, which were also demonstrated to be of high nutritional significance.

Discussion: The combined cropland and nutrient availability model allowed the contribution of plant production to global nutrition to be quantified, and the cropland requirement of future food production scenarios to be estimated. The unified cropland estimation and nutrient availability model presented here is an intuitive and broadly applicable tool for use in global food system scenario modeling. It should benefit future research and policy making by demonstrating the implications for human nutrition of changes to crop production, and conversely the implications for cropland requirement of food production scenarios aimed at improving nutrition.
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1. Introduction

Global crop production is central to the delivery of nutrition to the world's population and will continue to be so as this population grows in the future. Insufficient future crop production risks reducing global and local food security, and increasing the burden of malnutrition. Conversely, increased crop production and the expansion of cropland poses environmental risks, including increased fertilizer, pesticide, and water use; deforestation; and loss of biodiversity (FAO, 2020b). Sustainable future cropland use will need to balance the demand for food production against the impacts of this land use.

Cropland dynamics and modeling featured at the United Nations Food Systems Summit in September 2021, with the Summit's Scientific Group emphasizing the key contribution of science through food systems modeling to support policy-makers and to avoid unintended consequences (von Braun et al., 2021). Computational modeling can be applied to global food system questions to aid thinking and decision making on future changes to achieve sustainability.

Existing models for global cropland use and production exist and have provided valuable insight into future possibilities for cropland use. For example, the Parsimonious Land Use Model (PLUM; Engström et al., 2016), has been used to identify possibilities for meeting global calorific requirements without exceeding planetary cropland boundaries (Henry et al., 2018). The GlobAgri-AgT model has been used to forecast crop and pasture area under a variety of 2050 scenarios, coupled to diet and global fore-sighting analyses (Mora et al., 2020). Other models have been used to estimate the environmental impact of forecast cropland expansion on biodiversity and carbon storage (Molotoks et al., 2018; Zabel et al., 2019).

Efforts in complex global system modeling have connected cropland to economic variables (e.g., demand, pricing, trade), and further to a range of environmental (e.g., greenhouse gas emissions, land conversion), and social variables (e.g., population, food consumption). Examples of such models include MAgPIE (Dietrich et al., 2019) and GLOBIOM (Havlík et al., 2011). Several of the most prominent of these integrated assessment models have been used to model the Shared Socioeconomic Pathways (O'Neill et al., 2014), forecasting (among many other variables) demand for crops and the subsequent impact on cropland area under these diverse scenarios (Popp et al., 2017; Wang et al., 2020). There was important variation in the predictions of these complex models, a result of their differing underlying assumptions. This reflects the unavoidable degree of uncertainty introduced when developing such complex models to capture the full behavior of complex systems. The complexity of these models can be a weakness, limiting their broad accessibility. They are also usually limited to a calorie- or protein-centric analysis of human nutrition.

Agricultural modeling and analysis that considers future crop production often focusses on yield gaps (Lobell et al., 2009; Licker et al., 2010; Neumann et al., 2010; Mueller et al., 2012; van Ittersum et al., 2013; Fischer et al., 2014; West et al., 2014; Hatfield and Beres, 2019; Rong et al., 2021). The yield gap for a crop in a given region is essentially the difference between its measured yield and its attainable yield, though the definition and quantification of these values varies (see Fischer et al., 2014 for a discussion of the differing approaches). These analyses focus on calculating the magnitude of yield gaps, what the potential increases in productivity would be if yield gaps were closed, and the approaches needed to reduce yield gaps. Various techniques have been used to calculate yield gaps and their potential for reduction at a local or global level, many of which involve sophisticated biophysical modeling, including consideration of water use, fertilizer application and local climate. This research is extremely useful for advancing efficient and sustainable agriculture globally, and even greater benefit could be accrued by linking this research through to a more complete view of human nutritional needs.

Previously, the DELTA Model® was developed and made accessible through an online platform to allow users to explore how future global food system scenarios would meet the nutritional needs of the global population for 29 essential nutrients (Smith et al., 2021; Sustainable Nutrition Initiative®, 2021). However, the initial version of the model did not include any consideration of the resources necessary to support food production in user scenarios, such as cropland.

Here, a mathematical model was developed to calculate the cropland requirement of a future global food production scenario. This model was then incorporated into the DELTA Model®, allowing cropland requirement to be weighed against the nutritional performance of future scenarios. The framework was used to examine 2018 global cropland production, use, and nutritional performance, and its ability to model future scenarios is demonstrated.



2. Materials and methods


2.1. The DELTA Model®

The contribution of crop foods to global nutrient supply was obtained from the DELTA Model® (version 1.3; Sustainable Nutrition Initiative®, 2021). This model was fully described by Smith et al. (2021), so only an outline of the relevant aspects is included here.

The DELTA Model® uses food balance sheet (FBS) data from the United Nations Food and Agriculture Organization (FAO) for global production of food commodities in 2018 (the most recent data currently included in the model) (FAO, 2020a). The total quantity of food commodities allocated to food use in this data set is adjusted to account for inedible portions [using food item-specific coefficients from various sources (Food and Agriculture Organization, 1989; United States Department of Agriculture Economic Research Service, 1992; Rodrigues et al., 2018)] and in-home waste [using coefficients reflecting food group wastage by global region (FAO, 2011)]. The remaining quantity of food available for consumption is converted to a total quantity of 29 available nutrients using food composition data (USDA, 2020). Finally, adjustments are made to the available protein and indispensable amino acid quantities to reflect their bioavailability in individual food items (FAO, 2013).

This calculation process (Figure 1) yields a global annual quantity of nutrients at the point of human consumption that can be compared to global nutrient requirements. The DELTA Model® was designed to allow scenario analysis out to 2050. For the purposes of this article, 2018 data is analyzed, and the scope to simulate future scenarios out to 2030 is presented. Only the contribution of crop food commodities to nutrient availability and cropland dynamics are presented here; animal-sourced foods and grazing land are not included.
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FIGURE 1
 Illustration of the DELTA Model® calculation process. See section 2 for more detailed description. Some examples of food commodities, foods, and nutrients are shown for each stage of the calculation. Note that the calculation can be performed either in units of tons, or hectares of primary crop harvested. *Bioavailability coefficients are applied to protein and the indispensable amino acids only. Adapted from Smith et al. (2022b).


The DELTA Model® also uses the FBS mass allocations of each food commodity to final use. This allocation was adopted to calculate the cropland area dedicated to the various final uses. The six relevant FBS final uses are: food, animal feed, other uses (i.e., non-food, non-feed uses, such as biofuel production), processing, seed, and supply chain losses.

Here, we wished only to compare the cropland area dedicated to production of food, animal feed, and other uses. Thus, supply-chain losses and seed were assumed implicit, and not included in further calculations. All food commodities resulting from processing of a primary crop were included in the allocation of the primary crop. Finally, the proportion of the production of each food commodity allocated to food, feed, and other uses was used to identify the total area of cropland dedicated to each. A simplified example calculation is included in the Supplementary material. Thus, the total cropland area harvested for each crop was sub-divided into allocations to either human food, animal feed or other uses.



2.2. Land area calculations

The role of scenario models is to generate a range of possible futures that enable insights into the factors required for different potential outcomes. Whilst the nutrient supply that can be derived from a given set of primary food commodities is relatively determinate, the land area required for their production is subject to uncertainties and should be represented as a range of values, rather than a single point. As such, existing variability in crop yields around the world was used here to incorporate uncertainty into the model in a novel yield modeling approach.

Data for the harvested area and production mass in 2018 (the most recent available) of 137 primary agricultural crops, from 213 individual countries or territories, was obtained from the FAO online database (FAO, 2021).

The data was separated into individual crops and the list of countries producing each crop was ordered by yield (defined throughout this paper as the tons of crop produced per hectare of cropland). This allowed for calculation of overall global yield for each crop, and average yield of specific proportions of global production.

The ordered data was used to calculate the yields of the highest yielding 50 and 10% of global production, and the yields of the poorest yielding 50 and 10% of production (see Supplementary material for a graphical interpretation of this). On examination, the yield of the highest yielding 10% of production was considered not achievable in all parts of the world due to at least 30-fold differences between this value and the yield of the poorest yielding 10% of production for several crops.

For example, the highest yielding 10% of cashew nut production outperforms the global average by an order of magnitude, and outperforms the poorest yielding 10% by a factor of 30 (Table 1). Thus, achieving a global average yield of 9.38 tons per hectare does not appear feasible within the time scope of the DELTA Model®. In contrast, the variation in global soybean yields is relatively minor, meaning achieving a future global average yield equivalent to the 2018 yield of the highest 10% of production is more realistic. Wheat is also included in Table 1 as a crop with intermediate yield variation compared to cashew nuts and soybeans.


TABLE 1 Yield characteristics (tons per hectare) of selected global crop production in 2018, calculated using data from FAO (2021).
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Beyond these examples, the degree of yield variation across the crops in the dataset was not consistent (Supplementary Figure S4). Following an analysis of yield variation for each individual crop in the dataset, it was assumed that the yield of the highest yielding 50% of production (hereafter referred to as HY) was a reasonable representation of an achievable global average yield by 2050 for most crops, although likely an underestimate for many staple crops. This assumption is discussed further in sections 2.2.2, 3.3.3, and 4, and could be updated as new data becomes available in the future to maintain relevance.


2.2.1. Production increases and decreases

The mathematical implementation of the model is fully described in the Supplementary material; an overview is given here. When predicting the land requirement of increases in crop production, the corresponding increase in land use was calculated assuming production at the global average yield (AY). To incorporate a range of uncertainty into these predictions, the calculation was also performed assuming increases in production at HY, or at the yield of the poorest yielding 50% of production (LY). This gives an expected cropland requirement, as well as an uncertainty range of cropland requirement needed to support the increase in production.

A similar approach was taken for decreases in production. It was calculated that any decreases may occur on land producing at AY, at HY, or at LY.

In a scenario of decreased crop production, the lower estimate for land area requirement is based on decreases at LY for a production decrease of up to 50%, after which HY is used for any further reduction. Conversely, the upper estimate for land area requirement in a scenario of decreased production is based on decreases at HY for a production decrease of up to 50%, after which LY is used for any further reduction. See the Supplementary material for graphical examples of these reductions.

To be compatible with the DELTA Model® visual outputs, it was necessary to aggregate individual crop data into nine crop groups (cereals, fruits, nuts, pulses, starchy roots, sugar, other plants, vegetables, and oilcrops). This was performed additively: upper bound estimates for the crop group are the sum of the upper bound estimates for all constituent crops, and similarly for lower bounds and the expected value.



2.2.2. Yield improvements

In addition to increases and decreases in production, it is also possible for the yield of existing land used to produce crops to increase or decrease its yield. Two possibilities for modeling this were considered.

The first approach is to apply a simple yield change coefficient to all existing yield values. For example, under the assumption that global yields for a crop will increase by 20%, the land area required to produce the same amount of the crop will decrease reciprocally to 83% of the original value. This coefficient can also be applied to upper and lower bounds when making predictions about changes to production quantity.

Whilst simple and transparent, this approach does not account for the extent to which yield of a crop is already approaching sustainable production limits, thus may result in unachievably high yield estimates if unconstrained yield change coefficients are used. Constraining these coefficients would require data for global yield gaps for all modeled crops, which are not currently available.

A second approach is to assume that HY constitutes a realistic estimate of the average yield that may be possible globally, as described above. The limitations of this assumption are presented in the section 4. A productivity improvement factor between 0 and 100% can then be applied, representing the proportion of production at LY that is improved to producing at HY. This approach was selected for use in this model. See the Supplementary material for a graphical example of this.

Let the “optimistic case” be defined as assuming 100% of LY land is improved to producing at HY. In this case, the optimistic global average yield is simply equal to the original HY. To calculate the upper and lower bounds in the optimistic case, the HY and LY for the optimistic case were calculated, i.e., the yield of the highest yielding 25% of original production, and the yield of the second-highest yielding 25% of original production. These values are used as the HY and LY for the optimistic case, and the upper and lower bounds on estimates can be calculated using these values. For productivity improvements of < 100%, a scaled linear combination of the original yield values and the optimistic case yield values are used.





3. Results


3.1. Global land use for crops

Figure 2 gives an overview of the 2018 crop production and cropland area reported by the FAO (2021), divided into nine major crop groups. These data capture the total mass of food commodities leaving the farm gate, so exclude harvesting losses (FAO, 2020a). Both production and area harvested were dominated by cereals. The next highest production crop groups were sugar and vegetables, whereas oilcrops had the next greatest area harvested after cereals.
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FIGURE 2
 2018 crop production and cropland area harvested by major crop group (FAO, 2021).


The uses of the produced crops varied between the food groups. The FAO FBS allocate crop commodity mass to end uses. Translating these allocations to the cropland area producing these commodities it was found that, of the overall cropland area in 2018, 66% was used to produce human food, 18% to produce animal feed, 14% to produce crops for other uses (e.g., biofuel production), and 1% was used to produce non-food crops (e.g., rubber).

However, note that this allocation method hides some information: for example, of the 795 million hectares of cropland allocated to human food production, around 12% was used to produce soyabeans. The production of soyabeans results in both soyabean products for human consumption and soyabean cake for animal feed, yet soyabean cake is not captured by the FBS as it is not considered a food commodity. Thus, the allocations above must not be interpreted as representative of the relative mass allocated to different uses, but rather the primary purpose of crop production, and exclusive of by-product use. The allocation breakdown for each crop group is shown in Table 2.


TABLE 2 Allocation of 2018 cropland area harvested to final use.
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3.2. Current nutritional contribution of plant foods

Using the DELTA Model® (version 1.3; Sustainable Nutrition Initiative®, 2021), the contribution of crops to global nutrient availability from food in 2018 was established (Figure 3). These results are presented in tabular form in the Supplementary material.
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FIGURE 3
 Contribution of plant foods to global nutrient availability. These values were calculated using the DELTA Model® (version 1.3; Sustainable Nutrition Initiative®, 2021), so have been adjusted for waste, inedible portions, and bioavailability as described in section 2.


Plant foods were responsible for at least 50% of global availability for most nutrients included in the model. The exceptions were calcium, vitamin B12 and the indispensable amino acids lysine, methionine, and threonine. Within the plant food groups, cereals were the major contributor to the availability of most nutrients, partly due to their high production totals: cereals constituted approximately one third of global crop mass leaving the world's farms. The exceptions to this were: fat and vitamin E, which were predominantly sourced from oilcrops; calcium, potassium, and vitamins A, B9, and C, to which vegetables were the greatest contributing group. The remaining crop groups (constituting 44% of global crop mass), had varying and comparatively minor contributions to global nutrient availability. Sugar crops, despite constituting 25% of 2018 crop mass, had a minimal impact on nutrient availability. This was due to a combination of the limited nutritional value of sugar crops, the high proportion of mass lost during processing, and the high proportion of mass directed to non-food uses, such as biofuel production.



3.3. Forecasting future changes in cropland requirement

To see the effect on predicted land requirement, global production of each major crop group was increased by 50% in the model. Following the calculation methodology, the predicted increase in land area required also increased by 50% for all crop groups, but the upper and lower estimates varied between groups. For most crop groups, the increase estimate ranged from ~ 25 to 75% above the 2018 total cropland area required for production. However, for the nuts group, the increase estimate ranged from 14 to 86%, reflecting the high global variability in nut crop yields. Contrastingly, the increase estimate for sugar crops ranged from 42 to 58%, due to the low global variability in yields of these crops.


3.3.1. Analysis of individual crops

The individual crop with the greatest potential for productivity gain when comparing HY with LY was cashew nuts: the LY/HY ratio for this crop was 0.06. This was followed by papayas (0.13), pistachios (0.18), and mushrooms and truffles (0.19). Papayas contributed around 2% of 2018 fruit production, while mushrooms and truffles were < 1% of vegetable production. In contrast, cashew nuts and pistachios together constituted around 40% of nut production in 2018, but the contribution of nuts to global nutrient availability was minor (Figure 2). Thus, these crops with low LY/HY ratios made relatively minor contributions to human nutrition. All other crops had an LY/HY ratio of at least 0.2.

Contrastingly, the individual crops with the least potential for productivity gain using the LY/HY ratio were cassava leaves (0.99; however, this only includes data from two countries: Congo and Colombia), cashewapple (0.97; includes data from four countries), and asparagus (0.91). Again, these crops at the other extreme of LY/HY ratio were minor contributors to global nutrient availability. The full list is included in the Supplementary material.

Using the productivity gains approach, the individual crops that showed the greatest potential for reduction of land use by improving poor yielding production could be investigated. Assuming all production at LY were improved to HY, the individual crops that would reduce their land footprints by the greatest amount were found. The crops at the top of this list were the major cereal crops: maize (reduction of 81 million hectares, or 42% of current land growing maize), wheat (63 million hectares, 30%), and rice (36 million hectares, 28%). These crops differ from those with the greatest potential for productivity gains as they occupy greater areas of land, hence have a greater potential for global cropland use reduction.

The increased production on the same land footprint that could be achieved if all production were improved to HY showed similar rankings. In this case, an extra 829 million tons of maize (72% increase), 312 million tons of wheat (42% increase), and 259 million tons of rice (38% increase) could be produced from the same land area as was used for these crops in 2018.



3.3.2. Analysis of crop groups

Table 3 shows the crop data aggregated to crop groups. The crop group with the greatest potential for productivity gains was nuts: the LY/HY ratio for this group was 0.16. This was followed by oilcrops (0.33) and other plant (0.33). Contrastingly, the crop groups with the least potential for productivity gain using this ratio were sugar (0.79) and vegetables (0.53).


TABLE 3 Aggregated results by crop group for production, area harvested, yield and outcomes if HY were achieved for all crops globally.
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Assuming all production at LY were improved to HY, the crop groups that would reduce their land footprints by the greatest amount were: cereals, with a possible reduction of 278 million hectares (40% of land currently producing cereals); followed by oilcrops (152 million hectares; 50%); and pulses (38 million hectares, 39%). At the other extreme, only 3.6 million hectares of sugar crop land would be saved (12%) and 9.1 million hectares of land producing nuts (although this constituted 73% of the land producing nuts in 2018).

The increase in production without increasing land footprint that could be achieved under global HY conditions was also dominated by the crop groups occupying the greatest land area. In this case, an extra 1.9 billion tons of cereals (67% increase), 957 million tons of oilcrops (102% increase), and 618 million tons of starchy roots (74% increase) could be produced from the same cropland area as was used for these crop groups in 2018.



3.3.3. Comparison to yield gap modeling

Several yield gap publications have calculated the potential increase in mass of specific crops if production were to achieve attainable or potential yields globally. Table 4 compares these estimates with the results found here.


TABLE 4 Comparison of potential increase in production of specific crops calculated by differing sources using various methodologies.
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The existing estimates use varying methodologies and data sources, and most rely on data recorded between 2000 and 2010, whereas this work uses 2018 data. The Global Yield Gap and Water Productivity Atlas is continuously updated and includes more recent data than the other publications used in this comparison.

The potential production increases calculated vary by 2–87% between the different yield gap analyses but are all greater than the potential increases calculated here, with the exception of the maize estimate from Mueller et al. (2012).

To check the sensitivity of these results to the definition of HY, the potential production increases were also calculated assuming HY represented the average yield of the best performing 10% of crop production, rather than the best 50%. In this instance, the potential production increases for rice (45%) and soy (24%) changed little. However, the increases for maize (101%) and wheat (105%) were significant, but still within the range observed in the literature.



3.3.4. Scenario example

To illustrate the use of the cropland area forecasting technique described here, it was implemented in the DELTA Model® framework to compare 2018 cropland requirement with 2030 cropland requirement if all crop production were to increase at the same rate as the forecast global population [i.e., increasing 12% from 7.6 billion people in 2018 to 8.5 billion people in 2030 (United Nations, Department of Economic and Social Affairs, Population Division, 2019)]. The results are shown in Figure 4.
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FIGURE 4
 Comparing cropland requirement in 2018 with two simulated scenarios. The 2030 scenario shows predicted cropland requirement if all crop production were to increase by 12%, to match the population increase from 2018 to 2030. The 2030 adjusted scenario is identical, but 30% of LY production has been improved to HY. Error bars indicate the upper and lower bounds of the prediction.


The model predicted a matching 12% increase in cropland requirement over 2018 to support the increased production, with lower and upper bounds of 7 and 17% increases, respectively. However, improving 30% of global LY crop production to HY for all crops in this scenario was predicted to reduce cropland requirement to within 1% of the 2018 requirement. The upper and lower bounds for this estimate were a 4% increase and a 3% decrease compared to 2018, respectively.

The nutritional outcomes of these 2030 scenarios were similar to the 2018 scenario: under the assumption that non-food use of crops remained constant, per capita energy, protein, and fat availability would change by < 3%, as the population increase would be matched by increased crop production. The availability of most other nutrients changed by < 6% from 2018 levels. The exception was vitamin B12, per capita availability of which fell by ~ 10% due to being sourced almost exclusively from animal-sourced foods, production of which was held constant in this simulation.





4. Discussion

The DELTA Model® has been used to analyse the nutrient adequacy of current and future global food system scenarios (Smith et al., 2021; Sustainable Nutrition Initiative®, 2021). Broadening the scope of the model to include the cropland requirement of global food system scenarios, as detailed here, begins the task of including the resource footprints and environmental impacts of food production in the model. It also allows policy and research users to see the interrelationships and trade-offs between human nutrition and land use in future food production scenarios.


4.1. Analysis of findings

That crop production (and cereals in particular) should have a major role in the delivery of nutrition to the global population, as calculated here, is unsurprising. Also clear is the minor role of sugar crops in nutrition, despite their high contribution to global crop mass. However, sugar crops showed the least variation in yields of all crop groups. This is likely due to the dominance of sugar crop production by a few countries; for example, around 60% of global sugar cane is produced by Brazil and India. Sugar cane also uses C4 photosynthesis, increasing their photosynthetic, water, and nitrogen-use efficiency compared to crops using C3 photosynthesis, likely contributing to these minor yield variations compared to most food crops (Sage et al., 2013). Sugar crops occupy a relatively small land area at 31 million hectares (~2% of global cropland). Thus, although sugar crops are poor contributors to human nutrition, little cropland could be gained for production of other crops or alternative uses by reducing sugar production or by raising the productivity of poorer yielding sugar production to best practice.

Contrastingly, the production of both individual nut crops and the nut crop group showed wide variation in global yields. This is in part due to the dominance of production by individual nations. For example, the USA was responsible for 59% of global almond production on just 21% of the global area harvested for almonds, while Viet Nam produced 45% of cashew nuts on < 5% of the global area harvested. The remainder of production was sourced from a high number of low producing countries, meaning that HY largely reflects the performance of a single country. In these instances, it must be asked whether the performance of these dominant countries can be replicated by the rest of the nut-producing world, or whether the production in these high-yielding countries can be further increased.

It has been suggested that nut crops should be more widely produced and consumed due to their nutrient density and reduced carbon footprint, compared to many other protein sources (Clune et al., 2017; Afshin et al., 2019; Willett et al., 2019). However, others have raised concerns over the protein quality (Rutherfurd et al., 2014; Chalupa-Krebzdak et al., 2018; Wolfe et al., 2018) and high contributions to water use and water scarcity of nut production (Ridoutt et al., 2018; Sokolow et al., 2019). The results presented here pertain only to the yields of nut production, which show the greatest potential for improvement toward best practice of all crop groups.

However, the greatest potential for increasing food production on existing land was found for the staple crops. Although these crops showed smaller differences between HY and LY than nuts, the far larger areas of cropland dedicated to their production means that even minor gains in productivity would translate to large increases in production. However, whether increases in production of these crops should be targeted must be questioned. From a nutritional perspective, staple crops are high contributors to energy and macronutrient availability, as well as some specific minerals (e.g., iron, zinc). However, the DELTA Model® shows that it is micronutrients, rather than macronutrients, that are limiting global nutrient availability, and that the staple crops are not the densest sources of these nutrients (Smith et al., 2021; Sustainable Nutrition Initiative®, 2021). Other food groups, such as vegetables, nuts, and certain animal-sourced foods may be better options from the perspective of delivering global nutrient sufficiency.

A separate issue is the use of crops once harvested. Although the majority of all crop production modeled was allocated to human food use, more than a quarter of sugar crop mass and more than a third of oilcrop mass leaves the food system entirely for other uses, such as biofuel production (FAO, 2021). The efficiency of this cropland use for delivering nutrition is therefore poor, and this fact should be weighed against the benefits of these other uses.

The two future scenarios presented in Figure 3, one in which crop production increases with the population, and a second in which this occurs with a 30% productivity gain across all crop groups, are merely illustrations of the potential use of the model. It is almost certain that increases in production and changes to productivity will not be uniform across all crop groups in the future. However, the model can indicate the likely cropland requirement of future production systems, as well as showing the degree of uncertainty in these predictions.



4.2. Limitations

Due to the number of countries included in the analysis, we have not reported here results at a geographic level, such as where individual countries rank for production or yield of crops or crop groups. This would be a large exercise, beyond the scope of this work. This data is accessible online alongside the DELTA Model® (www.sustainablenutritioninitiative.com).

Uncertainty in estimating future cropland requirement stems from multiple factors. Crop yields are dependent on soil quality, crop genetics, weather, management practices, the rate of crop development, and several other factors. Moreover, these factors vary in importance between different crops. As such, forecasting the land required to produce a certain amount of a crop or crop group globally requires a high degree of generalization. The limitations of such top-down approaches are well-discussed in yield gap modeling, with the aggregation of localized, crop-specific, biophysical, bottom-up data to form a global picture presented as a more accurate approach (van Ittersum et al., 2013; Fischer et al., 2014; Rattalino Edreira et al., 2021). However, given the current absence of such data for many crops, top-down empirical approaches must suffice.

The FAO national crop production and area harvested data were chosen here for their broad coverage of global production and regular data updates, allowing for modeling estimates to be updated over time. However, the FAO data has several limitations. Data at a national level does not allow the variation at a sub-national level to be ascertained, which is high in some countries with regional variation in production practices and climate (Arata et al., 2020; Liu et al., 2021). There are also countries that are not included in the FAO dataset, and the quality of data included will vary between reporting authorities.

It should also be noted that solely 2018 crop data was used here. Others have analyzed temporal changes in crop yields using FAO and other datasets (see Arata et al., 2020 and references therein). These analyses are important for forecasting future changes to crop yields, which can be incorporated into cropland requirement forecasting.

To account for the variability in crop yields when forecasting increases and decreases in production in the future, the AY, HY, and LY for each crop was calculated. The choice of the average yield of the upper and lower yielding halves of production to represent bounds on predictions is worthy of discussion. Alternative choices, such as the highest and lowest yielding 10% of production as HY and LY [as has been used at regional and global scales for selected crops elsewhere (Licker et al., 2010; Laborte et al., 2012; Liu et al., 2021)], or specific bounds based on the yield characteristics of individual crops were considered, and compared to the results of yield gap analysis in section 3.3.3.

The choice of a 50% threshold for HY and LY was made due to the global resolution of the model and the diversity of crops included. The 10% thresholds used elsewhere were justified by a greater understanding of attainable yields, through the use of more localized data, often including climatic, management, and soil quality data. A similar approach here would have necessitated either the user or the model making decisions on the location of changes to production for the modeled crops. This added degree of complexity risked impairing the transparency of the model or the simplicity of its use, which were given greater priority due to the intended use of the model by a broad range of stakeholders. Improving low yields to HY was thus assumed attainable for most crops in most producing regions, regardless of fixed climatic and geographical constraints.

It is likely that for some crops, improving a large proportion of LY production to HY will not be possible. The highest yielding countries for a crop often have climatic, geographical, and technological advantages over the poorer yielding countries. Some of these barriers will be impossible to overcome, meaning that the modeled improvements will not be achievable. Even where such improvements are achievable, they may come with changes to management practices, such as higher use of fertilizers, pesticides, or irrigation. The trade-offs necessary to implement these practices, such as financial and environmental costs, should be considered in addition to yield outcomes (Fischer et al., 2014). As holistic a view of outcomes as possible is desirable when considering future changes to crop production. The method presented here does not capture all of these outcomes but was chosen as a transparent and intuitive generalizable approach.

As well as forecasting the cropland requirement of changes in total crop production, it was also necessary to consider the impacts of increasing crop yields on existing land. The approaches considered: linear increases to global average yields, or productivity gains via proportionally increasing land at LY to HY, each have advantages and disadvantages. While the former allows for yields to be achieved that are above current best practice due to future improvements in crop technology and management and is most analogous to existing yield gap approaches, the degree of possible improvement will vary between crops. The comparison of our results with those obtained in yield gap modeling in Table 3 demonstrates that, for the four major crops analyzed, our estimates of potential increases in production should be considered conservative. This is likely due to the fact that we do not allow for current high yielding production to be further improved, whereas previous yield gap analyses consider the possible improvement of all cropland more locally. The conservative nature of our estimates for the staple crops should not necessarily be extrapolated to other crops: there is a paucity of yield gap data for most food crops, preventing any conclusions on this.

Finally, the modeling approach presented here has not considered the varied characteristics of different cropland. The use of total cropland area as a metric has been criticized as not capturing the locally specific impacts of land use. Ridoutt and Navarro Garcia (2020) proposed metrics such as cropland scarcity, cropland malnutrition footprint, and cropland biodiversity footprint as alternatives that better capture the complexities of land suitability for specific crops. While these are powerful tools for local decision making, they were not included here due to the challenges of sufficient global data and intuitive ease of interpretation. Instead, the approach produced in this paper allows for rapid calculation and easy understanding of the implications of future changes to global food production on cropland use and its connection to human nutrition.



4.3. Recommendations for future study

Future work could use alternative methods for the consideration of specific crops, and indeed this approach has been taken by others. For example, Liu et al. (2021) considered China's total attainable maize and soy production if all production in each Chinese county was able to achieve the yields of the best performing 10% of production in that county. The use of the best performing 10% as the attainable level was considered appropriate given the individual crop and county resolution of the modeling approach. In contrast, given the global perspective of the modeling presented here, the best performing 50% was selected as a more appropriate estimate of an attainable global average.

As mentioned in the introduction, yield gap analysis is a common approach in researching future cropland requirement (Cassman et al., 2003; Lobell et al., 2009; Neumann et al., 2010; Mueller et al., 2012; Fischer et al., 2014; West et al., 2014; Hatfield and Beres, 2019; Rong et al., 2021). Frequently, average crop yields are found to plateau at around 80% of the potential yield, often due to the increasing financial costs of incremental production gains (Lobell et al., 2009; van Ittersum et al., 2013; Fischer et al., 2014). Using yield gaps in predictive modeling is limited by the availability of global data, which is only available for the most widely grown crops.

Previous research has shown that even staple crops such as wheat, maize and rice are not grown at full potential yields in the majority of producing countries (Lobell et al., 2009; Neumann et al., 2010; Hatfield and Beres, 2019; Rong et al., 2021). Thus, modeling linear yield increases may be appropriate for certain crops.

The method of productivity gains applied here does not allow for possible large improvements in attainable yields due to technological advancement. However, bringing global yields closer to best practice is more realistic when simultaneously considering all crop species. Future work could combine the approaches of linear increases in yield and the productivity gains presented here with consideration of yield gaps for individual crops.

Current and future reductions in the yields of certain crops in most parts of the world due to climate change have been identified, with particular focus on wheat, rice, maize, and soy (Lobell et al., 2011; Challinor et al., 2014; Zhao et al., 2017; Ray et al., 2019). It has been estimated that year-by-year climate variability already accounts for around a third of observed yield variability in major crop varieties (Ray et al., 2015); this variability may increase in many regions as climatic conditions diverge from previous averages. To model such future scenarios, linear decreases to crop yields or shifts of HY production to LY could be simulated. These approaches were beyond the scope of this work but should feature in future modeling.

Climate change is also likely to have an impact on the nutritional value of crops. Crops grown experimentally at elevated CO2 concentrations generally showed higher yields given sufficient nutrient and water availability, but also both positive and negative impacts on nutrient content (Myers et al., 2014; Dong et al., 2018). A full understanding of these impacts on nutrients in a wider range of crops would allow for these changes to be included in the nutritional calculations for future scenarios.

The FAO reported that cropland covered around 1.4 billion hectares in 2018, a rise of 20% since 2000 (FAO, 2020b). The potential for increasing cropland area without conversion of non-agricultural land lies largely in land currently used for animal grazing. It has been estimated that, of the close to two billion hectares of 2010 global grazing land, 685 million hectares was suitable for crops (Mottet et al., 2017). This sets an upper limit on cropland area (without conversion of non-agricultural land) of around 2.1 billion hectares, comparable to estimates elsewhere (Rockström et al., 2009; Henry et al., 2018). However, the conversion of grassland to crops would result in a reduction of available grazing land, with an impact on animal production. As implied by Figure 3, animal-sourced foods are major contributors to nutrient availability, particularly vitamin B12 from meat and calcium from dairy (Smith et al., 2022a,b). Any reductions in animal production due to cropland expansion may have consequences for nutrient availability from these sources. Moreover, further expansions in cropland are concerns for both biodiversity (Delzeit et al., 2017; Usubiaga-Liaño et al., 2019) and carbon balance (Engström et al., 2017). These factors must feature in any model attempting to capture the full scope of impacts of cropland expansion.




5. Conclusion

Forecasting the future dynamics of the global food system is clearly challenging given the high number and magnitude of the uncertainties involved. However, such forecasting will be key to inform shifts toward more sustainable crop production and achieving global nutrient adequacy. The modeling presented here allows for the simultaneous calculation of cropland footprint and nutrient availability in future scenario modeling. The insights generated by the DELTA Model® demonstrate the nutritional importance of current crop production and the potential cropland and nutritional outcomes of productivity gains in individual crops and crop groups. Unifying the nutritional value of production with the cropland area necessary to achieve it allows the sustainability of future food system scenarios to be assessed against both these criteria. The model should be used in future policy discussion and research to quantify the connections between human nutrition and land use, to avoid situations where one or the other is excluded from decision making.
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Introduction: Carbon dioxide (CO2) and methane (CH4) are two of the primary greenhouse gases (GHG) responsible for global warming. The “stock gas” CO2 accumulates in the atmosphere even if rates of CO2 emission decline. In contrast, the “flow gas” CH4 has an e-folding time of about 12 years and is removed from the atmosphere in a relatively short period of time. The climate impacts of cumulative pollutants such as CO2 and short-lived climate pollutants (SLCP) such as CH4 are often compared using Global Warming Potential (GWP), a metric that converts non-CO2 GHG into CO2-equivalent emissions. However, GWP has been criticized for overestimating the heating effects of declining SLCP emissions and conversely underestimating the heating impact of increasing SLCP emissions. Accurate quantification of the temperature effects of different CH4 emissions scenarios is particularly important to fully understanding the climate impacts of animal agriculture, whose GHG emissions are dominated by CH4.

Methods: A modified GWP metric known as Global Warming Potential Star (GWP*) has been developed to directly quantify the relationship between SLCP emissions and temperature change, which GWP cannot do. In this California dairy sector case study, we contrasted GWP- versus GWP*-based estimates of historical warming dynamics of enteric and manure CH4 from lactating dairy cattle. We predicted future dairy CH4 emissions under business-as-usual and reduction scenarios and modeled the warming effects of these various emission scenarios.

Results: We found that average CO2 warming equivalent emissions given by GWP* were greater than those given by GWP under increasing annual CH4 emissions rates, but were lower under decreasing CH4 emissions rates. We also found that cumulative CO2 warming equivalent emissions given by GWP* matched modeled warming driven by decreasing CH4 emissions more accurately than those given by GWP.

Discussion: These results suggest that GWP* may provide a more accurate tool for quantifying SLCP emissions in temperature goal and emissions reduction-specific policy contexts.

KEYWORDS
 dairy production, methane, climate change, climate metrics, Global Warming Potential (GWP), enteric fermentation, manure management, short-lived climate pollutants


1. Introduction

CH4 has the second greatest radiative forcing of all anthropogenic GHG after CO2 (Myhre et al., 2013), and global CH4 emissions, to which livestock is a major contributor, are responsible for about 0.5C of the 1.1C of human-forced global warming which has taken place since the year 1850 (IPCC, 2021). Enteric fermentation in the rumen of dairy cattle and their manure are major sources of biogenic methane (CH4). Atmospheric CH4 concentrations have increased by ~150% since pre-industrial time (Gulev et al., 2021). Recent studies suggest that the increasing global CH4 growth rate since 2007 has in part been driven by biogenic sources (Kai et al., 2011; Nisbet et al., 2016; Schaefer et al., 2016; Schwietzke et al., 2016).

CO2 is known as a “cumulative pollutant” or “stock gas” due to its atmospheric lifetime that ranges from centuries to millennia (Pierrehumbert, 2014), causing it to accumulate in the atmosphere. CH4, on the other hand, is known as a “short-lived climate pollutant” (SLCP) or “flow gas,” and has an e-folding time of about 12 years. When both CO2 and SLCP emissions increase over time, there is a short-term climate response to the change in radiative forcing (“transient warming”). When SLCP sources and sinks are equal, some long-term “equilibrium warming” will occur while the climate system equilibrates to past increases in SLCP emissions. However, after a sufficiently long period of constant emissions, there is no net accumulation in the atmosphere, radiative forcing of the atmospheric SLCP remains approximately constant, and SLCP-induced warming will stabilize. In contrast, CO2-induced warming will always increase under positive CO2 emissions (Cain et al., 2019). Because of its flow nature, a rapid reduction in methane emissions is one of the most feasible short-term measures to immediately curb global temperature rise (Ocko et al., 2021).

Climate metrics are used to “convert” annual emissions of various GHG that differ by atmospheric lifetime, radiative forcing, and relative magnitude of emissions into one common unit. One of the most widely used climate metrics is Global Warming Potential (GWP). GWP is constructed to estimate the radiative forcing of an emission pulse integrated over a given time horizon (often 20 or 100 years) relative to an equivalent pulse of CO2. As constructed, GWP does not compare CO2 to CH4 emissions on the basis of equal radiative forcing, an accepted meaning of emissions equivalence within the radiative forcing framework, and therefore the meaning of emissions equivalence of CO2 and CH4 using GWP can be ambiguous (Wigley, 1998). GWP also does not relate radiative forcing to temperature change and as such is not able to capture temperature impacts within cumulative emission frameworks, although it is occasionally used for this purpose (Cui et al., 2017). GWP also does not differentiate between the contrasting behaviors of stock and flow gases, so GWP cannot capture the stable SLCP atmospheric concentrations that result from stable SLCP emissions rates. Because GWP treats SLCP like CO2, which accumulates in the atmosphere even under stable emissions rates, GWP yields the wrong direction of temperature change under declining SLCP (Lynch et al., 2020). When CO2 and CH4 are compared specifically to assess their relative warming impacts on the climate, GWP overstates the warming impact of constant CH4 emissions on global surface temperature by a factor of 3–4 over a 20-year time horizon, while understating the effect of a new CH4 emission source by a factor of 4–5 over the 20 years following its introduction (Lynch et al., 2020). IPCC AR6 does not recommend any given emission metric because metric appropriateness depends on the purpose for which gases are being compared.

Because livestock GHG emissions are predominately SLCP, the warming effects of livestock agriculture can be overestimated by GWP (Persson et al., 2015). The choice of the climate metric can change the estimated climate effect of CH4, creating uncertainties in livestock contributions to global climate change and impacts of GHG mitigation in this sector (Reisinger et al., 2013). Thus, climate metrics designed to assess SLCPs more accurately are essential to quantify the warming impacts of animal agriculture, as well as husbandry factors that control these effects over time, such as increasing efficiency and decreasing herd size. In North America, decreasing dairy herd size and increasing production efficiency may have altered relative sizes of dairy GHG sources and sinks (Capper et al., 2009; Naranjo et al., 2020). California is the largest dairy producer in the United States (USDA National Agricultural Statistics Service, 2019), and in 2017, agricultural manure management was California's second largest source of CH4. Dairy CH4 emissions from cow manure in California are relatively high because flush water lagoon systems are the predominate manure management system on California dairies (CARB, 2022b), and anaerobic lagoons emit the most CH4 per head of all common manure management practices (Owen and Silver, 2015). In 2016, the California Senate passed S.B. 1383, mandating a 40% reduction of dairy manure management CH4 emissions from 2013 levels by 2030 (Lara, 2016). Thus, using a metric that can capture the flow nature of CH4 will gain importance as agricultural CH4 emissions reductions strategies are implemented, particularly those targeting emissions from dairy manure.

In response to potential misrepresentations of warming effects of SLCPs by GWP, an alternate metric, Global Warming Potential Star (GWP*) has been developed. GWP* is a recent and novel application of the commonly used climate metric GWP, designed to represent the flow gas properties of SLCP rather than treating them like cumulative stock gases such as CO2. While applying GWP to annual emissions of non-CO2 GHG gives emissions in units of “CO2-equivalent emissions (CO2eq),” GWP* gives emissions in “CO2-warming equivalent emissions (CO2we).” GWP* relates CO2 pulses to SLCP emissions based on approximately equivalent radiative forcing of the emissions, so CO2we are both directly comparable to CO2eq and can be directly related to temperature change caused by these emissions (Smith et al., 2021), unlike GWP-based CO2eq, as discussed above (Wigley, 1998). GWP* has been demonstrated to capture dynamics of SLCP-forced warming in datasets with global emissions across many economic sectors (Lynch et al., 2020). While some authors have debated the applicability of GWP*to national and sectoral emissions (Rogelj and Schleussner, 2019), the present study is the first to use GWP* to assess dairy CH4 warming dynamics over time and to estimate warming impacts of the mandated CH4 mitigation efforts in California using GWP vs. GWP*. While the objective of this study was not to provide a comprehensive inventory of all CH4 emissions from California dairy production or a cradle-to-farm gate environmental impact analysis of the California dairy production system, the present study serves as a case study to assess GWP*'s ability to represent the warming effects of sectoral SLCP under declining emissions rates. It also serves as a characterization of potential drivers of these declining dairy CH4 emissions in California. Our objectives were to compare GWP-based CO2-equivalent emissions vs. GWP*-based CO2-warming equivalent emissions calculated from historical California CH4 emissions from lactating dairy cattle and to characterize dairy CH4 warming dynamics from 1990 to 2017. We also aimed to compare the GWP- and GWP*-based dynamics of warming effects of dairy CH4 under future business-as-usual and reduction emissions scenarios. We hypothesized that GWP*-based cumulative CO2-warming equivalent emissions would decline under declining CH4 emissions and would match the dynamics of CH4's warming effects.



2. Methods


2.1. Estimating annual methane emissions from California dairy cattle
 
2.1.1. Calculation of historical methane emissions from California dairy cattle (1950–2017)

We calculated annual enteric fermentation and manure management CH4 emissions from 1950 to 2017 based on the historical California dairy cow population and US EPA Greenhouse Gas Inventory Annex 3.10 (EPA, 2013a). “Annual” emissions refer to yearly CH4 emissions estimates that have not been converted into CO2-equivalent or CO2-warming equivalent emissions. Total annual CH4 emissions from California dairies were calculated using Equation 1:
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Where ECH4is total annual CH4 emissions (kg CH4 per year), EEF is annual enteric fermentation CH4 emissions (kg CH4 per year), and EMM is annual manure management CH4 emissions (kg CH4 per year).

Annual CH4 emissions from enteric fermentation were calculated using Equation 2:
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Where EEF is annual enteric fermentation CH4 emissions (kg CH4 per year), Popdairy is annual lactating dairy cow population (head dairy cow) and EFEF is annual enteric fermentation emission factor (kg CH4 per head dairy cow per year).

Dairy cow populations were derived from California Department of Food and Agriculture (CDFA) Agricultural Resource Directory reports, which provided total dairy cattle population data by county (CDFA, 2000, 2007). Annual enteric CH4 and manure CH4 emission factors for California dairy cattle for 2000–2017 were obtained from the California Air Resources Board (CARB) Documentation of California's Greenhouse Gas Inventory (CARB, 2022a,b). The CDFA dairy cattle population data was assumed to represent only lactating cows, so we used the enteric fermentation CH4 emission factor for lactating cows. Enteric CH4 emissions factors are determined based on estimated gross energy (GE) intake and CH4 conversion rate (Ym), which is the fraction of GE in feed converted to CH4. GE and Ym depend on the animal's production demands, and the characteristics of the diet fed (EPA, 2013a). Manure CH4 emissions factors are estimated by CARB using US EPA methodology (EPA, 2013b) and are based on typical animal mass, volatile solids excretion rate (portion of organic matter in the diet that was not digested by the animal and is thus available for use by methanogenic bacteria), maximum methane producing capacity of excreted volatile solids, and nitrogen excretion rate (CARB, 2022b). Because annual emission factors were unavailable before 2000, we used the 2000 emission factors for estimates from 1950 to 1999 (Supplementary Table S1). Annual CH4 emissions from manure management (EMM, kg CH4 per year) were calculated for i different manure management practices (MMP) with emission factor EFMMPi (kg CH4 per cow, Supplementary Table S2) using Equation 3:
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The proportion of manure managed by each manure management system in California and the emissions factors for each management system were obtained from the Documentation of California's Greenhouse Gas Inventory (CARB, 2022b). Because MMP proportions before year 2000 were not available from CDFA, we used the 2000 manure management practice proportions and emissions factors for 1950–1999 (Supplementary Table S3).



2.1.2. Scenario analysis of methane emissions from California dairy cattle (2018–2029)

Business-as-usual (“BAU”) future emissions scenarios were generated using the same methodology. We obtained projected California dairy cattle population for 2018 to 2029 from the 2020 U.S. Agricultural Market Outlook baseline report from the Agricultural Markets and Policy (AMAP) program at the University of Missouri (FAPRI and AMAP, 2020a), which provides projected dairy cattle population assuming current policies and macroeconomic conditions remain in place (FAPRI and AMAP, 2020b). The model includes behavioral supply equations that determine milk supply via dairy cow inventories and milk yield per cow on a state-level basis. Milk supply equations are driven by expected net returns, which are driven by applicable federal or state policy. Demand equations are specified as a function of price, relevant substitute product prices and consumer income for various milk products (Johnson et al., 1993; Westhoff and Brown, 1999; Blayney and Normile, 2004; Fabiosa et al., 2005). These dairy cattle population projections (Supplementary Table S4) have an average annual decline rate of 0.32%, which agrees with CARB estimates of 0.5% decline in dairy cattle population from 2017 onward (CARB, 2022c). We assumed all cows in the projected dairy cattle population were lactating. We used 2017 emission factors and MMPs to calculate emissions from these dairy cows and used these emissions to extend historical 1950–2017 emissions time series to 2029 under “business-as-usual,” meaning with no methane reduction programs. We used 2017 emissions factors because projected emissions factors were not available. Enteric fermentation emissions factors used by CARB were the same from 2012 to 2017 (Supplementary Table S1). Furthermore, the same emissions factors have been used up to 2020, the most recent year of the CARB GHG emissions inventory (CARB, 2022a). Because CH4 emissions factors are estimated based on dietary and production parameters, if regionally typical diets and production remain approximately the same over time, emissions factors will remain the same from year to year. Thus, without data on future dairy cattle enteric CH4 emissions factors, we assumed that enteric fermentation CH4 emissions per cow would remain stable through 2029. See Section 4.4 for further exploration of this assumption.

Because AMAP provided historical cattle population data that differed slightly from the CDFA population data used for annual CH4 emissions, enteric fermentation and manure management CH4 emissions estimates from both differed. Linear regression was used to relate enteric fermentation and manure management CH4 emissions estimates based on historical AMAP and CDFA population values from years for which estimates for both were available, and then future emissions estimates based on AMAP population values were adjusted according to the regression relationship (see Supplementary Table S4 for further explanation).

We generated the “Manure 40” emissions reduction scenario following California Senate Bill No. 1383 which mandates the adoption of “regulations to reduce methane emissions from livestock manure management operations and dairy manure management operations, consistent with this section and the strategy, by up to 40 percent below the dairy sector's and livestock sector's 2013 levels by 2030” (Lara, 2016). This law requires reductions in manure management emissions and does not mandate reductions in enteric fermentation emissions, so the aggregated scenario “Manure 40 plus BAU EF” refers to the manure management 40% reduction scenario added to the “business as usual” enteric fermentation (BAU EF) scenario. We assumed the 40 percent reduction goal would be met by 2030 and assumed a constant rate of reduction to meet these goals from 2018 to 2030. Such reductions could potentially be achieved by converting manure management systems from high-CH4 emitting anaerobic lagoons to alternative management systems; see Section 2.4. Methane emissions between 2017 and 2030 were interpolated with constant reduction rate; the difference between emissions in 2017 and 2030 was divided by 13 and this step value was added to each intervening year. We also generated the “3NOP” enteric fermentation reduction scenario using reductions from use of 3-nitroxypropanol (3NOP), a synthetic feed additive that inhibits the enzyme that catalyzes the methane-forming step in the rumen (Duin et al., 2016). Maximum reductions in enteric CH4 emissions from dairy cattle supplemented with 3NOP vary across studies and may depend on animal factors and basal diet (Dijkstra et al., 2018). In the only dairy 3-NOP study conducted in California, maximum net reductions using 3NOP were 11.7% (Feng and Kebreab, 2020). We assumed this reduction would be achieved by 2030 and interpolated emissions of intervening years using the same method as manure management emissions. The “Manure 40 plus 3NOP” refers to the 40% manure management reduction scenario plus the 11.7% “3NOP” enteric fermentation reduction scenario.




2.2. Calculating CO2-equivalent emissions using GWP and CO2-warming equivalent emissions using GWP*
 
2.2.1. Converting annual CH4 emissions to CO2-equivalent emissions using GWP

In the following section, we describe how GWP and GWP* were used to calculate CO2-equivalent (CO2eq) or CO2-warming equivalent emissions (CO2we), respectively. GWP is generated by integrating the radiative forcing (the change in incoming and outgoing energy of the Earth system actuated by a given GHG) of a single emission (“pulse”) of that GHG over a given time horizon H, divided by the same quantity for CO2. The GWP of gas i with radiative forcing (RFi) by Equation 4:
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GWP is used to convert other GHGs into CO2eq, defined for a gas i as emissions per year (Ei) multiplied by GWP. CO2eq are defined by Equation 5:
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Where CO2eq are given in teragrams per year (Tg, equivalent to million metric tons, MMT) of CO2eq emissions (TgCO2eq/year) and Ei is given in Tg per year of gas Ei.

We used a 100-year time horizon for both GWP and GWP*. We used the GWP100value of CH4 from the IPCC 4th Assessment Report (Solomon et al., 2007), 25, which is consistent with the CARB GHG Current California Emission Inventory Data (CARB, 2022a,b).



2.2.2. Converting annual CH4 emissions to CO2-warming equivalent emissions using GWP*

We converted the CH4 emissions into CO2-warming equivalent emissions (CO2we) using GWP*. GWP* considers an increase in the emission rate of an SLCP to be equivalent to a one-off pulse emission of CO2 (Allen et al., 2018) and is used to convert SLCP emissions to CO2we, which are directly comparable to CO2eq (Allen et al., 2018). Under GWP*, CO2we are defined by Equation 6:
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where CO2we are given in Tg of CO2-warming equivalent emissions per year (TgCO2we per year), GWPi is the conventional GWP for gas i over time-horizon H, dEi the change in the emission rate of gas i over the preceding dt years in Tg Ei per year, Ei the emissions of gas i in that year in Tg Ei per year, and r and s the weights assigned to the rate and stock contributions, respectively (Cain et al., 2019). r controls the rate-dependent warming effects of SLCP and s controls the long-term equilibration to past increases in forcing. We used r = 0.75 and s = 0.25 according to Cain et al. (2019), where these coefficients are the mean of coefficients determined when regressing different cumulative CH4 emissions scenarios against modeled warming of these emission scenarios. We used a dt of 20 years according to Allen et al. (2018). Using r = 0.75, s = 0.25, H = 100, and dt = 20, the GWP* equation can be simplified further to Equation 7 (Lynch et al., 2020):
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We used this equation for conversion of annual CH4 emissions into CO2we emissions. It should be noted that the definition of GWP*-based CO2-warming equivalent emissions has since been updated to include a scaling factor g (g = 1.13) to directly relate the radiative forcing of CO2 and SLCP emissions without reference to temperature response, but the authors suggest that scaling factors of order 10% may not be necessary given their additional complexity (Smith et al., 2021).




2.3. Modeling warming responses to estimated methane emissions

We used the FaIR (Finite-Amplitude Impulse Response) v1.3 climate-carbon-cycle model to simulate the warming effects of the annual CH4 emissions (Millar et al., 2017; Smith et al., 2018). It should be noted that this FaIR model is not the same as climate policy decision-support tool FAIR model (den Elzen and Lucas, 2005). Following Lynch et al. (2020), we forced the model with the complete RCP4.5 emissions scenario (Smith and Wigley, 2006; Wise et al., 2009; Lamarque et al., 2010), then forced the model with these same emissions, plus CH4 emissions from each scenario. We then subtracted the first warming time-series from the second to generate the warming response to each emissions scenario. We used default FaIR parameters and set volcanic and solar forcing to zero and efficacies for each forcing agent compared to CO2 to one, except black carbon, which was set to three (Bond et al., 2013).



2.4. Identifying husbandry factors driving declining dairy CH4 emissions

Given the importance of capturing CH4's flow nature especially under declining emissions rates, we conducted a separate analysis from that described in Sections 2.1–2.3 to determine if California dairy background CH4 emissions are declining and identify husbandry factors driving potential decline. Production data (dairy cattle populations and per capita dairy cow milk production) were obtained from the USDA QuickStats database (USDA National Agricultural Statistics Service, 2019). Manure management CH4 reductions from emissions reduction programs were obtained from the CDFA Dairy Digester Research and Development Program (DDRDP) and Alternative Manure Management Program (AMMP) websites (CDFA, 2022a,b). To investigate the impact of these programs, we estimated what CH4 emissions would have hypothetically been without these programs. These estimates comprised a separate analysis and were not used to investigate emission dynamics or to force the climate model but were only used to assess the impact of various factors that may have led to reduced CH4 emissions in California. To estimate hypothetical emissions without DDRDP and AMMP, annual emission reductions provided by CDFA were converted from Tg CO2eq to Tg CH4 using the AR4 GWP100 of CH4 (25) and were added cumulatively to the estimated total annual dairy CH4 emissions of the reduction year. For example, the 2016 estimated emissions reductions were added to 2016 CH4 emissions to estimate hypothetical 2016 emissions without DDRDP or AMMP reductions, and 2016 plus 2017 estimated emissions reductions were added to 2017 CH4 emissions to estimate putative 2017 emissions without DDRDP or AMMP reductions, etc. Although DDRDP and AMMP reductions were available to 2019, historical CH4 emissions were only available to 2017, so the 2017 CH4 emissions were used for all years following 2017. Statistical analysis for the entire study was conducted in R (R Core Team, 2020).




3. Results


3.1. Comparison of average annual CO2eq and CO2we from each scenario

We converted historical annual CH4 emissions, a future business-as-usual CH4 emission scenario, and two future reduction CH4 emissions scenarios from California dairy cattle into CO2-equivalent emissions or CO2-warming equivalent emissions using the two different metrics GWP and GWP*, respectively. We used the conventional GWP and the novel GWP*, which is a modification of GWP that contains a term for the change in the rate of emission of SLCP such as methane. GWP gives CO2-equivalent emissions (CO2eq), while GWP* gives CO2-warming equivalent emissions (CO2we). “Total dairy emissions” were calculated using Equation 1. We used an emission-based climate model to predict the warming impacts of each annual CH4 emissions scenario to compare the warming profiles against the dynamics of CO2-equivalent emissions calculated by each metric for each scenario.

We first investigated if GWP-based emissions estimates (CO2eq) and GWP*-based emissions estimates (CO2we) differed significantly in each emissions scenario. GWP-based CO2eq emissions and GWP*-based CO2we were calculated from identical annual “background” CH4 emissions, but all average CO2eq and CO2we under the same reduction scenarios differed significantly (Figure 1). Average GWP*-based estimates for the historical period were larger than GWP-based estimates. In this historical period, there are 37% more annual CO2-warming equivalent CH4 emissions when calculated using GWP* than when calculated using GWP (Figure 1).
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FIGURE 1
 Comparison of annual total dairy CH4 emissions converted to CO2eq and CO2we using GWP and GWP*, respectively. The x-axis shows each emission scenario and which metric was used. Historical data is from 1950 to 2017. The BAU scenario and Manure 40 plus BAU EF (“Man. 40 + BAU EF”) are from 2018 to 2029. The Manure 40 plus 3NOP (“Man. 40 + 3NOP”) is from 2018 to 2030. The y-axis denotes CO2-equivalent or CO2-warming equivalent emissions, respectively, computed from CH4 emissions; GWP gives “CO2eq” emissions, while GWP* gives “CO2we.” Each circle represents an observation of annual emissions rate from each time period and emissions scenario. Red open circles are data points calculated using GWP; blue open circles are data points calculated using GWP*. Values above boxes are mean values; means are denoted as black triangles on plot. Asterisks between plots indicate means of GWP- and GWP*-based emissions differ significantly (paired student's t-test, p < 0.05).


In the BAU manure and enteric CH4 scenario and 40% reduction of manure management CH4 with BAU enteric CH4 scenario, CO2we were lower than CO2eq (Figure 1). Furthermore, under 40% reduction of future annual manure management CH4 emissions in the “Man. 40 plus BAU EF CO2eq” reduction scenario, some annual CO2we are negative, while CO2eq were never negative. Under 40% reduction of future annual manure management CH4 emissions with maximum 3NOP reductions, the average of all annual CO2we were negative, while again CO2eq were never negative (Figure 1).

CO2eq are less variable than GWP*-based CO2 warming equivalent emissions, particularly in the future BAU scenario, where CO2eq are approximately constant. GWP*-derived emissions are more variable because they are calculated by subtracting the current year emissions rate from that of 20 years previously, which is particularly variable under reduction scenarios where future emissions are reduced relative to those in the historical period.



3.2. Comparison of cumulative CO2eq and CO2we with modeled warming over historical period (1950–2017)

Because cumulative CO2 emissions and temperature change are linearly related (Allen et al., 2009; Matthews et al., 2009), the dynamics of the two should be similar over time and the warming profile serves as a means of evaluating GWP and GWP*. We next examined the relationship between “background” annual CH4 emissions, cumulative GWP- and GWP*-based emissions estimates, and modeled warming, in each emissions scenario, to evaluate these two metrics.

In the historical period, annual CH4 emissions increased from 1950 to 2008, but slightly decreased from 2008 to 2017 (Figure 2A). During the increasing annual CH4 emissions, CO2we were higher than CO2eq (Figure 2B). Under decreasing annual CH4 emissions from 2008 to 2017, however, annual CO2we decreased, while annual CO2eq increased. Because annual CO2we decreased from 2008 to 2017, when each annual estimate was added up to give cumulative emissions, cumulative CO2we did not increase linearly from 2008 to 2017 but instead, the rate of increase of cumulative emissions slowed, decreasing the slope of the line (Figure 2C). In contrast, because annual CO2eq increased over the entire historical period, cumulative CO2eq increased linearly (Figure 2C). The slope of the line representing warming caused by annual CH4 emissions also decreased from 2008 to 2017 (Figure 2C). As noted above, the dynamics of cumulative CO2-equivalent emissions and warming forced by these emissions should be similar over time, so in this scenario, the decreasing slope of the warming and cumulative GWP* lines suggests that they may be in better agreement than GWP and the warming line.
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FIGURE 2
 California 1950–2017 total historical CH4 emissions, comparison of these emissions converted to CO2eq and CO2we using GWP and GWP*, respectively, and cumulative CO2eq and CO2we with emissions-forced warming. The x-axis represents years and the y-axis represents annual CH4 emissions (A), annual CO2eq or CO2we (B), or cumulative CO2eq or CO2we (C). CO2we are represented in (B, C) by the blue solid line (“GWP*”), GWP-based CO2eq are represented by the red solid line (“GWP”), and temperature is given in (C) by the dashed black line (“Warming”). The temperature axis in (C) is scaled by 0.001 mK/TgCO2, or 1 K/TtCO2. The scaling factor that relates cumulative CO2 emissions to temperature change is known as transient climate response to cumulative carbon emissions (TCRE). The scaling factor here (approximate TCRE) exceeds the IPCC likely range, likely due to a large increase in annual CH4 emissions in the 1950s leading to a larger GWP of CH4 in this period (see Section 4). This large GWP may be responsible for the “bulge” in warming between 1950 and 1990 (C).




3.3. Comparison of cumulative CO2eq and CO2we with modeled warming over BAU scenario (2017–2029)

In the BAU manure and enteric CH4 emissions scenario, annual background CH4 emissions from 2008 to 2029 were approximately constant (Figure 3A). Under constant annual CH4 emissions, CO2we declined, while CO2eq were approximately constant (Figure 3B).
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FIGURE 3
 California future BAU total (enteric fermentation plus manure management) CH4 emissions, comparison of these emissions converted to CO2eq and CO2we using GWP and GWP*, respectively, and cumulative CO2eq and CO2we with emissions-forced warming. The x-axis represents years and the y-axis represents annual CH4 emissions (A), annual CO2eq or CO2we (B), or cumulative CO2eq or CO2we (C). CO2we are represented in (B, C) by the blue solid line (“GWP*”), CO2eq are represented by the red solid line (“GWP”), and temperature is given in (C) by the dashed black line (“Warming”). The temperature axis (C) is scaled by 0.001 mK/TgCO2, or 1 K/TtCO2, as in Figure 2.


Because annual CO2we decreased from 2008 to 2017, when each annual estimate was added up to give cumulative emissions, cumulative CO2we did not increase linearly from 2008 to 2017 but instead, the rate of increase of cumulative emissions slowed and the line representing CO2we “flattens out,” or stops accumulating (Figure 3C). In contrast, because annual CO2eq increased over the entire historical period, cumulative CO2eq increased linearly (Figure 3C).

Because GWP*-based cumulative CO2we did not increase under constant annual CH4 emissions, they fit the warming better than CO2eq, like in the historical period, but the difference in the near-constant BAU scenario is easier to see. GWP-derived estimates did not match warming dynamics because CO2eq continued to increase linearly under constant annual CH4 emissions.



3.4. Comparison of cumulative CO2eq and CO2we with modeled warming over 40% manure CH4 emissions reduction plus BAU enteric CH4 emissions scenario (2017–2029)

In the “Manure 40 plus BAU EF” reduction scenario, manure CH4 is reduced by 40% from 2017 to 2029, while enteric CH4 follows a “business as usual” projection. In this moderate reduction scenario, annual background manure management and total CH4 emissions declined from 2017 to 2029 (Figures 4A, B). Under declining CH4 emissions from 2017 to 2029, both manure management and total CO2we declined, even reaching negative annual emissions rates (Figures 4C, D). CO2eq also declined under declining annual CH4 emissions, but did not reach negative emissions rates.
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FIGURE 4
 California future manure management and total “Manure 40 plus BAU EF” reduction scenario CH4 emissions, comparison of these emissions converted to CO2eq and CO2we using GWP and GWP*, respectively, and cumulative CO2eq and CO2we with emissions-forced warming. The x-axis represents years, and the y-axis represents annual CH4 emissions (A, B), annual CO2eq or CO2we (C, D), and cumulative CO2eq or CO2we (E, F). Manure management CH4 is presented in (A, C, E), and total dairy CH4 is given by (B, D, F). CO2we are represented in (C–F) by the blue solid line (“GWP*”), CO2eq are represented in (C–F) by the red solid line (“GWP”), and temperature is given in (E, F) by the dashed black line (“Warming”). The temperature axis (C) is scaled by 0.001 mK/TgCO2, or 1 K/TtCO2, as in previous figures. The horizontal black line in (C, D) is at y = 0.


When each annual CO2we emissions estimate was added up to give cumulative emissions, because some annual emissions rates were negative, cumulative CO2we decreased from 2017 to 2029 (Figures 4E, F). In contrast, GWP-based cumulative CO2eq continued to increase under declining future annual CH4 emissions (Figures 4C, D). Warming forced by declining annual CH4 emissions also declined, so cumulative GWP*-based CO2we reflected these dynamics better than cumulative GWP-based CO2eq.



3.5. Comparison of cumulative CO2eq and CO2we with modeled warming over 40% manure CH4 emissions reduction plus reduced enteric CH4 emissions scenario (2017–2030)

The “Manure 40 plus 3NOP” reduction scenario represents a more ambitious reduction scenario than “Manure 40 plus BAU EF,” because it incorporates reductions in both manure and enteric CH4. In this high reduction scenario, future annual enteric fermentation and total CH4 emissions declined from 2017 to 2030 (Figures 5A, B). This decline also occurred in the “Manure 40 plus BAU EF,” but the decrease is sharper in the “Manure 40 plus 3NOP” scenario. Under declining future CH4 emissions, both enteric fermentation and total CO2we declined and reached negative annual emissions rates (Figures 5C, D). CO2eq also declined under declining annual CH4 emissions, but did not reach negative emissions rates.
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FIGURE 5
 California future enteric fermentation and total “Manure 40 plus 3NOP” reduction scenario CH4 emissions, comparison of these emissions converted to CO2eq and CO2we using GWP and GWP*, respectively, and cumulative CO2eq and CO2we with emissions-forced warming. The x-axis represents years, and the y-axis represents annual CH4 emissions (A, B), annual CO2eq or CO2we (C, D), or cumulative CO2eq or CO2we (E, F). Enteric fermentation estimates are given by (A, C, E), and total dairy emissions are given by (B, D, F). CO2we are represented in (C–F) by the blue solid line (“GWP*), CO2eq are represented in (C–F) by the red solid line (“GWP”), and temperature is given in (E, F) by the dashed black line (“Warming”). The temperature axis (C) is scaled by 0.001 mK/TgCO2, or 1 K/TtCO2, as in previous figures. The horizontal black line in (C, D) is at y = 0.


Again, when each annual CO2we emissions estimate was added up to give cumulative emissions, because some annual emissions rates were negative, cumulative CO2we decreased from 2017 to 2030 (Figures 5E, F). In contrast, GWP-based cumulative CO2eq continued to increase under declining future annual CH4 emissions (Figures 5C, D). Warming forced by declining annual CH4 emissions also declined, so cumulative GWP*-based CO2we reflected these dynamics better than cumulative GWP-based CO2eq. Because the rate of decline of emissions is greatest in this scenario, the difference between GWP- and GWP*-based emissions estimates and their agreement with warming dynamics is most clear in this scenario.



3.6. Relationship between cumulative CO2eq and CO2we from all scenarios and modeled warming

Figure 6 plots cumulative CO2eq and CO2we from historical, BAU, and reductions scenarios, respectively, against modeled warming. This plot shows the same information as previous plots, but allows us to directly visualize the relationship between cumulative CO2 emissions and temperature change in this study. We expect cumulative CO2 or CO2-equivalent emissions and temperature to be linearly related, as this is a well-established physical relationship. In the historical period, annual background CH4 emissions increased over time, and so both cumulative GWP-based CO2eq and GWP*-based CO2we increased, as discussed in Section 3.2. Modeled temperature also increased over time in the historical periods, as expected given the linear relationship between cumulative CO2 emissions and temperature change (Figure 6A).
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FIGURE 6
 The relationship of CO2eq and CO2we with modeled warming response to these emissions. The x-axis shows cumulative CO2eq calculated using GWP in red (“GWP”), or CO2we calculated using GWP* in blue (“GWP*”). The y axis shows warming from annual CH4. (A) Shows data from the historical (1950–2017) period. The slope of the line of cumulative CO2 emissions and temperature change is approximately TCRE. (B) Shows future (2018–2029) BAU emissions, while (C) shows future (2018–2030) “Manure 40 plus 3NOP” reduction scenario emissions. Lines are broken between historical and future data.


Under the “Manure 40 plus 3NOP” future reductions scenario, annual background CH4 emissions decrease over time. As discussed in Section 3.5, in this scenario, cumulative CO2eq continue to increase in this scenario while cumulative CO2we increased until 2017, then decreased. Temperature change forced by the background CH4 emissions also increased until 2017, then decreased. That cumulative CO2eq continue to increase implies that increasing cumulative emissions can cause decrease warming, which is an unphysical relationship (Figure 6B). In contrast, the relationship between cumulative CO2we and warming is always linear—when cumulative CO2we increase, warming is also increasing, but when CO2we begin to decrease, warming also decreases and the blue line “turns back” on itself. This plot thus gives another visualization of results from previous plots, which are that CO2we matched the dynamics of warming from declining background CH4 emissions better than GWP-based emissions, or in other words can capture the physical relationship linking cumulative CO2 emissions and temperature change that GWP does not.

In the manure and enteric CH4 BAU scenario, annual background CH4 emissions are approximately constant, as discussed in Section 3.3. Warming forced by these emissions “flatten out” during the period of constant background emissions. In this scenario, cumulative CO2we “flatten out” and stop accumulating, while cumulative CO2eq continue to increase. When cumulative CO2eq are plotted against temperature change, while warming stays approximately constant, cumulative emissions continue to increase, implying that constant cumulative emissions can cause constant warming, which is an unphysical relationship (Figure 6B). In contrast, cumulative CO2we stop increasing under these near-constant background emissions, almost “turning back” like in Panel C and again showing that GWP*-based emissions dynamics match warming dynamics better under constant background emissions.



3.7. Husbandry factors driving declining California dairy CH4 emissions from 2008 to 2017

Given the importance of capturing CH4's flow nature especially under declining emissions rates, we conducted a separate analysis from the hypothetical scenarios, including hypothetical reductions scenarios, giving the results described in Sections 3.1–3.6. We conducted this separate analysis to determine if California dairy background CH4 emissions are in fact declining and, if so, to identify husbandry factors driving the decline in emissions. Historical annual CH4 emissions decrease from 2008 to 2017 after a peak in 2008 (Figures 7A, B). This decrease in CH4 emissions is likely a result of decreasing California dairy cattle populations, which peaked in 2009 (Figures 7A, C). Because CH4 emissions depend heavily on cattle population, this decreasing population from 2009 to 2019 is likely driving decreasing CH4 emissions. This decreasing cattle population in turn may be driven by increasing per capita milk production (Figure 7C), as per capita milk production has increased from 2009 to 2019 and per capita milk production and dairy population are negatively correlated from 2009 to 2019 (data not shown). Manure management CH4 emissions have also been reduced by CDFA Dairy Digester Research and Development Program (DDRDP) since 2015 and Alternate Manure Management Program (AMMP) since 2017. The majority of reductions are due to DDRDP. These programs provide estimates of annual CH4 reductions due to program implementation, which have been added to historical annual CH4 emissions to plot putative emissions without these programs. Decreases in total CH4 since 2008 have been driven by decreasing population and decreased CH4 from manure management due to CDFA programs (Figure 7B).


[image: Figure 7]
FIGURE 7
 Mechanisms of decreasing CH4 emissions since 2008 include decreasing dairy herd size, increasing per capita production, and manure management CH4 reductions programs. In (A–C), the x-axis shows years; in (A) the entire historical time series is shown (1950–2017), while in (B, C), only 2008–2017 are shown. In (A, B), the y-axis is annual total dairy CH4 emissions, but in (B) the y-axis does not begin at zero in order to provide a close-up view of CH4 dynamics from 2008 to 2017. In (A), the right y axis shows per capita milk production and cattle population. (B) Shows hypothetical estimates of annual CH4 reductions due to DDRDP and AMMP program implementation, which has been added to historical CH4 emissions to plot putative emissions without these programs. The y-axis of (C) shows cattle population and the right y axis shows per capita milk production.





4. Discussion


4.1. Application of GWP* to CH4 emissions from livestock agriculture

Previous studies have applied GWP* to large, RCP-based CH4 datasets (Cain et al., 2019; Lynch et al., 2020). Ours builds upon this work and is the first to our knowledge to apply GWP* to sectoral emissions from a North American animal production system, and thus serves as case study for the application of GWP* to smaller industry- and locale-specific CH4 emissions data. Previous authors have debated GWP*'s applicability to sectoral and national emissions, which will be discussed further here. Nonetheless, previous authors have applied GWP* and other alternative GHG metrics to local agricultural sectors, including Australian beef feedlots (Ridoutt et al., 2022), Australian sheep meat production (Ridoutt, 2021a), Australian livestock production (Ridoutt, 2021b), and Austrian dairy production (Hörtenhuber et al., 2022). Similar to reductions scenarios in our study, Ridoutt and coauthors found larger potential GHG reduction benefits from supplementing Australian beef steers with enteric CH4-inhibiting macroalgae Asparagopsis taxiformis when emissions were assessed using GWP* rather than GWP (Ridoutt et al., 2022). Similarly to our study, Hörtenhuber and coauthors found that decreasing lactating dairy cattle population due to improved production efficiency resulted in strong sectoral emission reductions from dairy production, which were greater when assessed with GWP* than with GWP100 (Hörtenhuber et al., 2022). In Australian livestock industries where CH4 emissions increased from 1990 to 2018 (beef, pork, and dairy production), emissions from the beef cattle, pig meat and milk production industries assessed using GWP* contributed to climate warming less than when assessed with the GWP100 climate metric (Ridoutt, 2021b). While increasing background emissions in Australia from 1990 to 2018 are similar to our “historical” scenario, we found that under increasing background emissions, GWP*-based emissions estimates were greater than those given by GWP. This discrepancy may be because the authors used total GHG emissions, not only CH4, in their analysis. It may also result from annual Australian CH4 emissions increasing by less than needed for CO2we to exceed CO2eq, 1% per year. In this study, dairy CH4 emissions were 214 kt in 1990 and 275 kt in 2018, which gives an approximate rate of increase of 1% per year. Beef CH4 emissions were 1,252 kt in 1990 and 1,421 in 2018, which gives an approximate rate of increase of 0.4% per year, below the approximate threshold for CO2we greater than CO2eq, discussed further immediately below.



4.2. Rate of change of CH4 emissions leading to zero CO2we emissions

Because of how the metrics are constructed, under a positive rate of change, CO2we are greater than GWP-based CO2-equivalent emissions when the rate of change of emissions is >1% per year. In our historical CH4 emissions dataset, annual CH4 emissions increased over time, leading to continuously increasing CO2we. CO2we are weighted heavily under increasing annual CH4 emissions because CH4 is being added to the atmosphere and CH4 has a stronger radiative forcing per unit mass than CO2 (Fuglestvedt et al., 2003). When CO2eq are set equal to CO2we (Equations 5 and 6), we see that [image: image] is equal to Ei when [image: image] = 0.01 × Ei. Thus, CO2we will exceed CO2eq when the rate of change of emissions is >1% per year, as noted by Lynch et al. (2020). The difference between CO2eq and CO2we suggests that GWP may underestimate, or that GWP* may overestimate, the relative strength of CH4 to CO2 under increasing annual CH4 emissions in the near term after a pulse emission, and that GWP may overestimate them in the long term, as was also found in studies using idealized (e.g., hypothetical, as opposed to historical) CH4 emissions (Lynch et al., 2020).

Because CH4 is a flow pollutant, under constant annual CH4 emissions the rate of generation and removal of CH4 are approximately equal over the atmospheric lifetime of CH4 and there is no net accumulation of CH4. To demonstrate that GWP* can capture this short-lived behavior, Lynch et al. (2020) simulated a step increase to a sustained emission of CH4, and found that over the first 20 years, CO2we given by GWP* exceeded emissions given by conventional GWP. After the first 20 years, however, the rate of change of CH4 emissions is 0, and the only CH4 emissions are those represented by the “stock” or s term (Cain et al., 2019). At the same time, GWP-derived emissions remain above zero with constant annual CH4 emissions which represents the behavior of a stock gas like CO2. Similarly, in our BAU scenario under approximately constant annual CH4 emissions, CO2eq remain constant, while CO2we fall almost to zero except for the contribution of the stock term (Figure 3).



4.3. Linking cumulative CO2we with temperature change

Under decreasing annual CH4 emissions rates, more CH4 will have been removed from the atmosphere than is produced to replace it, and negative annual CO2we emissions suggest negative warming relative to the reference year in our study. Annual CO2eq under decreasing annual CH4 emissions, however, were never negative in our study or in that of Lynch et al. (2020).

In the present study, cumulative (annual emissions summed over time) CO2we dynamics over time match those of warming, which also decrease under decreasing annual CH4 emissions. Lynch et al. (2020) found that under declining CH4 emissions, CO2we were negative, and the temperature effect forced by these declining CH4 emissions was less positive, like turning down a thermostat (note that any positive CH4 emissions are still very strong warmers of the climate). In contrast, under declining annual CH4 emissions, CO2eq continued to accumulate, and GWP did not indicate the correct direction of temperature change. Thus, warming profiles confirm that GWP*-based cumulative CO2-warming equivalent emissions are able to represent the warming effects of CH4 on the climate. Zhang et al. (2018) found that under declining SLCP emissions in the RCP 42.6 and 4.5 emission scenarios, effective radiative forcing from SLCP was negative. Cain et al. (2019) and Lynch et al. (2020) concluded that GWP* captures the fundamentally different behavior of short- vs. long-lived climate pollutants, especially under declining CH4 emissions, and therefore provides a reliable metric to directly link greenhouse gas emissions to warming.

Due to their linear relationship, cumulative CO2 emissions can be linked to global temperature change with a coefficient known as the Transient Climate Response to Cumulative Carbon Emissions (TCRE). Cumulative CO2we should result in global temperature change when multiplied by this constant, and this constant is approximately the slope of a line when cumulative emissions and warming are plotted against each other. Given the similar dynamics of warming and cumulative emissions over time, cumulative emissions could simply be multiplied by a constant, which was ~0.001 mK/Tg CO2, or 1 K/Tt CO2, to give temperature change. GWP-based estimates, however, could not be linked to temperature changed simply using a coefficient because cumulative CO2eq had different dynamics over time than warming. Like Cain et al. (2019) we also found that GWP*-based estimates plotted against temperature change resulted in a straight line, while GWP-based estimates did not. We found this line had an approximate slope of 1 K/Tt CO2. The approximate change in temperature per unit cumulative CO2 emissions that we found, 1 K/Tt CO2, exceeds the IPCC likely range, possibly due to a large increase in annual CH4 emissions in the 1950s leading to a larger GWP of CH4 in this time period (Reisinger et al., 2011). The largest discrepancy between the dynamics of GWP*-based estimates and warming is during the period from 1950 to 1980, where a “bulge” occurred, possibly due to this increased GWP of CH4.

Using Equation 6 and setting CO2we to zero, Cain et al. (2019), found the rate of CH4 emission that is equivalent to zero CO2we and thus to approximately stable temperatures over the time period Δt. With r = 0.75, s = 0.25, and H = 100 years, as used in the present study (following Cain et al., 2019), 0.3% is the rate of decline of CH4 emissions (ΔE/Δt) under which CH4-induced warming is stable. Under the “Manure 40 plus 3NOP” reduction scenario in the present study, the annual rate of decline of total CH4 emissions from 2017 to 2030 is about 1.15%, while under “Manure 40 plus BAU EF,” the rate of decline of total CH4 emissions is about 0.92%. Thus, under future SB 1383-mandated emissions reductions, California dairy CH4 emissions will warm the climate less than they do without these reductions, even under scenarios that limit manure management CH4 emissions reductions only. The rate of decline of historical CH4 emissions from the peak in 2008 to 2017, was 3.26%, a decline which we suggest has been driven by declining California dairy herd size driven by increasing per capita milk production, as well as by the CDFA DDRDP after its introduction in 2015, with a minor contribution from AMMP. Thus, under their current and predicted rates of reduction, California dairy CH4 emissions will be below the level at which stable warming effect will be actuated by these emissions and will reduce warming vs. 20 years ago. This behavior contrasts with CO2, whose atmospheric concentrations and radiative forcing increase even under decreased emissions rates.



4.4. Contribution of SLCP to California emissions and applicability of GWP* to emissions inventories

Mitigating SLCP emissions from dairy production centers on reducing CH4 emissions from dairy manure management and reducing CH4 from enteric fermentation. California has the largest dairy herd in the United States and thus the highest total (enteric fermentation plus manure management) dairy CH4 emissions. California milk production feed efficiency is relatively high, making enteric fermentation emissions per unit California milk product relatively low (Naranjo et al., 2020). However, CH4 emissions from cows in California are relatively higher on a per-dairy basis than those in the rest of the United States herd because flush water lagoon systems are the predominate manure management system in California dairies (CARB, 2022b), and anaerobic lagoons emit the most CH4 per head of all common manure management practices (Owen and Silver, 2015). In 2017, agricultural manure management was California's second largest source of CH4. Thus, preventing anaerobic conditions during manure management or capturing transforming CH4 that is produced in anaerobic conditions represent major opportunities to reduce CH4 from manure management (Montes et al., 2013). The CDFA Dairy Digester Research and Development Program (DDRDP) provides grants to finance the installation of dairy digesters, which capture CH4 and convert it into fuel (CDFA, 2022b). CDFA's Alternative Manure Management Program (AMMP) provides grants to finance implementation of non-digester manure management practices in order to manage less manure anaerobically, such as solid separation or conversion from flushing to scraping or pasture-based management (CDFA, 2022a). Thus, CDFA's manure management CH4 emissions reductions programs encompass both major targets for reductions. We have shown in this study that CDFA's programs, especially DDRDP, have successfully mitigated CH4 emissions and have contributed to the decreasing CH4 emissions rate in California since 2008.

In 2017, enteric fermentation was California's largest source of methane. Mitigation strategies for enteric fermentation center on use of feed additives such as rumen archaea inhibitors, ionophore antibiotics, or electron acceptors like nitrates (Hristov et al., 2014), and improved feed digestibility, which is unlikely to yield significant benefits in intensive production systems like California that already have relatively high feed efficiency (Herrero et al., 2016). 3NOP inhibits the methane-forming step in the rumen and is a promising feed additive, but production of 3NOP also emits GHG, decreasing net potential reductions (Feng and Kebreab, 2020). In this study, we evaluated reductions scenarios that included enteric fermentation CH4 reduction, using maximum net potential 3NOP reductions. For our manure management reduction scenarios, we used 40% reduction of 2013 levels as mandated by SB 1383 without evaluating the feasibility of these reductions and assumed 40% represented net reductions. For this reason, enteric fermentation's relatively smaller impact on emissions reductions in our scenarios is not necessarily representative of its true impact relative to manure management mitigation programs. Indeed, over the past 50 years in California, reductions in CH4 from enteric fermentation have been about five times greater than reductions in CH4 from manure management (Naranjo et al., 2020). However, because California SB 1383 does not require any specific enteric fermentation reductions, we used potential net 3NOP reductions, while we assumed that 40% manure management methane reductions were feasible because they are mandated by SB 1383. Nonetheless, our study demonstrated that GWP* can accurately represent the warming effects of CO2eq under potential enteric fermentation CH4 reductions and thus can serve as an important tool of evaluating on-farm CH4 mitigation strategies in the future.

We used 2017 enteric fermentation emission factors to calculate emissions from dairy cows from 2017 to 2029 under the “business-as-usual” scenario, assuming that enteric fermentation emissions factors would be stable from 2017 to 2029. However, the true dynamics of future enteric fermentation emissions factors may be more complex. Enteric CH4 emissions factors for California dairy cattle remained constant from 2012 to 2020 (CARB, 2022a). In contrast, U.S.-wide emissions factors increased by 8.7% from 2010 to 2020 (EPA, 2022). The relative stability of California dairy enteric CH4 emissions factors may reflect interplay between increasing milk production and improvements in feed efficiency. Increased per capita milk production could associated with greater feed intake and thus increasing enteric CH4 emissions factors, as both CARB and EPA develop enteric CH4 emissions factors CH4 conversion rate, which is the fraction of gross energy (GE) in feed converted to CH4, and GE intake increases with increasing net energy for lactation (NEL), which itself increases with increasing milk production (IPCC, 2006; CARB, 2022a; EPA, 2022). However, a life cycle analysis comparing California dairy environmental footprints in 1964 and 2014 found that in 1964, the feed conversion rate was 1.93 kg feed per kg energy-corrected milk (ECM), while in 2014, the feed conversion ratio was 0.79–0.81 kg of feed/kg of ECM, suggesting cattle today utilize feed more efficiently than those 50 years ago. In 1964, each cow emitted 0.98 kg of CO2 equivalents of enteric methane per kg ECM compared with 0.43–0.45 kg of CO2 equivalents of enteric methane per kg ECM in 2014 (Naranjo et al., 2020). Average ECM production in 1964 was 15.73 kg/day, while it was 39.8 kg/day in 2014, making enteric methane emissions factors 15.4 kg CO2 equivalents per day in 1964 and 17.11–17.9 kg CO2 equivalents per day in 2014.

Previous authors have predicted future inventories of livestock methane emissions assuming constant or even decreasing CH4 emissions intensities (emissions per unit product, where product is kg of protein in this case) (Chang et al., 2021). Chang et al. projected livestock methane emissions out to 2050 using different pathways of assumed emission intensity changes. These authors used two pathways with contrasting assumptions about production efficiency changes: constant emission intensity and improving efficiency (i.e., decreasing emission intensity). The “constant intensity” pathway assumed that no changes in methane emission intensities would take place in the future. The “improving efficiency” pathway was based on decreasing trends in emission intensity during the past two decades due to increasing production efficiency. Based on this finding, they constructed a “improving efficiency” pathway, assuming continuing decreases in emission intensity. Under this pathway, emissions intensities in countries showing decreasing emission intensity during the past two decades followed this decreasing trend into the future, while a constant emission intensity was applied for countries that experienced no change or an increasing emission intensity in the past two decades. Thus, other studies in the field have found it reasonable to assume constant emissions intensity of livestock products into the future. The assumption that increasing production efficiency will lead to constant or decreasing emissions intensities is not necessarily the same as the assumption that increasing production efficiency will lead to constant emissions factors, because increasing production could still lead to increasing total (e.g., not on a per-product basis) emissions. However, enteric CH4 emissions factors for California dairy cattle given by CARB remained constant from 2012 to 2020. Over this time, California milk production was as follows: 23,457 lbs. per head in 2012; 23,178 lbs. per head in 2013; 23,786 lbs. per head in 2014; 23,028 in 2015; 22,968 in 2016; 22,755 in 2017; 23,301 in 2018; 23,533 in 2019; and 23,990 in 2020 (USDA National Agricultural Statistics Service, 2022). Annual change in milk production, averaged over these 8 years, is 0.26%. Thus, if milk production was approximately constant, and milk emissions intensity was approximately constant or decreasing, then enteric CH4 per cow (e.g., enteric CH4 emissions factor) could remain approximately constant.

Because CH4 emissions factors are estimated based on dietary and production parameters, if regionally typical diets and production remain approximately the same over time, emissions factors will remain the same from year to year. CARB likely has assumed that the diets of California dairy cattle have remained approximately constant, given that the emissions factors they have calculated remain constant from 2012 to 2020. Thus, several lines of evidence underscore that it is a reasonable assumption that enteric fermentation factors will remain approximately constant to 2029 in the BAU scenario. However, this trend does not necessarily apply to other states and production situations, and enteric fermentation emissions factors may be more variable than assumed in our study. In the BAU scenario, this assumption led to approximately constant annual CH4 emissions, and thus declining GWP* emissions over time. Had enteric CH4 emissions factors continued to rise over time, the dynamics of the scenario would be similar to the historic (1950–2017) scenario, in which enteric CH4 emissions factors and annual CH4 emissions did increase over time. The purpose of our “BAU” scenario was to investigate GWP* dynamics relative to GWP dynamics given approximately constant annual CH4 emissions. The “BAU” scenario utilized projected dairy cattle population data to estimate future populations under typical policy and macroeconomic conditions and projected a 0.32% decrease in population from 2018 to 2029. This small decrease in population over time, along with the constant enteric fermentation and manure management CH4 emissions factors used, gives approximately constant annual CH4 emissions and provides a scenario to investigate the difference in dynamics between GWP- and GWP*-based estimates under constant background CH4 emissions, unlike the historical (increasing background emissions) or reductions (decreasing background emissions) scenarios. Thus, while further investigation on trends in enteric fermentation and manure management emissions factors and future dairy cattle populations is needed, the assumption of constant California CH4 emissions factors from 2017 to 2029 is in line with CARB emissions factors and sufficient for our study's purposes.

The goal of California's annual GHG emission inventory is to establish historical emission trends and track sectoral progress in achieving statewide reductions goals. The 2021 edition of the inventory and previous iterations provide emissions estimates in CO2eq using GWP100 values from IPCC AR4, consistent with current international and national GHG inventory practices (CARB, 2022a). In addition, SB 1383 mandates reductions in annual emissions rates, not warming effects, of dairy manure CH4 by 2030. Thus, because goals are centered on emissions reductions, not warming impacts, GWP may still be an appropriate metric for these purposes. However, attribution of the warming impacts of the economic sectors whose emissions are quantified in emissions inventories requires a metric that can capture the dynamics of cumulative SLCP emissions over time, such as GWP*. GWP* and GWP could coexist given the different policy goals of economic sectors or state or local governments, as recommended by the IPCC AR6 Working Party I report.



4.5. Limitations of GWP*

Notwithstanding GWP*'s improved representation of CH4's flow gas-nature, any single-number metric may result in oversimplification of complex climate dynamics and underestimation of the warming response to SLCP emissions (Collins et al., 2020). Some arbitrary decisions still underlie GWP*, such as the time horizon H, or the designation of a certain climate pollutant as “short-lived” and thus the employment of GWP*, which depends on the time scale being considered (Lynch et al., 2020). While the calculation of GWP* is subject to some arbitrary decisions, the concept of CO2eq is not necessarily physically accurate. Climate responses to CO2 and CH4 are both temperature- and scenario-dependent, so different emissions scenarios with identical CO2eq can have vastly different impacts on global temperature. For this reason, no single scaling factor can truly convert between CO2 and CH4 emissions across all scenarios (Fuglestvedt et al., 2000).

Previous authors have suggested that because it is based on past emissions, GWP* unfairly and unethically penalizes developing countries when applied at sub-global levels (Rogelj and Schleussner, 2019). Rogelj and Schleussner argue that due to GWP*'s “grandfathering” effect, countries with high historic SLCP emissions are rewarded because reductions from these emissions lead to declining cumulative CO2we, while countries with historically low SLCP emissions (i.e., typically developing countries) are penalized for increasing emissions which may result from socioeconomic development. While not stated in this critique, presumably similar limitations apply to emissions from specific economic sectors. In their response, Cain et al. (2021) note that this “unintentional unfairness” would result from any warming-equivalent-based metric that differentiates the behavior of stock and flow pollutants, such as combined global temperature change potential (CGTP) (Collins et al., 2020). Furthermore, because IPCC AR6 does not recommend any given emission metric, metric appropriateness depends on given policy goals. Cain et al. (2021) argue that in policy contexts with long-term temperature goals as the Paris Agreement, GWP* is useful because it demonstrates that the relationship between a country's CH4 emissions and temperature change scales with current CH4 emissions plus a contribution from past CH4 emissions, which conventional GWP cannot. They argue that quantifying this relationship is not itself necessarily unfair or unequitable, given that quantification of historical contributions of a country's SLCP to warming using GWP* and taking these contributions into burden-sharing policy are separate, and the latter are determined by policy-makers, although using a metric that reflects the impact of all gases on temperature change would facilitate such policy discussions (Cain et al., 2021).

In spite of potential limitations of the CO2 equivalence concept and GWP*, CO2-equivalence-based climate metrics remain a prevalent policy tool (UNFCCC, 2020). GWP* provides an accessible and temperature goal-relevant adjustment of current CO2-equivalence methodology that does not require any additional information from what is already typically reported. Other metrics that have been proposed as alternatives to GWP, such as Global Temperature Change Potential (GTP), combined GWP, or CGTP, require additional inputs that are themselves dependent on uncertainties in the climate system and future emissions scenarios (Shine et al., 2007; Collins et al., 2020). GWP* has been shown to underestimate the contribution of CH4 to temperature change by up to 20% compared to CGTP, which employs a more explicit calculation of the effect of CH4 emissions rate change relative to a pulse emission of CO2 (Collins et al., 2020). However, Collins et al. (2020) also note that the more complex emissions metrics CGWP or GTP are structurally similar to GWP* and provide only changes in precise values, not conceptual foundation or development, whereas using the conventional GWP is unable to represent the correct sign of warming from decreasing SLCP emissions, as we have shown. While Wigley (1998) argues that unlike the GWP framework, emissions equivalence should be based on radiative-forcing based Forcing Equivalence Index (FEI), other authors consider both GWP and GWP* reasonable approximations to FEI (Enting and Clisby, 2021).




5. Conclusions

We have used California dairy production as a case study for the application of the novel GHG metric GWP*, following its recent development and publication. While recent publications have shown the applicability of GWP* to global emissions datasets spanning all SLCP emissions sectors, we have applied GWP* to a California dairy CH4 emissions inventory and discussed the applicability of GWP* to local and single-sector inventories, which some authors argue is limited. GWP* provides a direct relationship between cumulative emissions and their warming effects, which conventional GWP does not. This relationship exists because GWP* represents methane's short-lived nature, by which it does not accumulate in the atmosphere under declining emissions, unlike CO2. We found that conventional GWP underrepresents the warming impacts of dairy CH4 emissions in CA under increasing emissions rates, and overrepresents their warming impacts under declining emissions rates. GWP* represents that under declining emissions rates, cumulative California dairy CH4 decrease and warming forced by these emissions also decreases, although any CH4 that continues to be emitted is still a strong climate forcer. In contrast, under declining annual CH4 emissions, GWP-based CO2-equivalent emissions (CO2eq) continued to accumulate, so GWP did not indicate the correct direction of temperature change. While IPCC AR6 makes clear that metric choice depends on policy goals, given its ability to unambiguously link warming impacts to SLCP emissions, GWP* may provide a more accurate tool for quantifying SLCP emissions into policy contexts that specifically aim to limit global warming, such as the Paris Agreement.
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Background: Increased urbanization has been linked to transitions in dietary patterns. However, evidence on the impacts of urbanization on diet quality, and environmental impact, and diet cost is limited. The aim of this study was to investigate the time trends of these three dietary sustainability in China over the period 1997–2011 and to examine their associations with urbanization.

Methods: Food consumption of 8,330 participants (18–64y) of the China Health and Nutrition Survey cohort (1997, 2000, 2004, 2006, 2009, and 2011) were examined and diet quality was assessed using the Chinese Healthy Eating Index 2016 (CHEI2016). Dietary related environmental impacts on Greenhouse Gas Emissions (GHGE), Total Water Use (TWU), and Land Use (LU) were estimated using the Chinese Food Life Cycle Assessment Database. Monetary cost of diet was calculated using the community market prices of food items. Multilevel mixed-effects models were used to estimate associations between the time trend of dietary sustainability indicators and degree of urbanization.

Results: From 1997 to 2011, the CHEI2016 score increased by 10.6%, GHGE by 23.8%, LU by 29.1%, and the inflation-corrected cost of diet by 80%. Urbanization was positively associated with these time trends, which remained after adjustment for sociodemographic and lifestyle factors (all P < 0·05).

Conclusion: The rapid urbanization in China over the past two decades has been followed by an improvement in the overall dietary quality, but this has been accompanied by an increase in the environmental impacts and higher cost of the diet, especially in communities with lower urbanization index.

KEYWORDS
diet trends, sustainability, urbanization, China, diet quality, diet-related environmental impacts, cost of diet, multilevel model


Introduction

The current global food system is facing the challenges of a growing population and increasing environmental, health, and economic problems (FAO, 2022). These trends are associated with urbanization processes trend and diet shifts toward high consumption levels of animal products, cooking oils, salt, and sugar, which is increasing the prevalence of overweight, obesity, and hypertension (Afshin et al., 2019). In the context of population growth, these dietary transitions are having an increasingly negative impact on climate change, water resources, land availability, and ecosystems (Johnston et al., 2014; Tilman and Clark, 2014). Additionally, 3 billion people are currently unable to afford a healthy diet (Herforth et al., 2020).

China has the highest growth rate of urbanization in the world over the past four decades (18% in 1978 to 65% in 2021) (Yang, 2013), the increasing urbanization indicates a growing modernized living environment with improved food environment, health care, communication, infrastructure, etc. (Fong et al., 2019). Dietary patterns are shifting from a grain and vegetable-based diet to a diet high in red meat and processed foods (Du et al., 2004), consequently affecting human health and the environment (Xiong et al., 2022). Moreover, the increase in overweight in rural areas of China was 64.5% higher compared to urban areas in 2000–2020 (Huang et al., 2021). Although the diet-related greenhouse gas emissions (GHGE) of rural residents in China are lower than those of urban residents, this gap is narrowing (He et al., 2018).

A sustainable diet, which considers the role of dietary patterns for sustainable development, posts a positive effect on public health (reduction of diet-related chronic diseases, etc.), environmental sustainability (reduction of greenhouse gas emissions, water and land use), and economic sustainability (increased affordability of diets) (FAO and WHO, 2019). To alleviate the resource constraints and food insecurity caused by rapid urbanization, it is necessary to redefine dietary patterns from a health, environmental, and economic perspective (Clark et al., 2019). Most studies focus their analysis and interpretation on a single dimension of sustainability, e.g. the nutritional dimension, or several environmental indicators (mainly GHGE). Few studies have focused on these sustainability dimensions simultaneously (Macdiarmid, 2013; Willett et al., 2019; Hirvonen et al., 2020). Furthermore, there is limited empirical evidence on changes in urbanization as related to dietary quality, diet-related environmental impacts and cost of diet in China.

Therefore, this study attempts to answer the questions: What are the trends of diet quality, diet-related environmental impacts, and cost of diets during the period from 1997 to 2011, and does the changes depend on the level of urbanization?



Data and methodology


Study population and dietary data

The China Health and Nutrition Survey (CHNS) is an ongoing longitudinal and international cohort project. The CHNS collect individual-level data of the health, nutrition, and the community-level as well as household-level data of family planning policies and programs implemented by national and local governments (China Health and Nutrition Survey, 2014). The current research is based on the data of wave 1997, 2000, 2004, 2006, 2009, and 2011 and is drawn from the 9 provinces or autonomous cities/districts, including Guangxi, Guizhou, Heilongjiang, Henan, Hubei, Hunan, Jiangsu, Liaoning, and Shandong. The dietary assessment is based on a combination of data collected at the individual level with 3 consecutive 24-h dietary recalls and a food inventory taken at the household level over the same 3-day period. To collect individual dietary data, every household member (aged 12 years or older) was asked to report all food consumed over the previous 24 h for each of the 3 days.

Diets of adults aged 18–64 years were evaluated. Exclusion of the records in the dataset was based on the following criteria: children (< 18y, n = 2,469, 14.6% of sample) and elderly (>65y, n = 2,768, 17.7% of sample), lactating and pregnant women (n = 417, 0.38% of sample), as well as those with a Z-score >5 for energy intake (n = 524; 0.42% of sample). The final sample included 8,330 in 1997, 7,453 in 2000, 6,078 in 2004, 5,767 in 2006, 5,230 in 2009, and 4,756 in 2011. All the adult participants have reliable dietary intake and with non-missing values on key demographic and behavioral variables for this analysis.



Chinese Healthy Eating Index 2016

The Chinese Healthy Eating Index 2016 (CHEI2016) was used to assess the quality of the diet as a dietary sustainability indicator of health (Yuan et al., 2017). The index used standard portion of foods as the unit of dietary measurement, and standard portion is defined as a food that contains the same amount of energy and has similar carbohydrate, fat and protein content within the same food group (Supplementary Table 1). The CHEI2016 consists of 12 food components in terms of adequacy (cereals, whole grains and mixed beans, tubers, total vegetables (exclude dark vegetables), dark vegetables, fruits, dairy, soybeans, fish and seafood, poultry, eggs, and seeds and nuts) and 5 food components in terms of limitation (red meat, edible oils, sodium, added sugar and alcohol). Most food components were rated on a scale from 0 to 5, except for fruit, cooking oil and salt, which were rated on a scale from 0 to 10, with higher scores indicating a higher quality diet. The minimum and maximum cut-off values for each food component were based on the recommendations of the Chinese Dietary Guidelines 2016, and the scores were distributed linearly between the minimum and maximum cut-off values. The total CHEI2016 score is the sum of the 17 food component scores, ranging from 0 to 100, with 100 representing the highest dietary quality.



Environmental impact of diets

The environmental impact of foods in the CHNS samples was evaluated by linking them to the Chinese Food Life Cycle Assessment Database (CFLCAD). Details of the CFLCAD can be found elsewhere (Cai et al., 2022). In the database, Greenhouse Gas Emissions (GHGE) for 80 food items, Total Water Use (TWU) for 93 food items, and Land Use (LU) for 50 food items were collected, as the dietary sustainability indicators of diet-related environmental impacts. When no LCA data of a certain food were available, data from food groups with similar nutritional composition or cultivation condition were used as proxies. To harmonize the system boundaries, the database covers the 6 life cycle stages of all foods in the CHNS: production, processing, storage, packaging, transportation, food preparation stages, as well as the loss rates in the food chain.



Costs of diets

The cost of diets was evaluated as the dietary sustainability indicator from the economic perspective of the consumers. The CHNS conducted a detailed community survey consisting of food market information such as infrastructure, services, and organization, as well as the prices of foods at the community level (Guo et al., 1999, 2000). The food groups collected in CHNS consist of 13 food categories: cereals and tubers, legumes, vegetables, fruit and nuts, meat, poultry, dairy, eggs, aquatic products, beverages and fast food, liquor and alcohol, fats and oils, and condiment (vinegar, soy sauce). For all food categories, we use the least free market prices by default, and substitute with lowest retail prices wherever free market prices are missing. Using a free market price for each specific food commodity from CHNS, total daily monetary costs were calculated by multiplying the cost per g (RMB/g) of each food item by the reported daily quantity consumed through the 3 day 24 h dietary recall survey. Inflation adjustment is accomplished by multiplying the cost of diet by the Consumer Price Index of 2011.



Urbanization index

The CHNS used the urbanization index as a multidimensional measure to determine the level of urbanization of the respective community. This index consists of 12 community indicators, namely population density, economic activity, traditional markets, modern markets, transportation and health infrastructure, sanitation, communication, social services, diversity and housing. The 12 components were calculated based on the amount of infrastructure present in the community, the percentage of households in the community, and a maximum score of 10 for each indicator (with a range of 0–10, Supplementary Table 2). The detailed construction procedure, scale scoring algorithms, cut-off values and the dataset of the index are available in the supplementary material of the work of Jones-Smith and Popkin (2010).



Covariates

Sociodemographic and behavior data obtained using the CHNS questionnaire included age (in years), sex (male or female), height, weight, work-related physical activity, educational level, and dietary knowledge. The Body Mass Index was calculated using self-reported height and weight. The categories of work-related physical activity were light (e.g., sedentary job, office work, watch repairers, counter salesperson, lab technician), moderate (e.g., driver, electrician) and heavy (e.g., farmer, athlete, dancer, steel worker, lumber worker, mason). CHNS classified education level as follows: no school (0 year), primary school (1–6 years), junior middle school (1–3 years), senior middle school (1–3 years), middle technical or vocational school (1–2 years), college (3–4 years in college/university), and graduate school (over 4 years in college/university). Educational level was then divided into three categories of low (no school; primary school; junior middle school); medium (senior middle school; middle technical or vocational school), and high educational level (college; graduate school). Proportion of animal-based foods (%) in the diet was determined by dividing the animal-based food consumption (including: meat, poultry, dairy, egg and aquatic products) (g) by the total food consumption (g).



Statistical analysis

The mean and standard deviation (SD) of the dietary sustainability indicators (CHEI2016, environmental impacts, and cost of diet) of all participants were described. Energy intake was highly correlated with diet quality and diet-related environmental impacts and cost of diet, thus dietary sustainable indicators were recalculated per 2,000 kcal/d.

The crude secular trends of variables were statistically evaluated by the Jonckheere–Terpstra test in the cohort study (Vock and Balakrishnan, 2010). The participants were categorized into quartiles of urbanicity index and tested for differences in diet-related GHGE, TWU, LU, CHEI2016, and cost of diet across the quartiles of urbanicity index using one-way analysis of variance (ANOVA). The mediation analyses was conducted for urbanization index (predictor variable) and each dietary sustainability indicator (dependent variable), with the proportion of animal-based food consumption (mediator) and demographic characteristics (covariates) using the Sobel-Goodman mediation test.

Likelihood ratio tests were used to compare the fit of nested models (Random intercept models as well as multilevel random slope and intercept regression models) for effect measure modifiers and goodness of fit, and the results showed that the fit of multilevel random slope and intercept regression model was better (Supplementary Table 3). The longitudinal tracking data in CHNS violated the assumptions of data independence and homogeneity of variance because of the nested structure. Therefore, a two-level random slope and intercept regression model with individuals (level 1) nested within community (level 2) was used to estimate the association between sustainable indicators of diet and urbanization index.

The main analysis was replicated in two multilevel analyses: Model 1 included one of the three dietary sustainability indicators and the urbanization index with adjustments for individual-level explanatory variables (age, gender, BMI, education level, activity level, income, and dietary knowledge). In Model 2, the urbanization index was deconstructed into its 12 subcomponents and the individual-level variables were the same as in Model 1. In each model, the intra-class coefficient of correlation (ICC) was calculated as the ratio of between-community variance to total variance of dietary sustainability indicators (Snijders and Bosker, 2011). The closer ICC to 1, the larger the proportion of the variance that can be attributed to community level characteristics rather than individual characteristics (Raudenbush and Bryk, 2002). To assess the goodness of fit of these models Akaike's Information Criterion (AIC) was used (Akaike, 1974). The interaction between urbanization index and survey year was tested to evaluate whether the time trend of the dietary sustainability indicators differs by the degree of urbanization.

All data collation and statistical analyses were performed with Stata/se 13.1 (Stata Corp). All reported p-values were two-tailed, with a P-value < 0.05 considered statistically significant.




Results

The cohort study consisted of 8,330 people at baseline and reduced over the years to 4,756 in the final round (Table 1). From 1997 to 2011, activity levels and energy intake of participants decreased while BMI, per capita income, and educational level increased. The mean urbanization index increased as well from 52.6 (±18.1 SD, 1997) to 64.5 (±18.2 SD, 2011).


TABLE 1 Cross-sectional univariate descriptive of participants in the CHNS 1997-2011, aged 18–64 yearsa.
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Between 1997–2011, a significant increasing time trend was observed for the CHEI2016 (p = 0.005), dietary GHGE (p = 0.005), LU (P = 0.002), and dietary cost (p = 0.041), while the TWU (p = 0.345) fluctuated during the same period (Figure 1 and Supplementary Table 4). The CHEI2016 score was 37.9 in 1997 and increased to 41.9 in 2011 (+ 10.6%). Dietary GHGE progressively increased by 23.8% (0.6 kg CO2-eq/2000 kcal/d per person) and LU increased by 29.1% (0.7 m2/2,000 kcal/d per person) respectively. Dietary TWU was 3.2 in 1997 and 3.4 m3/2,000 kcal in 2011. Similarly, the inflation-corrected diet cost rose by 80.0% from 4.5 RMB/d/2,000 kcal in 2004 to 8.1 RMB/d/2,000 kcal in 2011.
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FIGURE 1
 Mean and standard deviation of the diet-related GHGE, TWU, LU, CHEI2016, and cost of diet in the CHNS 1997–2011a. aFood price data is available from 2004 onwards. p-trend = 0.005** for GHGE, P-trend = 0.345 for TWU, P-trend = 0.002** for LU, p-trend = 0.005** for CHEI2016, p-trend = 0.041* for cost of diet. The p-trend was based on Jonckheere–Terpstra test.


A higher degree of urbanization was associated with higher diet-related CHEI2016, GHGE, TWU, LU, and cost of diet from 1997 to 2011 (Figure 2). Also during the past two decades, the increase of indicators was larger in the lowest as compared to highest quartiles of urbanization. CHEI2016 in the lowest vs. highest urbanization quartile increased by 18.1% compared to 7.4%, diet-related GHGE increased by 86.9% compared to 17.8%, TWU increased by 38.4% compared to −0.9%, LU increased by 57.8 vs. 13.1%, and cost of diet increased by 124.4% compared to 64.7% from 2004 to 2011.
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FIGURE 2
 Diet-related GHGE, TWU, LU, CHEI2016, and cost of diet by quartiles of the urbanization index in the CHNS 1997-2011.


Dietary sustainability indicators were positively associated with the urbanization index (P-for trend < 0.05) in Model 1 after adjustment for individual-level covariates and survey year (Table 2). An increase of 0.241 kg CO2-eq/2,000 kcal (GHGE), 0.289 m3/2,000 kcal (TWU), 0.198 m2/2,000 kcal (LU), 2.843 per 1000 kcal (CHEI2016), and 1.108 RMB/d/2,000 kcal (cost of diet) for highest vs. lowest quartile of urbanization index (Q4 vs. Q1). The ICC coefficient for Model 1 all exceeded 0.7, indicating there was substantial inter-community heterogeneity in dietary sustainable indicators. The proportion of animal-based food in diet consumption showed a positive correlation with CHEI2016, diet-related environmental impacts (GHGE, TWU, and LU), and cost of diet, respectively (p < 0.001). The interaction between urbanization index and survey year was significant (p < 0.001). Model 2 further performed multilevel analyses of the 12 sub scores of the urbanization index: “Communication”, Economic activity, Housing infrastructure, and Sanitation were significantly positively associated with each of the environmental impact indicators, while Education was negatively associated. Health infrastructure was positively associated with GHGE and TWU but had no association with LU. In terms of the health indicator, Population density, Housing infrastructure, and Education showed a positive association with CHEI2016. Moreover, cost of diet was positively associated with Housing infrastructure, Traditional markets, and Sanitation. The proportion of animal-based foods in the diet might be an intermediary factor between urbanization and dietary sustainability outcomes as Mediation analysis showed that animal-based foods could explain 24.5% (CHEI2016), 9.2% (GHGE), 13.8% (TWU), 11.3% (LU) and 38.1% (cost of diet) of the overall association between urbanization and these sustainability outcomes (Sobel-Goodman mediation test, all p < 0.001; see Supplementary Table 5).


TABLE 2 Coefficients from two-level mixed effect models for dietary environmental impacts, CHEI2016, and cost of diet among adults aged 18–64 years, CHNS 1997–2011a.
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Discussion

This study showed that while diet quality increased 10.6% as indicated by the CHEI2016, also the dietary GHGE increased 23.8%, LU increased 29.1% during the period 1997 to 2011, and dietary costs increased by 80% between 2004 to 2011. These time trends were more pronounced in the lowest quartile of urbanization as compared to the highest: CHEI2016 in the lowest vs. highest quartile of urbanization increased by 18.1% compared to 7.4%, diet-related GHGE increased by 86.9% compared to 17.8%, TWU increased by 38.4% compared to −0.9%, LU increased by 57.8% compared to 13.1%, and cost of diet increased by 124.4% compared to 64.7%. Mediation analysis indicates that these associations are mediated by the consumption of animal-based foods. Between-community differences explained over 70% of this population's total variability in dietary sustainable indicators, suggesting that community-level variables are essential factors that are driving these trends.

As a low- and middle-income country (LMIC) China is in the midst of rapid urbanization and therefore provides a suitable context to study the role of urbanization on the sustainability of diets. This study showed that all indicators were highest in highly urbanized areas. In line with this, an almost tenfold increase of animal sourced food consumption in China was reported, correlating with a rapidly growing degree of urbanization and modernization from 1961 to 2000 (FAO., 2005). Previous studies compared sustainable diets in rural and urban areas in LMICs (Auestad and Fulgoni, 2015; Downs et al., 2017; Batis et al., 2021; Castellanos-Gutiérrez et al., 2021), and the results of these studies suggest that the better dietary quality in more urbanized areas goes along with increased environmental impacts and higher cost of diet (United Nations Department of Economics Social Affairs, 2012). Therefore, for higher urbanized areas, it is necessary to promote a dietary pattern that is healthy, low in diet-related environmental impacts, and at an affordable cost to ensure the health of the planet and the population. The multilevel analysis of this study suggested that the sustainability indicators in low urbanized areas are catching up with higher urbanized areas. An important challenge lies in accompanying the continued growth of urbanization and modernization in less urbanized areas, which means diets in these areas would follow the changes toward more animal-based foods as higher urbanized areas have already been undergoing. Moreover, as the proportion of animal-based food was a intermediator of this association, the results suggested that urbanization may have shaped the context for a diet shift toward a high intake of red meats, poultry, and eggs, with associated diet costs and subsequent environmental impacts. These results underpin the close interrelationship between economic development, agricultural supply, and demand for more expensive animal foods. Therefore, to reduce the adverse environmental impacts of this economic development, not only increase the public awareness about the health, environmental impacts, and cost of diets need to be increased that can promote more sustainable dietary choices, but also require interrelated changes in supply and demand. Consequently, promoting more sustainable dietary choices for consumers.

Using population size and density alone as a measure of urbanization is biased (Ng et al., 2009). Indeed, the concept of urbanization in this study tends to represent the degree of modernization beyond the population size and density. Modernization has an impact on the dietary transition in terms of transportation, health service, and social services (Zhou et al., 2015). The associations observed in the analysis suggest that the impact of urbanization on sustainable indicators might vary depending on various aspects of urbanization. When this study decomposed the overall urbanization index into its sub-scores (while controlling for the other sub-scores), population density was associated to the CHEI2016 only and not to the environmental indicators or diet costs. The components of Communication, Economic activity, Housing infrastructure, and Sanitation were significantly associated with dietary environmental impacts. A previous study concluded that the higher the per capita income of a household and the more urbanized the area, the more likely the population is to consume more sugar, fat, and highly processed and packaged foods (Colozza and Avendano, 2019). The increasing complexity of food processing has increased the environmental footprint of food. These conclusions were in line with present study which demonstrated that the component of Economic activity was positively associated with the diet-related GHGE, TWU, and LU, respectively. Furthermore, due to the increased accessibility of communication devices, residents are able to receive advertisements for dairy products, snacks, convenience foods, and fast food outlets on television, the internet, and mobile phones (Huang et al., 2015), thus potentially increasing the frequency of consumption of these foods. This is similar to the results in Model 2, GHGE, TWU, and LU was increased with the growth of the component of communication. The components of Health infrastructure, Housing infrastructure, Traditional markets and Sanitation are positively associated with the cost of diet. Traditional markets can be found in almost all Chinese cities and villages. Animal foods such as meat, dairy products and fish can be accessed directly by the consumers (Zhai et al., 2014). This change in the community environment was associated with a high-fat, high-energy dietary pattern, thus increasing the costs of diets.

Considerable heterogeneity was observed in the association between individual-level variables (such as education and income) and dietary sustainability indicators of Chinese consumers in present study and similar result from the previous study (Su et al., 2020), suggesting that trends in dietary sustainability indicators are not fully explained by community-level variables. Diet-related GHGE, TWU, LU, CHEI2016, and cost of diet showed a strong association with educational levels, respectively. Previous studies have shown that higher educational levels directly influence consumers' concerns about nutrition adequacy, which resulted in improved quality of the diets (Hotz and Gibson, 2005). In addition, education level also influenced consumers' choice of the proportion of animal- and plant-based food, indirectly driving changes in the environmental impacts of food consumption and dietary costs (Aggarwal et al., 2011; Van Bussel et al., 2020). Moreover, as income levels rise, consumers tended to improve the quality of diets. A previous study concluded that the higher the income level of a household, the more likely it is to consume more refined and highly processed and packaged foods (Reynolds et al., 2019). However, the increasing complexity of food processing has also increased the environmental impacts of food.

This current research has several strengths. First, this study benefited from a large sample size and a 15-year follow-up period. Only the individuals with 3-day 24-h recall data were included in this prospective study, which minimizes bias and provides stronger evidence for causality (Kandola et al., 2020). Secondly, this research uses a multilevel mixed effects model to distinguish between community and individual impacts on dietary sustainability indicators. Thirdly, for each community surveyed, the contextual variable urbanization in this study consists of 12 different dimensions of infrastructure, economic, and demographic items. This greatly improves the ability to distinguish the impact of urbanization on the commonly used urban-rural dichotomy (Jones-Smith and Popkin, 2010). This dichotomy not only assumes homogeneity within the “urban” and “rural” categories, but it also ignores change over time. Moreover, the environmental impacts in this study were based on the Chinese Food LCA Database, without using impact estimates from High-Income Countries that would lead to an overestimation of those impacts.

However, some limitations should be mentioned. Given that China has undergone significant changes in recent years in terms of urbanization and dietary transition, however, this study covered only the survey period 1997–2011. Secondly, regional heterogeneity of urbanization can lead to differences in food consumption and its associated sustainability indicators that deserve future attention. This heterogeneity highlights the need for region-specific dietary adjustment strategies. A deeper understanding of the complex associated mechanisms will be of great value for future research.



Conclusions

The present study demonstrated that the rapid urbanization in China over the past two decades has been accompanied by an improvement in overall diet quality, however, also by an increase in the diet-related environmental impacts and cost of the diet. Of special concern was the observed trend that people from the lower urbanization levels are rapidly adopting similar diet-transitions as the highest urbanization quartile. Halting and reversing these dietary trends that are increasing health at the expense of environmental impacts and increased dietary cost is a key challenge for policy makers and nutrition researchers.
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The global ambitions to end hunger, achieve food security and improved nutrition, and promote sustainable agriculture demand a complex transition of the current food environments for enabling sustainable healthy diets. The food environments in Low and Middle-Income Countries (LMICs) have been experiencing rapid and dynamic transitions across the globe, necessitating a system-level thinking and systemic approach to understand opportunities for improvement. There is a need for valid, reliable measures of food and nutrition environments for reorienting thinking and data collection toward determinants of food demand, especially the food environment components, which are critical to understand the transforming food systems. Food environment transformations are urgently required to provide consumers with more affordable and nutritious diets capable of meeting social and environmental challenges. In the present perspective, we aim to provide insights on prioritizing research on understanding and designing evidence based inclusive food environments which is crucial for promoting long-term food system innovations that are economically, socially, and environmentally sustainable and, above all, contribute to sustainable healthy diets.
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Introduction

During the past few decades, the food system dynamics in low and middle-income countries (LMICs) have been evolving rapidly. The Global Panel on Agriculture and Food Systems for Nutrition (GLOPAN), the United Nations (UN) High-Level Panel of Experts on Food Security and Nutrition (HLPE), and several recent studies and landmark reports (UNICEF., 2021; WFP, 2022) emphasize an immediate need to transform food systems which are currently broken. The current food systems are unable to provide sustainable and adequate nutrition equitably mainly due to disorganized agricultural intensification, over emphasis on industrialization and commercialization of food with inadequate priority to address food insecurity and malnutrition, equitable access to food, resource and environmental degradation, and changing consumer behavior. To overcome these challenges, a robust analytical framework applicable to food systems and their components is needed to design and implement appropriate interventions that will promote sustainable production, equitable food distribution, and address nutrition deficiency and hunger, especially in the developing countries.

There is need to undertake extensive studies to understand complex linkages within the food systems and their components. Such evidence base would be critical to design interventions to improve the broken food systems. According to the existing literature, the food system consists of four broad components: stakeholders of food systems, domains of food systems, drivers of food systems, and outcomes of food systems (High Level Panel of Experts on Food Security Nutrition., 2017; De Brauw et al., 2019). The food environment1 is one of the core components under the domain of the food systems. Therefore, research to better understand the food environment is imperative to fix the broken food systems, especially in the context of the first action area-sustainable, resilient food systems for healthy diets, of the UN Decade of Action on Nutrition 2016–20252. However, in practice, hardly any systematic information is available on the food environments, especially in LMICs. A lack of integration of such knowledge and perspective makes the relevant policies much weaker. Therefore, enabling a deeper understanding of the food environments is increasingly becoming essential to elucidate its complexities and improve diets and address malnutrition.

The aim of this perspective is to strengthen the narrative around importance of building evidence based inclusive food environments. Objectives of this perspective are 2 fold; first is to see briefly the areas on which researchers are working to understand and improve the food environment in LMICs and the second is to identify the priorities for food environment research for development in LMICs.

Following this brief introduction, we have discussed the brief overview of existing research on food environments and then we have discussed the need to prioritize the food environment research in the next section, followed by conclusions.



Brief overview of existing research areas on the food environment in LMICs

Some research has been conducted on the topic of food environments in LMICs over the past couple of decades, with a focus on understanding the intricate interplay between various factors and their impact on individual people and communities. This research has shed light on the complex challenges that the communities in LMICs face when it comes to accessing healthy and affordable food, and also highlights factors that contribute to food insecurity and malnutrition.

To gain a deeper comprehension of research on food environments, we can categorize it into two primary areas3: (a) Research on facts and frameworks to understand food environment interactions; (b) Research on policy interventions to improve food environments.

Both areas of research are important for understanding and addressing the complex and multifaceted challenges of the food environments in LMICs. In the following section we briefly discuss the major work streams under these categories:


Facts and frameworks to understand the food environment interactions

To promote a unified approach to food environment research, policies, and interventions, various authors have developed conceptual frameworks (Kanter et al., 2015; Turner et al., 2018, 2020; Downs et al., 2020; Bogard et al., 2021; Constantinides et al., 2021; Osei-Kwasi et al., 2021; Toure et al., 2021). These frameworks offer a clear and concise visual representation that links theoretical concepts with empirical research, enabling us to better comprehend the connections and relationships between food environment concepts, food choice, and nutrition and health outcomes. A comprehensive and flexible food environment framework allows us to evaluate the impact of physical, economic, political, and sociocultural contexts on people's interactions with the food system. It enables us to better understand how individuals make decisions about obtaining, preparing, and consuming food (Herforth and Ahmed, 2015; Downs et al., 2020; Lingham et al., 2022). The food environment framework offers valuable insights into the underlying factors that drive food consumption patterns. This framework also sheds light on the various pathways that influence food acquisition and consumption (Chen and Antonelli, 2020; Turner, 2020). Along with this framework, developing, testing, and validating standardized instruments and metrics to profile food environments in LMICs is crucial for understanding the diverse, complex and dynamic food environment that exists in these contexts. These standardized instruments and metrics can provide a comprehensive picture of the food environment by measuring and analyzing key indicators of food availability, accessibility, affordability, and quality (Ahmed et al., 2021). This can lead to informed evidence-based policies and interventions aimed at improving food security and nutrition outcomes (Ohri-Vachaspati and Leviton, 2010; Johnston et al., 2014; Herforth and Ahmed, 2015; Nguyen B. et al., 2021). Monitoring environmental footprints across the food systems is a crucial component of understanding the governance of food environments as the production, processing, transportation, and consumption of food are major drivers of environmental degradation and climate change, and can have significant impacts on the availability, accessibility, and affordability of nutritious foods (Kennedy et al., 2021).

Understanding consumer behavior is critical to identify the factors that influence consumers' choices in the context of local food environments and digital food environments4. The drivers of consumer behavior in these environments include individual, social, and environmental factors such as culture, personal preferences, social norms, convenience, and accessibility (Granheim et al., 2022; Turner et al., 2022). These factors influence consumers' livelihood and nutrition by shaping their food choices and dietary patterns. The local food environment provides consumers with access to fresh and healthy foods, while digital food environments offer convenience and accessibility (Granheim et al., 2022; Turner et al., 2022). Further, the commercial determinants of nutrition and health are important factors that influence individuals' dietary choices, particularly in LMICs. These determinants include the food industry's marketing and advertising practices, the availability and affordability of unhealthy foods, and the influence of multinational corporations (Clapp, 2021; Granheim et al., 2022). In LMICs there is growing evidence of associations between unhealthy/ultra-processed foods (added sugars, salt, and unhealthy fats) and the dietary, nutrition, and health outcomes. The negative health impacts of unhealthy/ultra-processed foods are of particular concern in LMICs, where rates of non-communicable diseases are increasing rapidly, and often multiple forms of malnutrition coexists within the populations (Popkin and Ng, 2022), especially in the child and young population (Carducci et al., 2021). Fast food marketing is successfully reaching children in developing and emerging economies using similar techniques as in developed economies (Witkowski, 2007). Children are heavily exposed to food marketing, particularly on television, promoting unhealthy, highly processed foods with appealing branding. This poses a significant danger to public health (Harris et al., 2009). Besides this formal sector, the informal sector plays a crucial role in shaping local food environments in LMICs. This sector encompasses various unregulated and non-formal economic activities, such as street vending, home-based food processing, and small-scale farming (Nguyen T. et al., 2021).



Research on policy interventions to improve food environments

The policy research related to food environments has to be primarily centered around ensuring that people have access to food and beverages that are safe, healthy, and convenient. The research on food environment policies can be conveniently classified into two categories: the first focuses on policy interventions at the individual and community levels, while the second investigates policy interventions at the macro (province or national) level.



Policy research at community/individual level

The development of effective strategies for promoting healthy diets (World Health Organization, 2019) is critical for reducing the burden of diet-related chronic diseases. Multiple strategies are needed at different levels to promote healthy diets and reduce the prevalence of diet-related chronic diseases in the communities. One approach that has been suggested is the use of nudges, which can encourage consumers to make healthier food choices in various commercial and institutional settings (Ruben et al., 2020). At the community level, it is important to raise awareness about the benefits of consuming locally generated nutritious foods while also highlighting the potential harms of consuming processed and ultra-processed foods (Herforth and Ahmed, 2015). Communities can also ensure access to safe, healthy, and convenient foods and beverages, particularly for individuals who have limited food preparation time (Brouwer et al., 2021). Identifying community-level priorities for their local food environments and establishing public-private partnerships to serve these needs can also be effective in promoting healthy diets (Thow et al., 2018; Yu et al., 2018). Furthermore, local governments can play a significant role in discouraging the consumption of low-cost and unhealthy processed foods through policies and regulations, as demonstrated by Mozaffarian et al. (2018) and Aylward et al. (2022).



Policy research at macro level

Transforming food environments requires cross-sectoral policy actions and convergence pathways to address the challenges posed by the triple burden of malnutrition. One of the first steps toward this goal is mapping community food environments and identifying community-level context-specific nutrition and dietary policy and implementation strategy. These strategies can be developed and implemented at the community level through collaborations between various stakeholders such as policymakers, public health experts, and community members (Baker et al., 2020; Laar et al., 2020, 2022). Fiscal policy can play a critical role in promoting healthy diets by offering subsidies to producers or consumers of healthy food and imposing taxes on unhealthy food. For instance, subsidies on fruits, vegetables, and whole grains can help to lower their price and increase their accessibility, while taxes on sugary drinks, snacks, and other unhealthy foods can discourage their consumption. Such policy measures can improve accessibility to healthy and sustainable diets, thereby contributing to reducing the prevalence of malnutrition. However, it is important to assess the impact of such measures on the triple burden of malnutrition, including undernutrition, overweight and obesity, and micronutrient deficiencies. This requires a comprehensive evaluation of the direct and indirect effects of fiscal policy on food prices, consumption patterns, and health outcomes (Gómez et al., 2013; DeFries et al., 2018; Mockshell et al., 2021). To evaluate the effectiveness of interventions, there is need to conduct robust longitudinal and experimental studies at multiple scales that assess the multi-dimensional impact on diets, nutrition status, and health outcomes. Such studies can provide critical evidence on the effectiveness of different interventions and would help policymakers to design evidence-based policies that can lead to better health outcomes (Keats et al., 2019; Turner et al., 2020). Furthermore, effective nutrition literacy policies can increase awareness and encourage healthier diets across commercial and institutional channels, as well as locally generated healthy nutritious food. Nutrition literacy policies can include nutrition education programs, labeling requirements, and nutrition information campaigns that target different population groups. These policies can help to improve food choices and eating habits by promoting healthy and sustainable diets (Aldaya et al., 2021; World Health Organization, 2021b). Finally, it is important to identify and promote innovations that stimulate demand for sustainable and healthy diets. These innovations can include new products, services, and business models that promote healthy and sustainable food consumption. For instance, food delivery services that provide healthy and sustainable meals can increase accessibility to healthy food and reduce the need for unhealthy food options (Dwivedi et al., 2017; De Brauw et al., 2019). By adopting these cross-sectoral policy actions and convergence pathways, it is possible to transform food environments and reduce the prevalence of malnutrition.




Need to prioritize the food environment research

LMICs' food environments are undergoing rapid changes, presenting a massive challenge to food environment research. The assessment, monitoring, and evaluation of food environments and the implementation relevant policies in LMICs is a complex task due to the lack of standardized metrics and methods, proper data and implementation strategy. Instruments specific to the LMICs' settings are still under development, as the unique and multifaceted nature of their food environments makes it challenging to establish common terms and definitions. Hence there is a need for prioritizing the food environment research specially in the following the areas:


Development of measurable holistic framework

The food environments in LMICs are influenced by a wide range of complex variables that include seasonal cycles, economic and climate shocks, gender and social biases, cultural circumstances, conflicts, infrastructural disparity, the multiplicity of supply chain actors, religion, policy, education, networks, and human capital and weak institutions. Along with these factors, the presence of various food sources, such as market-based vendors, informal food vendors, and non-market-based food sources, and the small scale of food businesses, add another layer of complexity to the research. Even though many frameworks have been developed for describing or understanding relationships between agriculture and nutrition, they have often been oriented toward project design and implementation or focus on sub-sections of the food environment without adequate attention to big-picture linkages which are frequently needed for consideration by policymakers. Effective policies to transform food systems cannot be designed and implemented without a holistic understanding of the food environments. These factors make the food environment in LMICs distinctly different from high-income countries (HICs) and require a specialized approach to understand and assess them. The lack of standardized metrics and the presence of various non-measurable variables further exacerbate the complexity of researching the food environment in LMICs.

Hence there is a need for a comprehensive structural framework that allows an interdisciplinary approach to understanding the interactions among different domains and elements of food environments and the food system to promote effective interventions to improve nutrition and health outcomes in these settings.



Collection of comprehensive and reliable data

The availability and reliability of data are critical for understanding the food environment in LMICs. Unfortunately, there is a significant lack of coherent data on various dimensions of the food environment in these settings. The lack of reliable data on logistics, storage, and marketing is a significant issue in LMICs. Detailed datasets that contain geotagged information about food vendors are also limited, if not entirely non-existent. This lack of data makes it difficult to assess the location and density of food outlets in a given area and hinders efforts to identify food deserts or other areas that lack access to healthy food options.

Additionally, food and nutrition regulations and documentation may be less readily available in LMICs. The lack of regulatory oversight and documentation makes it difficult to monitor the quality of food sold in markets and restaurants, leading to a higher risk of foodborne illnesses and other health problems. The absence of reliable data also makes it challenging to assess the impact of various interventions aimed at improving the food environment in LMICs.

Furthermore, the absence of data on the food environment in LMICs can lead to a lack of political will to make changes in the food system. Inadequate data can also hinder efforts to secure funding for food-related research and interventions.

Therefore, it is essential to prioritize the collection of comprehensive and reliable data over time on various dimensions of the food environment in LMICs. This data should include information on the location and density of food outlets, the availability of healthy food options, food safety, quality, and food and nutrition regulations. Collecting this data will enable policymakers, researchers, and stakeholders to better understand the food environment in LMICs, and develop evidence-based interventions, and ultimately promote positive nutrition and health outcomes in these settings.



Policy implementation strategy

Suitable policy development can be one of the most important instruments to improve the food environment in the LMICs. However, policymakers and researchers often face significant challenges in designing and implementing appropriate policies in the field due to the highly diverse contexts of LMICs. This is particularly true when it comes to food-related policies, as the food environment is influenced by a multitude of factors, including social, cultural, religion, economic conditions, and political stability.

To successfully implement policies aimed at improving the food environment in LMICs, it is necessary to develop a comprehensive implementation strategy that takes into account the unique challenges faced by extension agents in the field. These challenges may include limited resources, cultural barriers, and logistical difficulties. Without proper research on the implementation strategy, policy development may fail to yield the desired outcomes.

Furthermore, it is essential to involve local communities and stakeholders in the policy development and implementation process. The involvement of these groups can help to ensure that policies are culturally appropriate and meet the needs of local populations. It can also help to build trust between policymakers and local communities, and facilitate the successful implementation of policies.

Research on effective policy implementation in LMICs requires a holistic approach that takes into account the complex and diverse nature of the food environment. This approach should involve robust research on implementation strategies, appropriate business models for engaging local communities and stakeholders, and a commitment to building strong partnerships among policymakers, researchers, and extension agents.




Conclusions

This perspective builds a narrative that there is an urgent need for systematic research to understand the complex interactions and connections among different elements of the food environment and the broader food system to achieve sustainable healthy diets in LMICs. The current understanding of the food environment in LMICs is still in its early stages. We argue that the future research need to promote a comprehensive structural framework that allows an understanding of interactions among different domains, generating coherent evidence monitored through key performance indicators and developing evidence based actionable policies for implementation to improve the food environments. It needs to integrate qualitative and quantitative findings to develop new hypotheses and refine ongoing studies. By doing so, policymakers can develop effective policies that can improve the food environment and promote sustainable positive nutrition and health outcomes. The conceptual nature of our proposition is its limitation and it can continue to evolve when implemented on the ground in the LMICs.
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Footnotes

1 Food environments are the physical, economic, political, and sociocultural contexts in which people engage with the food system to make their decisions about acquiring, preparing, and consuming food. Therefore, food environments are spaces in which people make decisions about food. Food environments determine the availability, accessibility, affordability, and desirability of different foods. They are the interface between individuals and the broader physical, economic, political, and sociocultural drivers of the food system (Swinburn et al., 2013; Turner et al., 2018).

2 https://www.who.int/docs/default-source/nutritionlibrary/departmental-news/mid-term-review—un-decade-of-action-on-nutrition/nutrition-decade-mtr-foresight-paper-en.pdf?sfvrsn=c3c14085_4

3 Basic structure of this distribution has been adopted from the Laar et al. (2022). It may be noted that neither this list is an exhaustive list, nor the cited literature is exhaustive one. Objective was to broadly identify the current research areas which help us to discuss the future priority areas of research with more clarity.

4 Digital food environments are the online settings through which flows of services and information that influence people's food and nutrition choices and behavior are directed. They encompass a range of elements, including social media, digital health promotion interventions, digital food marketing and online food retail (World Health Organization, 2021a).
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Introduction: The transformation of our food system towards a more resilient agroecological framework is one of the most pressing needs faced by our global community. Understanding the use of multiple conservation practices is important in the development of research, education, and policy to accelerate their more widespread integration of into farming systems.

Methods: The aim of this study was to conduct a preliminary investigation of the trends regarding multiple practice adoption of conservation farming practices by conventional and organic farmers engaging with sustainable farming methods. Forty farmers were interviewed regarding their use of conservation practices, as well as their motivations, barriers, and future plans for new implementation and expansion of current practices.

Results: Farmers spontaneously identified cover crops and vegetation strips as the most frequently used conservation practices; however, upon more specific inquiry, we found that more than 50% of farmers used additional agroecological conservation practices including local crop varieties, intercropping, managed grazing, crop rotations, and no-till, with many farmers using multiple practices. Overall, we found no correlation of organic certification with the number of conservation practices implemented by farmers. The major motivations towards the adoption of practices included improved soil quality and profitability. Main identified barriers included financial means and risk, lack of knowledge, and access to resources. Farmers showed interest in further implementation of additional conservation practices, including expanded use of cover crops, tree plantings, and no-till practices.

Discussion: Further understanding complementarities, as well as differences in barriers and motivations, can contribute to the design of effective education strategies and financial incentives to promote the simultaneous implementation of agroecological conservation practices.
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 sustainable agriculture, cover crops, agroecology, farmer practice adoption, conservation measures, soil quality, intercropping, no-till


1. Introduction

The transformation of our food system into a more resilient agroecological framework is one of the most pressing needs faced by our global community. As climate extremes and unpredictability continue to become more frequent and widespread, the persistent challenges of soil and biodiversity loss which result from our current agricultural production practices will only become more pronounced (Jat et al., 2014; Findlater et al., 2019). Alternative practices are being sought that can alleviate agroecosystem vulnerabilities such as soil erosion, soil and water quality degradation, excess or insufficient water quantity, degraded plant condition, soil carbon loss, livestock production limitation, inadequate fish and wildlife habitat, inefficient energy use, and air quality impacts (USDA Natural Resources Conservation Service – USDA NRCS, 2013).

Certain agricultural practices have been identified that promote the resilience of our cropping systems while enhancing environmental and societal outcomes. Many of these practices have been described using different terminology, such as agroecological practices, environmentally friendly practices, conservation agriculture, and more recently, regenerative agriculture. In particular, the term agroecological practices is increasingly used throughout the globe (Wezel et al., 2014; Wezel and Silva, 2017; Paracchini et al., 2020). However, in the United States, the most codified of these definitions is the term “conservation practices,” where individual practices may have direct associations to incentive programs administered by USDA NRCS (2013). Typical conservation practices promoted by NRCS programs include no-till, reduced-till, cover crops, contour buffer strips, water retention structures, perennial plantings, nutrient management, terraces, waterways, filter strips, prairie establishment, wetland restoration, timber stand improvement, grade stabilization, feedlot runoff control, tree plantings, prescribed grazing, and bioreactors (Kuhn, 2018).

While incentive programs exist to promote the further implementation of conservation practices, adoption is still relatively limited in the United States. For example, cover crop acres included only 3.9% of all US cropland in 2017, with the highest adoption (29% of acres) in the mid-Atlantic states and lower adoption (1% of acres) in more arid states (Zulauf and Brown, 2019). No-till management, while more widely adopted than cover crops, is also implemented on only a minority of acres, with 26% of total cropland managed with these practices in 2017 (Sawadgo and Pastina, 2022).

In the context of agroecology, within which the recognition of the need to transform practices using a systems-based context rather than the more simplistic approach of assessing the value of a practice in isolation, there is a particular importance to understanding how farmers proceed with the sequential or simultaneous adoption of multiple conservation practices to maximize agroecosystem benefits. Multiple practices integrated in tandem can create synergies which enhance and improve the effectiveness ecosystem provisioning (Hatt et al., 2018; Debray et al., 2019; Boeraeve et al., 2020; Bezner Kerr et al., 2021). Not only can the implementation of different conservation practices promote the achievement of independent goals (e.g., reducing erosion, enhancing biodiversity, and improving water quality), but the resulting effects of coordinated practices can have synergistic effects beyond those of a single practice in isolation (Christianson et al., 2018).

Several previous studies have examined rates and motivations related to farmer adoption of individual conservation practices, such as cover crops (Moore et al., 2016; Lee and McCann, 2019); no-till management (Krause, 2017; Wade and Classen, 2017); or management-intensive grazing (Foltz and Lang, 2005; Wang et al., 2020; Winsten et al., 2020). Fewer studies have examined the joint or combined implementation of conservation practices (Canales et al., 2020; Gong et al., 2021). Liebert et al. (2022) documented common agroecological practices implemented by organic fruit and vegetable farms. Focused on eight agroecological practices (intercropping, use of compost, insectary planting, reduced tillage, cover cropping, crop rotation, riparian buffers, and border planting), the authors found that farmers who managed fewer acres were more likely to use multiple practices as compared with larger farm sizes. However, the probability of adoption of any specific practice varied depending on farm size, with larger farms more likely to adopt reduced tillage practices, and smaller farms were more likely to use intercropping, insectary planting, and border planting (results based on tendencies and not statistical significant differences). While these previous studies provide insights as to the characteristics of farms adopting specific conservation practices, knowledge gaps remain about motivation to adopt or not multiple conservation practices, but also challenges and barriers farmers identify or face for adopting such practices, particularly as these trends relate to farms that have already begun to explore the integration of these practices into their farming operations.

The aim of this study was to conduct a preliminary investigation using an exploratory interview dataset of farmers choices, preferences and combinations regarding the use of multiple agroecological conservation farming practices by farmers in the USA already utilizing some conservation practices, with some complementary data from Canada. Moreover, we investigate (i) if adoption of these practices might be influenced by financial support, being under organic certification, (ii) which are the drivers for farmers’ motivation influencing the implementation of conservation practices as well as (iii) the barriers identified by farmers for adoption of practices. We specifically chose to focus on farmers with the US who already had a demonstrated level of commitment to an openness to using conservation practices as defined by the USDA NRCS, which allowed us to more deeply explore barriers, challenges, and motivations to multi-practice implementation that would lead for a more systems-based agroecological approach to conservation practice adoption. We documented the most frequently used practices by both organic and conventional farmers currently engaged with conservation cropping systems, as well as motivations, barriers, and goals for current and future implementation of practices. We chose to focus on farmers that had demonstrated a level of commitment to sustainability goals for their farms, thus enhancing our ability to begin to discern trends in the more complex implementation of multiple practices in tandem or in sequence. While this study is exploratory in nature, it provides new insights that can guide more comprehensive studies to understand the multiple underlying internal and external factors (e.g., pedo-climatic context, technical or financial barriers, farmers’ knowledge, knowledge exchange, training, policies), and farmers’ motivations leading to complementary and antagonistic practice adoption.



2. Methods


2.1. Sampling and data collection

This research employed a qualitative approach to understanding farmers’ motivations for adopting conservation practices, as well as challenges and barriers to further implementation. A qualitative approach was chosen to develop a more nuanced understanding of the types of practices farmers were using and their experiences. The conservation practices chosen to highlight within the interviews were primarily those addressed with USDA Natural Resource Conservation Service (USDA NRCS) conservation programs, thus were practices more widely recognized by farmers. Data was collected through semi-structured interviews with farmers. Thirty to sixty minute interviews via phone or videoconference were conducted in October and November of 2021, with the conversations recorded.

Purposive and snowball sampling techniques were used to recruit participants representing farmers who already had an initial degree of commitment to the adoption of conservation practices. Initial interview participants were recruited through midwestern farmer networks focused on promoting organic and sustainable agricultural practices (e.g., UW-Madison’s Organic Grain Resource and Information Network; Practical Farmers of Iowa; Wisconsin Department of Agriculture, Trade, and Consumer Protection-funded Farmer-led Watershed Groups). Further participants were recommended by other interviewees (Figure 1).
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FIGURE 1
 Geographic location of interviewed farmers.




2.2. Data analysis

The interviews were split into five distinct sections: farm demographics; open-ended farmer-identified conservation practices; selection of conservation practices pre-determined within the interview structure; identification of practices currently use to control insect pests, diseases, and weeds; and motivation and barriers for future implementation of additional conservation practices. The nine pre-identified practices included: diversified crop rotation of four or more crops; cover crops; intercropping or interseeding (association of at least two crops grown simultaneously on the same field); cultivar mixtures; locally adapted/local crop varieties; no-till practices; biological control; vegetation strips on borders of or within the crop field; and managed grazing of livestock.

Demographic data and quantitative data were analysed with R software program using descriptive statistics and correlation analysis, and qualitative data was analysed through text coding based on common themes. The qualitative data regarding motivation and barriers for implementation were collected as text, analyzed, and then translated into quantitative data. First, the main themes of each interview were identified, and in a second step, similar themes across the different interviews were merged. In order to analyze the agricultural practices that were identified by the farmers, a key was created for uniformity of terminology to describe the practices (e.g., buffer strips and hedgerows were categorized as “vegetation strips” within the farmer identified practices).




3. Results and discussion


3.1. Demographic data

The interview pool including 40 farmers, primarily located in the upper midwestern USA. Most farmers interviewed (85%) identified themselves as the owner of the farm operation, with 15% identifying as the manager/operator (Table 1). Eighty-eight percent of the farmers were 36–65 years old, and 92.5% identified as male. Over half the farms (57.5%) ranged from 100–1,000 ha, 22.5% were smaller than 100 ha and 20% larger than 1,000 ha. Seventy-three percent of the farms described themselves as a family farm or a single-owner enterprise. The other farms belonged to multiple-owner enterprises. Most farms (62.5%) included livestock as part of their farm operation. Approximately half of the farms (47.5%) managed some or all their land as certified organic, with 7.5% certified under other labels such as the Rodale Institute Regenerative Organic Certification.



TABLE 1 Demographic information of interviewed farmers (n = 40).
[image: Table1]



3.2. Conservation practices implementation

Farmers self-identified several conservation measures currently used on their farms (Figure 2). Cover crops (92.5%) were the most frequently mentioned practice, followed by vegetation strips (i.e., grass strips, waterways, flowering strips, and buffer strips) (65%), managed grazing (42.5%), crop rotation (40%), and no-till (40%).
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FIGURE 2
 Agroecological conservation practices self-identified by farmers (practices are only shown if mentioned by at least 10% of farmers).


When asked about the utilization of specific conservation practices which were predefined by the interviewers, similar trends were observed as with open-ended identification (Figure 3). The most frequently implemented practices included cover crops (97.5%), grass strips (85%), and local crop varieties (80%), followed by intercropping/interseeding (72.5%), and crop rotation (70%). Managed grazing, crop rotation, and no-till were also mentioned, ranging between 65%–70% of farmers using these practices. The highest percentage of the interviewees (35%) implemented six out of ten practices, while 22.5% implemented nine out of ten practices and 17.5% implemented seven out of ten practices. Only one farmer (2.5%) implemented all ten practices presented.
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FIGURE 3
 Proportion of farmers implementing pre-defined agroecological conservation practices.


The trends regarding implementation of practices employed by the farmers in our sample differed from those reported from USDA Agricultural Resource Management Survey (ARMS) (Wade et al., 2015), with the adoption of conservation practices in our study being much greater. For example, no-till practices were used by 67.5% by interviewed farmers, compared to an average of 38% across USA farms reported by ARMS. Cover crop adoption was orders of magnitude greater in our sample as compared to the national average, with almost all farmers planting cover crops, whereas previous studies have documented that less than 3% of the agricultural land within the US is managed using cover crops (Hellerstein et al., 2019). Similarly, managed grazing was implemented more frequently across our sample, with 65% of farmers using this practice compared to 22% of conventional producers in 2012 as documented in a previous study (Hellerstein et al., 2019). This greater proportion of adoption by farmers in our sample may be due to the recruitment techniques used for this study, which drew from farmer organizations with emphases on alternative agriculture approaches, including opportunities to engage with education and peer groups related to conservation practice implementation.

The use of locally adapted varieties was self-identified by very few farmers as a conservation approach (2.5%); however, when asked directly, most farmers interviewed (80%) did confirm their use of this strategy. This discrepancy in answers could indicate that farmers did not associate the use locally adapted varieties with positive conservation outcomes, despite a broader recognition of the role of targeted crop breeding and selection in the mitigation of crop nutrient needs, pests, diseases, water use, and temperature responses (Banga and Kang, 2014). Farmer definitions of “locally adapted” varied widely, perhaps exacerbating the lack of association of the practices with conservation goals. Some farmers considered cultivars as local varieties when purchased through a local seed dealer. However, other farmers identified locally adapted varieties as those that had demonstrated superior performance in their environments through yield and performance trials. A few farmers chose varieties specifically bred for their environments. Each of these approaches could have a degree of positive impact on local adaptation and associated reduction of inputs due to superior crop performance contributing to its ability to better withstand local pest and disease pressures.



3.3. Crop protection practices

Farmers associated several of their conservation practices with benefitting pest management, including the use of cover crops and crop rotation (each cited by 50% of respondents) (Figure 4). Mechanical soil disturbance (e.g., tillage and cultivation) was also cited frequently (47.5%), likely due to its common use on organic farms for weed management. Managed grazing was also identified as a tool that benefitted pest management, again likely due to its role in weed management particularly on organic farms (27.5%). Chemical protection was only identified by 20% of the interviewees as a crop protection strategy; however, alternative forms of spraying (e.g., “natural”/“non-synthetic” spraying) were utilized for crop protection as well.
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FIGURE 4
 Farmer-identified crop protection practices (practices are only shown if mentioned by more than 5% of farmers).


Strategies that promote beneficial insects (e.g., vegetative strips) were mentioned by only 10% of respondents, despite their relatively high adoption by the farmers interviewed. Interestingly, the farmers interviewed for this study did not associate vegetation strips with pest management, despite their documented effectiveness as beneficial insect habitat (Grashof-Bokdam and Van Langevelde, 2005; Herzog et al., 2005; Schweiger et al., 2005). This lack of association with pest management could be due to the inconsistent benefits of vegetation strips on reducing pest populations at field scale after implementation of those practices for other ecosystem services, such as erosion control and water management. Further, despite increases in beneficial insect populations when prairie strips are used (Haaland et al., 2011; Middleton et al., 2021), pest insect predation and subsequent pest pressure on crops can be neutral or inconsistent (Cox et al., 2014), further contributing to lack of farmer association of this practice with pest management benefits.



3.4. Financial support for practices

The majority of the of the interviewees (75%) received financial support for the implementation of conservation practices from various state, federal, or private programs. Federal programs included those administered through the United States Department of Agriculture Natural Resource Conservation Service (USDA NRCS), such as the Conservation Reserve Program (CRP), the Environmental Quality Incentives Program (EQIP), and the Conservation Stewardship Program (CSP). EQIP and CSP are both intended to assist farmers in paying for integrating conservation practices on their farm. EQIP payments are intended for small, individual projects such as planting grass seed in waterways to prevent erosion, whereas CSP is intended to help pay for whole-farm projects, typically integrating multiple projects for broader aims such as erosion control, water quality or wildlife habitat enhancement. To a lesser extent, farmers cited support from the Farm Services Agency (FSA), crop insurance programs [e.g., Agriculture Risk (ARC) and Price Loss Coverage (PLC) programs]. Examples of state-based programs included funding focused on water quality protection (such as through the Wisconsin and Minnesota State Departments of Agriculture) while private funding included non-profit entities such as Ducks Unlimited.

Farmers who received financial assistance were more likely to integrate vegetation strips (including for the management of waterways and pollinator habitat) into their farm practices (Figure 5). The relationship between financial compensation and practice implementation may be related to the lack of association with other benefits that could provide economic benefits, such as improved pest control and subsequent ability to reduce inputs. A slightly higher occurrence of no-till practices and managed grazing was associated with financial assistance. The use of diverse crop rotations, intercropping, cultivar mixtures and biocontrol were more often associated with farmers not receiving financial incentive payments.
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FIGURE 5
 Adoption of agroecological conservation practices by farmers with and without financial support. Proportion of farmers (%) calculated by comparing the number of farmers adopting the conservation practice within each specific category with the total number of farmers overall in each category (with and without receiving financial support).


Previous studies have documented associations between financial assistance payments and the adoption of specific conservation practices. For example, the implementation of perennial covers associated with pasture, riparian buffers, and restored wetlands, which have been perceived by farmers as expensive conservation practices, have often required monetary incentives to make implementation feasible (Atwell et al., 2008). However, previous research has also shown that farmers adopt conservation practices for multiple reasons (e.g., normative obligations) other than financial incentives (Prager and Posthumus, 2010; Osmond et al., 2015; Meijboom and Stafleu, 2016) thus, the relative impact of financial assistance on facilitating practice adoption will likely be practice specific as well as due to intrinsic motivation and technical skills of farmers to adopt them (Atwell et al., 2008; Prager and Posthumus, 2010).

Different studies that have shown that farmers do not necessarily require cost-share or financial incentives to maintain commitment to certain agroecological practices that improve soil health and improve water quality, such as cover crops (Dunn et al., 2016; Roesch-McNally et al., 2017c). Thus, the design of incentive programs to promote and sustain adoption of agroecological practices should also consider broader farmer motivations leading to greater commitment to maintaining agroecological principles as part of systems-based management. Other policy supports, such as funding for improved aggregation and processing infrastructure as well as incentives for institutional procurement, could help support the financial viability of a more diverse crop rotation, enabling the integration of agroecological processes by expanding access to more profitable market outlets for a wider variety of crop and animal-based products.



3.5. Impact on organic certification of conservation practice adoption

Approximately half of the farmers interviewed had at least some of their land managed as certified organic under the USDA National Organic Program (NOP) (Table 1). Overall, we found no association of organic certification with the number of conservation practices implemented by farmers (value of p = 0.654). However, differences were seen in the type of practices implemented by farmers managing at least a portion of their farm as certified organic (Figure 6). Certain conservation practices (crop rotation, cultivar mixtures, local varieties, biocontrol, managed grazing, and vegetation strips) were implemented more frequently by organic certified farms as compared to conventional farms, and certain practices less frequently used on organic farms, such as no-till practices.
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FIGURE 6
 Adoption of agroecological conservation practices by farmers with and without organic certification. Proportion of farmers (%) calculated by comparing the number of farmers adopting the conservation practice within each specific category with the total number of farmers overall in each category (with and without organic certification).


Differences in the implementation of conservation practices by organic and conventional producers has been documented in previous studies. For example, nearly 40% of all organic field producers used cover crops in 2014, higher the number of conventional farmers using this practice in 2012 (7%) (Hellerstein et al., 2019). Similar trends can be observed with the practice of management intensive grazing, where 65% of organic livestock producers used rotational grazing, compared with 22% of conventional livestock producers in 2012. Further, 36% of organic farms were reported to use no-till or minimal till practices in 2019, compared to 24% of conventional farms identifying the use of these practices (USDA, 2017, 2019). Other studies have documented that organic farmers have greater environmental awareness and concern for the environment than their conventional counterparts, as documented in several studies from across the globe (Dubgaard and Sorensen, 1988; Fisher, 1989; Sullivan et al., 1996; McCann et al., 1997; Fairweather, 1999).



3.6. Adoption of multiple conservation practices

The farmers interviewed for this study typically integrated more than one conservation practice into their farming operation. The heatmap (Figure 7) generated from their responses shows that farmers using cover crops, the most frequently used conservation practice, more frequently also integrated the use of grass strips and local varieties. Further, farmers using cover crops also tended to more frequently use practices such as intercropping, crop rotation and no-till. Biocontrol and flower strips are the less frequently used overall as individual practices and were less frequently associated with the use of no-till practices and cultivar mixes. Interestingly, flower strips were not associated with the use of biocontrol practices, which may indicate that farmers associate the planting with strips more with pollinator habitat than biocontrol benefits.
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FIGURE 7
 Heat map indicating combination of practices among farmers found (darker orange indicates higher frequency whereas light yellow low frequency).


The associated use of specific practices might be also related to the major motivations of farmers implementing conservation practices. Here, soil health is the leading motivation as shown in the following section. The practices targeting soil health and which were more often used also in association were cover crops, intercropping, crop rotation and no-till.



3.7. Motivations to implement conservation practices

Interviewees mentioned different drivers influencing the implementation of conservation practices (Figure 8). Improving soil quality was the main motivation for farmers (55%) to implement conservation practices, often with the more specific goal of improving soil biological activity. Other soil quality enhancements sought by farmers in our study included improved soil structure and improved ability to retain nutrients. Maintaining or improving water quality and water management also ranked high with respect to farmer motivations of adoption of conservation practices, with erosion, water retention and water quality appearing in 60% of the answers of interviewees.
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FIGURE 8
 Main motivations for implementation of agroecological conservation farming practices (motivation themes are only shown if mentioned by at least 10% of farmers).


Other studies have similarly found that soil quality and health-related benefits were motivators for the adoption of conservation practices, including erosion reduction from cover crops, filter strips, grassed waterways, hedgerows, rotational grazing, and no-till (Brodt et al., 2009; Reimer et al., 2012; Brummel and Nelson, 2014; Reimer and Prokopy, 2014; Xie, 2014; Roesch-McNally et al., 2017a,b,c), as well as soil improvements associated with the implementation of perennials, organic practice in general, cover crops, no-till, and rotational grazing (Brummel and Nelson, 2014; Reimer and Prokopy, 2014; Adebiyi et al., 2016; Bossange et al., 2016; Ulrich-Schad et al., 2017). The types of practices implemented most frequently by the farmers in our study align with the motivation of improved soil health. Cover crops are widely viewed by technical soil and water conservation advisors to be an effective means for reducing soil erosion and nutrient loss and increasing soil health (Arbuckle and Roesch-McNally, 2015). Similarly, vegetation strips are a common practice to implement in waterways and reduce erosion. As several of the farmer groups from which our interview sample was recruited have an emphasis on water quality (e.g., Practical Farmers of Iowa and Wisconsin’s Farmer-Led Watershed groups), our interviewees likely had substantial opportunities to become familiar with research and best management practices which link conservations strategies to erosion management.

Profitability was identified as a second important motivator for the adoption of conservation practices. Within this context of a motivator, profitability can be viewed from two perspectives. First, farmers recognized the potential economic savings that could result from the implementation of conservation farming practices, including the reduced need for inputs to manage weeds, insects, and diseases, or the reduced fuel costs due to fewer field operations (e.g., with no-till management or managed grazing). Other studies have found that reduced input costs, including fuel, labor, and nutrient additions, were a motivation to practice adoption (Reimer et al., 2012; Stuart et al., 2014). The second aspect of profitability which motivated farmers was related to increased yields or market premiums that were realized when these practices were adopted.

Several studies have showed that farmers’ perceptions of the importance of soil health as a broader asset to their farm, as well as the specific economic benefits of soil health practices, both play important roles in conservation practice adoption (Singer et al., 2007; Bergtold et al., 2012; Reimer and Prokopy, 2014; Wang et al., 2019). More specifically, previous literature has documented that farmers’ emphases on improving soil health and the related soil health attributes of the new practice tend to positively influence adoption decisions, while farmers who need more monetary incentives to adopt such practices are less likely to adopt (Adesina and Baidu-Forson, 1995; Ryan et al., 2003; Singer et al., 2007; Bergtold et al., 2012; Reimer and Prokopy, 2014; Wang et al., 2019). The motivation of soil health may be related to the farmers’ assumptions that these improvements will increase yields while reducing the need for chemical inputs, which will improve their profitability in the longer term (Plastina et al., 2020). These studies, complemented by the results of our interviews, highlight the importance of not only understanding the economic scenarios related to conservation practice outcomes and supports, but also helping farmers better understand the broader value of agroecological practices to their operations, particularly those related to the improved function of their farms in the longer term.

To a lesser extent, biodiversity and mitigation of environmental stresses (e.g., water stress) were stated as main drivers by 20% and 12.5% of farmers, respectively. Similarly, social motivations related to the adoption of conservation practices were less cited, although farmers did state a desire to adopt practices that promoted their ability to be responsible stewards the land, particularly as related to maintaining and restoring the land for future generations. In a recent study of organic grain farmers in Iowa, a similar lower prioritization was placed on broader social benefits, where civic-mindedness goal orientation was rated lower than the goals of profitability and natural resource stewardship (Han et al., 2021).

Livestock grazing can also motivate the adoption of conservation practices. Farmers with livestock perceived higher levels of compatibility between their systems and cover crops (Arbuckle and Roesch-McNally, 2015). These results suggest that integrating livestock in cropping systems could further facilitate conservation practice implementation while providing additional landscape-level benefits (e.g., weed/insect suppression or extreme weather mitigation) that come with a more diversified agricultural system (Lin, 2011; Davis et al., 2012; Kremen and Miles, 2012). A significant number of farmers interviewed mentioned currently practicing grazing livestock on crop fields as well as the desire to do it in the future. Integration of livestock into grain cropping systems is of increasing interest to farmers seeking more advanced goals related to soil health on their farms, as it is a key element listed in the NRCS five soil health principles (USDA NRCS, 2022).



3.8. Barriers to implementation

Several barriers were identified to farmer adoption of conservation practices. Costs (e.g., the purchase of fencing for management intensive grazing, seed, or additional equipment) (32.5%) and the lack of knowledge (e.g., the need for specific guidance regarding best management practices for successful implementation of practices) (27.5%) were the main barriers stated by farmers (Figure 9). Beyond lack of knowledge, access to physical resources (e.g., specialized equipment; markets for more diversified crop rotation) was considered by 22.5% of the farmer as a limit to the implementation. Additionally, farmers identified financial limitations, as well as limitations with time and labor, as barriers to the implementation of conservation practice adoption.
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FIGURE 9
 Barriers to implementation of agroecological conservation farming practices (barrier themes are only shown if mentioned by at least 5% of farmers).


Time and labor have been documented as barriers to conservation practice adoption (Reimer et al., 2012). Not only is the overall additional labor demand related to implementation of practices a concern, but those labor needs coming at critical times in farm management. For example, lack of timely cover crop termination and residue incorporation due to delayed operations can lead to production risks if farmers cannot manage the cover crop at an earlier growth stage appropriate for effective nutrient management and planting (Christianson et al., 2014).

Lack of knowledge, uncertainty of production outcomes, and greater perceived risk have also been cited as barriers to adoption of conservation practices. A survey related to cover crop implementation in the midwestern USA found that if technical assistance were more widely available, more farmers would attempt to use of cover crops (Arbuckle and Roesch-McNally, 2015). This same study showed that farmers who implemented cover crops were more likely to have support from conservation agencies and watershed groups, demonstrating the positive impact of access to knowledge. Adoption of other conservation practices have shown similar trends, such as the implementation of prairie strips for biodiversity (Luther et al., 2022). Further, improved infrastructure and resources to support conservation practice adoption, including the need for greater availability of seed, equipment, and expertise, remains lacking (Arbuckle and Roesch-McNally, 2015).

A further barrier is that changes in supply chains more broadly are also necessary to expand the implementation of agroecological practices, particularly in the geographic region from which our interview pool is drawn, which is dominated by the production of corn and soybean for animal feed. The narrow rotation of long-season crops limits the possibility of integrating alternative practices, such as cover crops and grazing, into the system (Peterson et al., 2019). Previous studies have documented those farmers who had more diverse operations, including the integration of livestock or additional crops, more successfully integrated cover crops into their farming operations (Stuart and Gillon, 2013). However, despite proven agroecological benefits as well as benefits to yields (Volsi et al., 2022), adoption of diverse rotations is hindered by lack of readily accessible and profitable regional markets. Alternative marketing strategies such as cooperative marketing, direct marketing, and institutional procurement programs, partnered with increased infrastructure capacity to shortened supply chains, could facilitate expanded implementation of diverse rotations and, in turn, facilitate agroecological practice adoption. The structural barriers existing beyond the farm can drive farm management decisions, limiting innovation and willingness to attempt alternative farm strategies (Bartels et al., 2013).



3.9. Planned future implementation of practices

Farmers were asked about additional conservation practices planned for the future. Almost all farmers (92.5%) were considering the implementation of at least one new practice. Increasing the use of cover crops, as well as planting more trees, were frequently mentioned practice changes, with about 20% of farmers seeking these goals (Figure 10). Expanded or new implementation of no-till practices was mentioned as by 20% of the farmers interviewed, while 17.5% planned to improve their management intensive grazing systems and add practices to improve biodiversity. This goal to increase biodiversity was often expressed as a broader goal of environmental protection, but also as a desire to support pollinators and beneficial insects.
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FIGURE 10
 Future plans for implementation of agroecological conservation practices identified by farmers (practices are only shown if mentioned by at least 5% of farmers).




3.10. Study limitation

Some limitations of the study can be mentioned here. There was no representative sampling of farms per type of farming, farm size or other factor that was carried out. But the goal was an exploratory study to get first insights into the use of conservation practices of farmers, farmers’ motivations to use them and barriers for implementation. A second one is that we could only survey which practices farmers use on the farm, but not explicitly on each field or plot of their farm. For this a much larger study would be needed in investigating the use of conservation practices per field, but this was not feasible. In such a future study, field investigations would also be necessary and relating the use of practices to, e.g., soil type, crops grown, rotation, location on the farm per field. Moreover, we could see with some data analysis not presented here that there are some tendencies in the use of some practices regarding farm size. More in-depth analyses, with additional farm data, and investigating as well differences regarding farming types or for which crops the practices are used could provide further insights into the adoption of conservation practices.




4. Conclusion

This study broadens our understanding of the adoption patterns of different conservation farming practices implemented by farmers demonstrating an existing interest in their use. Our results show that many of the farmers interviewed used not just one conservation practice, but typically use multiple conservation practices. This study showed that conservation practices with the highest adoption tended to be the practices most often co-adopted. And for this soil health seems to be an important driver and motivation for farmers to adopt them. However, we also found certain practices that were less likely to be used in combination.

Our data also demonstrated that the conservation practices with high levels of adoption (e.g., cover crops) had substantial support with respect to technical assistance and financial assistance. However, our study also highlights practices that would profit from more investment in the development of successful implementation strategies, supported by providing specific additional financial incentives for them, such as the use of flowering strips and enlarged use of biocontrol. Understanding how to design complementarity between more frequent and lesser used practices (e.g., managing pastures to enhance beneficial insect habitat, using diverse cover crop mixes with flowering species) could derive additional agroecological benefits from practice implementation while mitigating risks and financial burdens to the farmer. Additionally, understanding complementarities, as well as differences in barriers and motivation, can help design more holistic financial incentive schemes to promote practices that are riskier or knowledge intensive to implement, yet may provide substantial agroecosystem benefits.

The impact of certification strategies on adoption of some practices also emerged from our study. As public and private programs, including those related to “regenerative” or “climate smart” agriculture, continue to develop, the inclusion of certain conservation practices within these certification schemes could be a positive driver with respect to further implementation.

The motivations and barriers faced by the farmers in this study, who already had made steps to implement conservation practices on their farms, were consistent with those documented in previous studies. A persistent need exists for more knowledge and resources not only the technical details related to the execution of practices, but also the short and long-term soil health benefits and economic impacts. The dual motivations of broader goals of soil health improvement and profitability must be considered in designing education and incentive programs to motivate new and sustained adoption of practices. The findings outlined in this study also highlight the role of farmer networks, particularly those with a conservation focus, in reducing barriers through creating learning communities to not only accelerate knowledge generation and sharing, but to alleviate the social barriers that inhibit farmer adoption of conservation practices.
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Over one fourth of today's greenhouse gas emissions are the result of agriculture, with the production of meat representing a large portion of this carbon footprint. As the wealth of low- and middle-income countries continues to increase, the demand for animal-sourced protein, such as dairy and meat products, will escalate. At this point in time, livestock feed alone utilizes almost 40% of the world's cropland. The rapidly increasing world population, coupled with a need for environmental sustainability, has renewed our attention on animal-protein substitutes. Apprehensions over climate change have aided an acceleration in the research and development of alternative proteins, which may replace some animal-sourced protein over time. The alternative dairy and meat industry is developing at a yearly rate of 15.8% and is predicted to reach 1.2 trillion $USD by 2030. This emerging market incorporates new technologies in plant-made protein production, manufacturing of animal proteins by fermentation using microbial bioreactors, and accelerated production of cultivated (also known as cell-based) meat. These new technologies should change the global market drammatically. This article describes the history of the alternative protein industry and its' current status, then offers predictions of future pathways for this rapidly accelerating market. More speculatively, it discusses factors that lead to shifts in consumer behavior that trend toward the adoptation of new technologies.
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Introduction

As environmental sustainability becomes more imperative, the utility of animal-sourced food products has undergone extensive evaluation (Poore and Nemecek, 2018; Aschemann-Witzel et al., 2021). Livestock feed itself utilizes up to 40% of global cropland, and the need for meat products has grown alongside the increase in income across low- and middle-income countries (Sexton et al., 2019). Increased demand for arable land that can be used to produce animal protein is a significant cause of pollution, biodiversity loss and eutrophication through the excessive application of fertilizers. Simultaneously, more than 800 million people suffer from undernutrition and another two billion experience micronutrient malnutrition (Perignon and Darmon, 2022; World Health Organization, 2022). A doubling of food is needed to improve the nutritional status of the world's population; continuation of conventional patterns of agricultural production is estimated to create lower overall environmental sustainability, and accumulated in a sharp increase of greenhouse gas emissions of 80% (Aimutis, 2022).

Besides issues associated with sustainability, the over-consumption of meat is linked to multiple health issues including heart and cardiovascular disease and colorectal cancer (Micha et al., 2010; Wolk, 2017; González et al., 2020). Food-borne illnesses such as Salmonella, E. coli and Campylobacter are also associated with meat consumption; excessive use of antibiotics in livestock carries risks for human health as well (Fegan and Jenson, 2018; Lee et al., 2021).

Research into and development of animal protein replacements has resulted in an acceleration of innovation (FAO, 2022). The alternative dairy and meat industries are presently growing at a rate of 15.8%, with amplified appeal to mainstream consumers outside of the existing ‘niche' markets (Specht, 2022). Meat alternatives produced presently have appealed particularly to the rapidly-growing sector of “flexitarian” consumers (Smart Protein, 2021).

For over 10 years, demand for alternative protein products from various sources has altered the marketplace (Lima et al., 2022). Alternative proteins can imitate the flavor, appearance and mouthfeel and even certain nutritional profiles of many animal products, while significantly reducing greenhouse gas emissions, land degradation and loss of diversity in wild places (Sexton et al., 2019). Finally, alternative protein can directly tackle animal welfare and ethical issues associated with animal meat production (Eckl et al., 2021). Substitutes for animal-sourced food protein respond to inter-connected concerns of sustainability, nutrition and ethical concerns toward the use of animals (Chai et al., 2019). Indeed, the demand for alternative protein will instigate a reassessment of the global food system, with sustainability being a new focal point, using evaluation methods that are not yet entirely clear.

Alternatives for low- and middle-income countries are especially difficult. Consumers in nations that have only recently improved incomes embrace meat as a correlate of wealth and status. Moreover, long-standing traditions around maintenance of livestock in rural cultures are not likely to change quickly (Parlasca et al., 2023). In contrast, consumption of meat in OECD nations has languished or in certain instances has even dropped (Onwezen et al., 2021). Increasing availability of alternative proteins will almost certainly affect conventional trading relations and affect rural communities in poorer nations in unpredictable, but significant ways.

Alternative protein development can be categorized into multiple pillars: plant-based protein as substitutes for animal protein, precision fermentation using microbes to produce animal ingredient proteins, fermentation with the goal of modifying taste and structure of plant based food, production of microbial biomass for food, and cell-based (cultivated) meat. These innovations in food and agriculture will significantly unsettle the international market (Lee et al., 2023). The following review describes the origins and current status of these three technologies, and proceeds to explore how they will impact inequality, food sovereignty and the prospects for social justice. The review discusses the challenge of consumer acceptance to meat alternatives and concludes with a forecast of future directions for this growing market.



An overview of alternative proteins

Plant-based protein such as seitan from wheat, or tofu or tempeh from soy, have been produced in Asian countries and consumed for centuries. This form of protein gained popularity in the late-twenteeth Century in Western countries. Plant-based protein is both traditional and novel. Increased interest in new foods based on plant products with nutritional benefits and sensory attributes resonate for consumers today. Food innovations can be characterized as maintaining the taste and texture that makes them as satiating as animal-based products.

More lately, a rekindled interest in powders and energy bars with high protein content, has become a fashionable trend in food products (Allied Market Research, 2022). Protein sourced from plants alone can transform meat-centric meals into nutrient-rich, healthy alternatives (Sexton et al., 2019). Alternative protein products that can have the same look, taste and mouthfeel as animal-sourced foods is the latest development, and allows the consumer to retain the sensory pleasures of meat and dairy that they know and love, in particular when price levels are different. Currently, plant-based products with a similar mouthfeel such as sausage and hamburger are produced using pea and soy protein, by companies such as Impossible Food and Beyond Meat. Plant proteins extracted from these crops are then mixed with additional ingredients and processed into a meaty texture (Sexton et al., 2019).

Functional analogs are needed to produce plant-based replacements for animal proteins. First, crops with the necessary ingredients (proteins, fats, and starches) must be identified and processed. Second, processing must reformat ingredients into a muscle-like texture that resembles meat. Product formulation to get the preferred taste and texture, yet retain the desired nutritional qualities may consist of manufacturing processes such as extrusion, kneading, and 3D printing, among others (Specht, 2022).



An overview of fermentation

Fermentation has had a place in our diets since the beginning of mankind. From yogurt to beer, cultures of microbes have been put to work to preserve food products, as well as improve nutritional content and taste. Fermentation is traditionally used to obtain umami taste in cereal and pulse-based foods such as soya sauce, tempeh or miso (Li and Siddique, 2018). Umami is otherwise provided by animal sourced foods (Walsh et al., 2020; Mouritsen and Styrbæk, 2021; Gao et al., 2022; Li et al., 2022; Wang et al., 2022), or in traditional cuisines (such as the Mediterranean) by combining onion, garlic, and tomato in preparations like sofrito (Vallverdú-Queralt et al., 2013). From a functional perspective, fermentation also facilitates the digestion of complex carbohydrates from cereals and pulses. Fermentation further contributes to enhanced taste in plant-based dairy alternatives (Tangyu et al., 2019), which are more likely to be consumed by women (Pandey and Ritz, 2021).

Fermentation as a technology has been used over the years for disciplines ranging from biofuel production to pharmaceuticals (Ciani et al., 2021). Fermentation is currently used to generate novel foods, such as proteins from non-animal sources (Li and Siddique, 2018). Established use of fermentation comprises lactic acid bacteria to produce cheese and yogurt, and fungi to ferment soy into tempeh. Microbial biomass alone can be used to make the food product, in certain circumstances. For example, the mycelium based products of the company QuornTM, operating since 1985, are based upon filamentous fungi, which are grown in microbial bioreactors. Products generated require minimal processing and are extremely nutritious. Quorn makes use of food waste to produce its products, using mycelium specific fermenters, and creates a carbon footprint one tenth lower than beef (Quorn Press Release, 2020). This fungal company has a global retail sale of over $200 million USD and produces 25,000 tons (dry mass) per year. It is no surprise that mycoprotein is projected to increase annually by 20% as a source of commercial food protein (Cherta-Murillo and Frost, 2021). Precision fermentation makes use of genetic engineering to create novel pigments, flavorings, and proteins via microbes. Impossible Foods makes a plant based version of a hamburger with the heme protein included via precision fermentation (Ciani et al., 2021).

Controlled bioreactors used to cultivate microbes such as fungi or bacteria and generate either biomass or specific food ingredients would be significantly more efficient than the open field growth of crops. The carbon footprint of bioreactors is low; moreover, they can be built no non-arable land or within city centers reduces competition for arable land. Production can even take place in industrial zones, where CO2, H2 and other inorganic carbon sources could be utilized (Airprotein.com, Järviö et al., 2021).



An overview of cultivated meat production

Cultivated/cell-based meat as a science is approaching two-decades of laboratory research, with its origins in the pharmaceutical and biomedical industries. The technical compatibilities and prospects seem encouraging. As important is the question of how socio-cultural framings serve to alter, accelerate or impede cultivated meat to global acceptance and coverage. This trajectory can be thought of in terms of two critical waves, the first initiated by university-based projects that were initially driven by ethical concerns for animal welfare, culminating in a slowly but steadily growing knowledge base in the field. The second was concern for environmental sustainability, notably supported in part by philanthropy.

In 2011, a New Yorker article reported that the technology for cultivated meat was available at that time but lacked sufficient funding (Spectre, 2011). Shortly afterwards, philanthropic donors financed the development of the first lab grown burger at Maastricht University (O'Riordan et al., 2017). The cultivated meat space was quickly supported via investments by wealthy funders with a focus on breakthrough technologies which could address global challenges. The industry shifted again to a third stage with investments from corporations such as Cargill or other food multinationals, Tyson Foods and Nestle, since 2017. New companies have moved in as well, such as Memphis Meats (which raised 17 million dollars in Series A funding). Eat Just Inc (2020), the first cell-based meat company with regulatory approval and housed in Singapore, has cell based chicken out on the market in 2023 (EatJust.com). The Israeli startup Aleph Farms has also moved forward, bringing slices or whole-meat cuts based on cultivated meat to the marketplace.

The development of cultivated meat products that are dependable with respect to taste and texture requires multiple types of cells, including fat cells, muscle precursor cells and connective tissue (O'Neill et al., 2021). The choice of medium used for production can also have an impact on meat quality and taste. The cultivated meat industry has to date concentrated on two major products: the first being unstructured, such as sausage or hamburger, and the second being highly structured, such as chicken breasts or beefsteaks. Achieving the latter requires the use of stem cells grown for 40–50 generations in a bioreactor, with the media changed at certain points to promote proliferation into muscle, fat and connective tissue. Differentiated cells such as these are adherent and require attachment to a scaffold; as a result, new biomaterials, such as collagen and egg shell membranes, have been acquired which play the role of microcarriers (Andreassen et al., 2022). The sera used must be free of any animal product and have features that are food-grade acceptable (Hanga et al., 2020).

Animal cell culture requires carbon and nitrogen, as well as amino acids, sugars, salts, and growth factors in order to proliferate (Yao and Asayama, 2017). These components influence sensory properties, for example, umami can be created from the amino acids asparagine and glutamic acid (Kawai et al., 2002). The way that media is prepared will impact how muscle cells proliferate and differentiate in culture. As an example, myoblasts need distinct cytokines and growth factors to proliferate, including fibroblast growth factor, insulin growth factor, hepatocyte growth factor, transforming growth factor-β and cytokines such as tumor necrosis factor-α (Bentzinger et al., 2010). These signaling molecules are able to stimulate myogenesis through various metabolic pathways and are currently prohibitively expensive. One way to reduce the cost of animal-derived growth factors is to screen for sequence homology with their plant or fungal counterparts. Extracts of chickpea peptides, for example, can stimulate insulin associated cell signaling (Girón-Calle et al., 2008). In the long run, it will be critical to replace animal serum with media that lacks animal-sourced products. It may be possible to utilize other, complex ingredients to reproduce constituents of media, such as the use of molasses, in place of purified glucose (Lee et al., 2022).

To create cultivated meat products such as steaks and chicken breasts in vitro, a natural, edible scaffold framework must be established that recreates the microenvironment that cells adhere to Bhat et al. (2017). The scaffold is necessary for cell cultivation and must be biocompatible with the cells so that they can proliferate while still enabling the free flow of nutrients and oxygen. Scaffolds can be made by electrospinning (a technique used to conform a solution of polymers into a network of fibers), mold cast/ injectable systems (in which “bioink,” comprised of cultured cells, is injected into a mold that resembles a cut of meat), and 3D extrusion printing (in which bioink is placed on an extruder, which is itself constantly moving, to create a product more like ground meat) (GFI.org, 2022; Lee et al., 2022).

Under a laboratory setting, a 2D system comprised of Petri dishes and/or tissue culture flasks offers mechanical support for cells; however, the muscle cells undergo altered gene expression and thus change their phenotypic properties and behaviors. Over time, the cells take the form of a monolayer and cannot be sustained indefinitely. Alternatively, a 3D scaffold matrix comprised of a hydrogel of crosslinked hydrophilic polymers as well as growth factors incorporated into cell adhesive molecules, can better functionalize muscle cells for cultivated meat (Li et al., 2022). For scale up, cell cultures that are supported by microcarriers are needed to reach the volumes required to satisfy market demand. These microcarriers could dissolve over time, be edible, or be readily extractable during processing (Lee et al., 2022). Microcarriers could also encapsulate growth factors, which are later released to promote cell proliferation or differentiation over time. For example, Mosa Meats uses a technology to grow cultured meat by incorporating pillars which scaffold the materialization of a hydrogel containing muscle cells (Post, 2013). These muscle cells then self-assemble to form contractable rings in order to foster skeletal muscle maturation.

The hard limit to cell division is a major challenge; cells eventually enter a phase of senescence after undergoing a specified number of divisions. The number of cell divisions could be extended by including the enzyme telomerase (Kumar et al., 2021). The requirement for animal free media is another challenge. Prior to the development of the cultivated meat industry, animal derived serum—such as fetal calf serum—has been used. To address animal welfare concerns, serum free media, containing animal serum replacements will be necessary (van der Valk et al., 2018). For example, since serum contains insulin, a recombinant version produced in microbial bioreactors can replaced its animal counterpart. As an example, the animal protein albumin could be replaced with analogous proteins from plant sources, such as the albumin storage proteins (Bueno-Díaz et al., 2021).

Research and development of cell based meat activates new interest across various disciplines: identifying stem cells from different types of livestock, the development of scaffolds, increasing the proliferation and differentiation of cells in culture, scaling up processes and the production of fetal bovine serum-free growth media from alternative sources such as plants and fungi. Increasing manufacturing would also demand additional, more physical challenges, such as enabling animal cell culture in a large bioreactor to withstand shear stresses (Seah et al., 2022). Attitudinal factors will play a major role in acceptance, whatever the technical advances. Chief among these are complicated relationships among consumer perceptions regarding animal welfare as well as the dietary health benefits/risks of continuing to consume animal products. Economics matters as well: it is possible that production costs may never be low enough to make cultivated meat a generalizable option. It is equally likely that plant-based products that substitute for meat, such as the Impossible Burger, may develop in sophistication to such an extent that cultivated meat becomes obsolete (Warner, 2019).



Other sources of protein

Unconventional crops offer another potential alternative for food and fodder production. Cattle, sheep and other ruminants can feed on both duckweed or microalgae (Domokos-Szabolcsy et al., 2023; Paterson et al., 2023). These high yielding crops generate economically competitive forms of fiber and protein, and yet will not compete with arable land needed for human food in the food industry, algae is frequently found both as a functional food and as a food supplement (Scieszka and Klewicka, 2019). For example, spirulina, an cyanobacteria, can also be used as an upcoming food product (Grosshagauer et al., 2020).

Insects can also be consumed as a protein source. Edible insects are high in nutritional composition yet have the ability to reduce both land use as well as the carbon footprint (Poma et al., 2017; FAO, 2021). Entomophagy was part of the early history of humans—for example, over 3,000 years in China—but has only recently become a strong trend in Western culture. In over one hundred countries, about 2 billion people practice entomophagy today (Barennes et al., 2015; Jongema, 2022). Insects have a substantial protein content, and can thus represent an unconventional substitute for human consumption. Several insect peptides that reside in food products contain anti-hypertensive, anti-microbial and antioxidant properties, contributing important health advantages (de Castro et al., 2018; Hall et al., 2018). The next challenge to be addressed is the creation of large-scale facilities for edible insect production, whereas cultural barriers to expanding consumption are significant but perhaps changeable (da Silva Lucas et al., 2020).



Circular food systems

In a circular food system, green technologies utilize food waste and reduce pressure on arable farmland. Alternative protein production can play a role in this process. Land use for livestock feed has been examined in terms of acreage required for grazing and acreage needed to produce feed crops. In the case of alternative protein, land would still be needed to generate feedstock. Yet, if we made our feedstock from microalgae instead of food crops on arable land, our land usage needed could be even further reduced (Lusk and Norwood, 2009; Rubio et al., 2020). In a similar fashion, proteins that are derived from insects can be produced using food waste residue in place of arable land (Barennes et al., 2015; da Silva Lucas et al., 2020).

Precision fermentation systems utilize microbial bioreactors to produce their products. As a result, these fermentors require glucose from grain crops to feed the cell cultures. These more often are corn or sugar beet and thus waste much needed arable land. The avoidance of conventional sugar carbon sources using autotrophic microbes have been used in bioreactors to produce food proteins. Since the gases CO2 or CH4 can be used as a feed source for these microbes, the actual waste from industrial plants can be used as the feedstock (Järviö et al., 2021). Net use of greenhouse gas emissions could be achieved in this way, increasing the environmental sustainability factor. The great advantage of this form of fermentation is complete independence from outdoor agriculture in terms of food and biofuel and from fossil fuel. An additional benefit is reduction of vulnerability to the economic fluctuations that govern our current energy and food systems (Verstraete et al., 2022). Although alternative protein production is still at an early stage, it is developing rapidly (Parodi et al., 2018; Pikaar et al., 2018; Tuomisto, 2019).



Social justice and the alternative protein landscape

The effect of the alternative food protein revolution on world agriculture is uncertain (Stephens et al., 2019). While intensive farming, particularly of livestock, is thought by some to be leading to environmental catastrophe, the way that a major shift to animal protein replacements might affect the life of farmers and others in the animal-sourced foods industry, as well as those who produce animal feed, is uncertain. Disruptive technologies such as cultivated meat and precision fermentation offer promise for resolving both environmental and animal welfare issues that remain problematic within our current food system (Sexton et al., 2019). It is estimated that this revolution to non-animal sourced meat will lead to the rewilding and reforestation of land previously used for farming, and the restoration of ecosystems. But questions on economic sustainability and resilience remain: what changes will we see in the global marketplace? How will livelihoods be altered in rural settings? And how will regional discrepancies in meat production and consumption, as well as development and uptake of these innovations, affect global agri-food systems?

Approval of food proteins that are not animal-sourced will change from one country the next, and from culture to culture (FAO, 2022). Asia provides some real optimism; there has been greater consumer acceptance of protein from novel sources in India and China, for example, than in the US (Bekker et al., 2017). India as a subcontinent of many cultures is well known for being largely vegetarian, and as a result, the acceptance of technologies with respect to novel food products remains unclear. Political priorities matter, as well. Both animal welfare as well as environmental sustainability issues are coming to the forefront more quickly in certain political systems and not in others. Livestock maintained in American or European agriculture differ substantially than those managed in India or Latin America. For example, sub-Saharan owners of livestock could maintain a nomadic lifestyle and care for small herds of animals, whereas American livestock owners might manage tens of thousands of animals under industrial conditions. Differences arise in terms of the management of infectious disease pressures or the food safety of animal products, including use of antibiotics (Stevens et al., 2022). In the Americas for example, much environmental degradation has occurred in regions such as the Amazonian Forest, the Chaco region and the plains in Argentina, in order to produce either livestock for meat or the feedstock required to maintain them.

Industrialized countries exhibit the most readiness to develop and support alternative sources of animal protein (Hopkins et al., 2023). A colonial heritage with trade dependence means that richer countries have traditionally influenced food production beliefs and behavior in low- and middle-income trading partners (Paarlberg, 2009). Will nations long disadvantaged by the global economic system accept pressures to follow the inclinations of more industrialized countries or assert divergent cultural values associated with livestock production, as increased national income leads to increased demands for animal meat (Sexton et al., 2019)? How will these changes impact the global market with respect to imbalances between the Global North and South (Jarosz, 2011)? Might alternative proteins help to achieve food security and further develop the economies of low- and middle-income countries? Little research currently available sheds light on these difficult challenges (Tilman and Clark, 2014). Whereas, plant-based consumers experience new sensory experiences from a diversity of plant sources, consumers of animal sourced foods tend to be attached to the taste of meat (Perez-Cueto, 2020).



Consumer behavior toward the alternative protein movement

The increased attention toward novel foods with environmental benefits at policy and industry level has led to a large body of consumer studies on environmental-friendly foods (Vermeir et al., 2020)—such as plant-based alternative proteins (Aschemann-Witzel et al., 2021); cultured meat (Bryant and Barnett, 2018); and algae, pulses, and insects (Hartmann and Siegrist, 2017; Onwezen et al., 2022).

Plant-based diets are those diets that privilege foods of plant origin. Such diets go from vegan to flexitarian. Vegan diets exclude any type of foods of animal or insect origin. Vegetarian diets vary depending on whether they include dairy (lacto-vegetarian), eggs and dairy (lacto-ovo vegetarian), fish (pescetarian) or small amounts of meat and other foods of animal origin (flexitarian). Omnivores, however, can eat all foods consumed by the other dietary lifestyles.

Most consumer surveys show that few people (about 5%) following vegetarian diets (including vegans) (e.g., Pieniak et al., 2009; Pérez-Cueto et al., 2010; Verbeke et al., 2011); few in this group were complying with nutritional recommendations (Pérez-Cueto et al., 2012). Attempts to define this dietary lifestyle were made (Derbyshire, 2017), but revealed the complexity of the behavior and its implications. Flexitarian is a “flexible” term, coined for Millennials that prefer not being classified in limiting boxes, and that can include people within a very large range of consumption, from low or null meat and dairy intake to even heavy animal sourced food consumers. By 2021, at least one third of mainstream consumers identify themselves as flexitarians according to a recent EU consumer survey. These flexitarians expressed a common desire to eat more sustainably and adhere to ethical principles of consumption (Bechtold et al., 2022). The use of the term plant-based has been advocated as a neutral term (Faber et al., 2020; Storz, 2022) that is free from ideological tones (Dickstein et al., 2022), but the definition of a “plant-based” diet is unclear. For many, it is equivalent to vegan diet choices, whereas to others it is equivalent to a flexitarian eating lifestyle (Faber et al., 2020; Onwezen et al., 2021; Palmieri and Nervo, 2023; Takeda et al., 2023).

Traditional diets in Europe historically were largely vegetarian (Leggett and Lambert, 2022). It was only in the past 100 years that the society turned to predominantly meat and dairy consumption, partly because of increasing income, food security policy measures, and later by the effects of Common Agricultural Policy (CAP). Dietary recommendations have also been instrumental in supporting the belief that protein of animal origin is of superior quality when paired with varied consumption of fruits, vegetables and pulses. Urgent calls for healthier and more sustainable eating practices are met with both consumer inertia (Willet et al., 2019; Vaidyanathan, 2021) and pressure from interest groups (Sievert et al., 2021).

Despite these obstacles, it is clear that transitioning to less meat-intensive diets could aid in reducing chronic disease due to poor dietary habits and contribute to mitigating climate change (Vaidyanathan, 2021). Factors that influence progress on the specific issue of replacing meat with alternative protein—besides animal welfare and environmental considerations – are age, gender, education and health status. Other motivators consist of cost, trust in science/neophobia, media coverage and convenience. The plant-based alternatives are the most well-established meat substitutes, as consumers are already familiar with them (Schosler et al., 2015).

A summary picture of consumers of alternative protein includes highly educated, young, left-leaning urbanites (De Boer and Aiking, 2011) and those who already consume little or no meat (Verbeke et al., 2011). Drivers pertaining to consumer acceptance include health and environmental benefits, convenience, familiarity and appearance and taste (Eckl et al., 2021). Women in general are more prone to adopt to plant-based diets (Nakagawa and Hart, 2019; Satija et al., 2019). Commonly known barriers to adopting plant-based diets include lack of skills, cognition about balanced eating, perceived hardships such as finding meal options when eating out, finding recipes, as well as perceptions of the inadequacy and tastelessness of a meatless diet (Pohjolainen et al., 2015; Reipurth et al., 2019; Hielkema and Lund, 2021).

While consumer acceptance is greatest for plant-based alternatives and moderate for cultured meat, it is lowest for insect-based protein (Onwezen et al., 2022). Nevertheless, there is heterogeneity in consumer acceptance and willingness-to-pay for specific types of insects and insect-based foods across and within countries (Dagevos, 2021). Edible insects are challenging for Western culture, on the other hand, cell-based meat is not yet available in the market. Despite growing interest in Europe, with various insect types approved as novel foods, consumers are often reluctant to shift, resulting in lower acceptance rates of insects as food (Iannuzzi et al., 2019). Yet reports indicate that higher willingness to consume shredded insect products rather than whole insects. However, for mainstream EU consumers, insects are the most distrusted (Smart Protein, 2021) and least accepted alternative protein (Onwezen et al., 2022), despite the growing number of approvals of insect types as novel foods. The demand to understand what drives consumer acceptance of such alternative proteins is paramount (Slade, 2018). Several barriers have been identified to explain this, such as cultural influences (e.g., insects might be viewed as pest insects), health and safety concerns (e.g., unsafe and causing diseases), negative sensory perceptions (e.g., flavor, appearance, texture) and attitudes (e.g., about sustainability, neophobia) (Van Huis, 2013). However, exposure and positive tasting experiences have shown to stimulate adoption of insect-based food products, especially in Western countries (Wendin and Nyberg, 2021). Price sensitivity is variable; consumers are typically willing to pay for insect-based products, especially if information on benefits is presented. If not, or if the insects are visible, consumers often prefer a price that is equal to, or lower than conventional products (de-Magistris et al., 2015; Kornher and Schellhorn, 2019; Lombardi et al., 2019). While insect-based foods are increasingly promoted, overall acceptance in regions where insects are not part of traditional consumption patterns is expected to be longer than for other alternative protein sources and will require (Franceković et al., 2021) increased efforts to overcome barriers of familiarity, taste and emotional connotations (Ardoin and Prinyawiwatkul, 2021).

Cultured meat presents a different picture. An increasing number of products are projected to hit the market in the coming years, leading to growth in consumer research on cultured meat, especially after Eat Just became the first commercialized product in Singapore in 2020. In their systematic reviews, Bryant and Barnett (2018, 2020) demonstrated that cultured meat would be positively embraced by a large share of consumer populations, as illustrated by their willingness to try and buy, though not necessarily as a permanent replacement of conventional meat. Aside from regional and country differences, acceptance of cultured meat currently appeals to the group of young, highly educated, males (Bryant and Barnett, 2020), as well as non-vegetarians (Verbeke et al., 2021) or frequent meat consumers (Baum et al., 2022). Research shows that people who frequently consume large amounts of meat also show a higher level of acceptance of cell based meat (Stevens et al., 2022) in addition to other similar products (Hoek et al., 2011). Furthermore, consumers' perceived benefits were generally driven by societal benefits (e.g., animal and environmental) while perceived barriers were often linked to their personal risks (e.g., naturalness, safety and health, trust, technology neophobia) (Bryant and Barnett, 2018; Chriki and Jean-François, 2020). Highlighting these benefits (Bryant and Dillard, 2019; Gómez-Luciano et al., 2019) by utilizing counter-messaging (targeting conventional meat production issues to promote cultured meat) (Baum et al., 2022) positively influence consumer acceptance. Terminology preference (e.g., “clean meat”) might also play a role (Bryant and Barnett, 2020), though this was not found in earlier studies (Verbeke et al., 2021). Nevertheless, price and taste expectations and evaluations of cultured meat products will continue to play a dominant role in consumers' decision making, similar as for other alternative protein sources.

The conclusion to draw from this section is not surprising: dietary habits are notably sticky and difficult to alter, hence notably slow and incremental. Nevertheless, it is clear that further development of alternatives and increasing concerns for human and environmental health are altering the potential.



Future prospects for alternative protein development

This review has presented the three major domains of alternative protein development. The ways that disruptive technologies involving alternative protein may influence consumer behavior, trade, and international inequalities are described as well. The increase in meat consumption per capita is most striking in countries that have increased in wealth, and a substantial middle class desirous of markers of affluence, including animal sourced products. Consumer behavior and willingness-to-pay will be important for aligning the future development of alternative protein products to potential target markets. In the future advancement of the three alternatives to meat proteins will concentrate on safety, perceived healthiness, taste, price and nutritional benefits and/or greater environmental friendliness.

Although alternative proteins have elicited much interest on a global scale, much effort will be required at multiple stages along the food supply chain. To start with, global warming is already affecting the yields in Southern Europe, and for some crops reducing their nutrient content; it will also create an opportunity for production in Northern Europe, to the detriment of existing forests. Improvements in crop breeding will be required, to increase the number of varieties with increased levels of high-quality protein, for plant-based meat production, Similarly, the removal of off-flavors and improved sensory characteristics—particularly taste and texture –will be critical (Specht, 2022). To mimic the red to brown change in color while cooking, improvements in color indicators for plant-based meat are also essential, and changes such as these will in turn lead to higher consumer acceptance.

Facility layout and operation will be critical for the cultivated meat industry. Today, the global market in meat products is over $800 billion; to produce quantities sufficient to capture a portion of that necessitates substantial scaling up of current infrastructure (Statista, 2022). The production of cultivated meat products with texture and taste that closely resemble conventional chicken breasts, beefsteaks or fish filets will be challenging. Because these represent newly emerging technologies, winning over consumers will require educational information about cultivated meat (Specht, 2022). Focusing on perceived benefits (Verbeke et al., 2021), especially through leveraging problems of conventional meat production to build the case for cultured meat (Baum et al., 2022), appear to influence acceptance.

Microbial bioreactors will also require development for the adequate fermentation of animal proteins. These will include the development of new microbial strains that can perform tasks with greater precision and result in better taste, as will be the identification of new feedstocks that could be optimized for fossil fuel independent production pathways that are also not reliant upon crop production. Bioreactors could in the future be used to produce green industrial products that are not only petroleum independent, but in fact make use of greenhouse gases such as CO2 and CH4 for their feedstock, thus making them carbon negative in production (Järviö et al., 2021).

While cultivated meat and precision fermentation each require bioreactors for cell growth, animal cells proliferate much more slowly than microbes, and may generate growth-inhibiting catabolites such as ammonia during the incubation process (O'Neill et al., 2021). Since animal cells lack a cell wall, they are also more likely to be damaged. For animal cells, different types of culture are needed to recreate complex forms of meat, with bioreactor design and tailored media requirements being essential for this task (Ben-Arye and Levenberg, 2019). The total capital investment estimated today per kg for cultured meat using a perfusion bioreactor is $51 while a bioreactor with a fed-batch design have been determined at a total cost of $37. Consumers have demonstrated a willingness to pay for cultured meat at a cost limitation of $25 per kg. After further packaging, and distribution, a minimum of $50 per kg for cultured meat is estimated for supermarket settings, making advancements a significant challenge (Humbird, 2021).

In sum, multiple questions concerning practicality and cost emerge from the specifics of alternative production techniques and products. These questions point the way to intelligent choices of both research and funding.



Conclusion

This review has addressed possible futures for alternative proteins, with a view toward alleviating the current climate crisis and avoiding injustice in the transition to a more sustainable food system. Though research into and development of animal protein replacements has produced an explosion of innovation, dietary habits are notably sticky and difficult to alter, hence notably slow and incremental.

Different technologies have been reviewed with their attendant products. Technological limitations and safety issues along the production chain suggest that cultivated meat and insect protein offer attractive prospects but will likely advance slowly for some time. From the current consumer perspective, plant-based proteins are preferred, although there are challenges for product development throughout the chain. Fermented foods will gain more attention in the coming years as they provide desired flavor and textures. For all of these elements of a new food system to be successful, both public and private funding will need priority tags and informed choices, but with ramifying benefits. Reducing the financial investment necessary to produce plant-based meat and thus decreasing costs would render plant-based meat production more viable in less affluent countries, contributing to enhancement of global justice and environmental sustainability. Success in expanding production and use of alternative proteins will involve an amalgamation of specific solutions – not a silver bullet—and changes in attitudes about production and consumption of food discussed in this essay.
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Highest yielding
107

Highest yielding

Poorest yielding

Poorest yielding

yield A 50% of 50% of 10% of
of production production production production
Cashew nuts 0.99 9.38 8.98 053 0.31
Soybeans 279 347 345 235 139
Wheat 343 7.02 488 264 179
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Allocation
Total area harvested Human food (%) Animal feed (%) Other uses (%)
(million hectares)
Cereals 694 55 34 11
Fruits 75 99 1 <05
Nuts 13 9 0 <05
Oilcrops 301 57% 5 38
Other plant 33 96 <0.5 4
Pulses 96 77 22 1
Starchy roots 62 70 22 8
Sugar 31 66 7 27
Vegetables 64 95 5 <0.5

Percentages may not sum to 100% due to rounding.
*Although 57% of oilcrops land was allocated to food, 37% of oilcrops land was used for soyabean production.
See Supplementary material for detailed calculation methodology.
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Crop group  Production Area Global HY (tons LY (tons LY/HY Land saved if all production Additional production
(millions harvested average per per were at HY the 2018 land footprint if
of tons) (millions yield hectare) hectare) all production were at HY

of (tons per
hectares) hectare)
Millions % of % of Millions %
of 2018 2018 of tons increase
hectares  land global in
used cropland production
for this compared
crop
group

Cereals 2,857 694 41 69 29 043 278 40% 20% 1913 67%

Fruits 850 75 114 17.6 8.4 0.48 26 35% 2% 467 55%

Nuts 18 13 14 53 08 0.16 9 73% <1% 48 264%

Oilerops 940 301 31 63 21 033 152 50% 11% 957 102%

Other plant 35 33 11 21 07 033 16 50% 1% 35 101%

Pulses 92 96 1 16 07 0.44 38 39% 3% 60 65%

Starchy roots 832 62 134 234 9.4 0.40 26 43% 2% 618 74%

Sugar 2,183 31 70 79.1 627 0.79 4 129% <1% 285 13%

Vegetables 1,117 64 17.5 253 134 053 20 31% 1% 498 45%
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Indicator selection criteria

Abilty to provide effective feedback to
decision-makers (Mason and Lang,
2017)

Acceptability to actors and
stakeholder (Mason and Lang, 2017;
Mayton et al., 2020)

Alignment with national policy
priorities (Mayton et al., 2020)
Creditabity with experts (Vason and
Lang, 2017)

Data accessibiity (Mason and Lang,
2017; Mayton et al., 2020)

Disaggregatabilty or the abilty to
expand into details or finer scale
(Mason and Lang, 2017)

Ease of interpretation (CIHEAM/FAO,
2015)

Measurabilty (Mason and Lang,
2017)

Monitorabilty (CIHEAM/FAO, 2015;
Mason and Lang, 2017)

Relevance to the question being
asked (CIHEAM/FAO, 2015; Mason
and Lang, 2017)

Reliability (CIHEAM/FAO, 2015)

Representativeness (CIHEAM/FAO,
2015)

Sensitivity/responsiveness to change
over time (Mason and Lang, 2017)

Understandability (CIHEAM/FAO,
2015; Mason and Lang, 2017)

Valicity (Mason and Lang, 2017)

Issue addressed

Is the indicator useful for policy or
program improvement efforts?

Is the indicator collectively valued by
all stakeholders?

Does the indicator align with national
priorities for health and sustainabilty?
Is the indicator deemed to be
scientifically sound by subject matter
experts?

Is the indicator based on data that is
publically available or data that could
be accessed with reasonable
cost-benefit ratio?

Can the indicator be broken down
into areas of particular interest, such
as population subgroups or regional
areas?

Is the direction that the indicator
should develop for improved
sustainability clear?

Can the indicator be counted,
observed, analyzed, tested, or
otherwise measured?

Is the indicator based on data that is
readily available or data that could be
made readly available at a reasonable
cost—benefit ratio?

Is the indicator's data source updated
within the needed time periods?

Is the indicator the best measure
currently available to answer the
question?

Ave the indicator's underlying data
collection and analysis methods
consistent across time and place?
Can the indicator be taken to
represent trends within a current
population group or geography?
Does the indicator act as an early
warning system while there s still ime
to prevent negative consequences?
Is the indicator clear, simple, and
unambiguous?

Is the indicator an accurate reflection
of the concept it intends to measure?
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GHG emissions (kg Total water use d use (m2/2,000 CHEI2016 (/1,000 Cost of diet
C0O,-eq/2,000 keal) (m>/2,000 kcal) keal) keal) (RMB/d/2,000 kcal)
Model1 Model2 Modell Model?2 Model1 Model 2 Model1 Model 2 Model1 Model 2
Fixed effects
Level-1 (Individual level variables)
Survey year (ref. =1997)®
2000 0.086*** 0.105*** 0.167*** 0.185*** 0.075*** 0.083** —0.656"** —0.724*** Not measured
2004 0.231%* 0.215* —0.256*** —0.274%* 0.152%* 0.1197* 0.563** 0.391 Not measured
2006 0.304*** 0.267* —0.065** —0.108*** 0.245%* 0.183** 1.225%* 0.999%** 0.537%* 0.505%**
2009 0.417** 0.362* 0.044 —0.033 0.337* 0.251%* 2.364%** 21T 1921+ 1.861%**
2011 0.501*** 0.435*** 0.169*** 0.088x 0.491*** 0.388*** 31124 2.823"* 3.423%* 3.338"*
Proportion of animal-based foods (per 10%) 0.548*** 0.549** 0.546*** 0.548** 0.538*** 0.541** 24727 24817 0.228** 0.228***
Age (per 10 years) —0.041*** —0.040*** —0.051*** —0.061*** —0.041** —0.051*** —0.441*** —0.441*** —0.031 —0.031
Gender (ref. = female) 0.021%* 0.021** 0.075** 0.071%+* 0.044% 0.044%** —2.081%* —2.081%* 0.057 0.056
BMI (kg/m?) 0.004** 0.004** 0.005** 0.002 0.006** 0.005*** 0.031* —0.031* 0.011** 0.011**
Income (1,000 RMBY/Y, inflated to 2011) 0.004*** 0.004* 0.005%** 0.005** 0.005* 0.004*** 0.063** 0.062%** 0.003 0.003
[Education level (ref. = Below primary school)
Secondary school 0.075** 0.076*** 0.087** 0.079*** 0.105*** 0.106*** 0.891*** 0.872*** 0.146** 0.148***
Above high school 0.107*** 0.115*** 0.107** 0.129** 0.118*** 0.121*** 0.716* 0.667* 0.183* 0.187*
Activity level (ref. = Low)
Medium —0.024 —0.026* —0.041* —0.058** —0.044x —0.044* 0.701 0.072 —0.081 —0.077
High —0.165*** —0.163*** —0.193*** —0.186*** —0.195** —0.191*** —0.327* —0.306* —0.167** —0.161**
Level-2 (Community variables)
Urbanization index (per Q4 vs. Q1)¢ 0.241** 0.289% 0.198** 2.843* 1.108*
Interaction: Urbanization index*Survey year —0.001*** —0.001*** —0.001* —0.004* —0.002*
Urbanization components (per SD)
General sub scores
Population density —0.001 —0.041 —0.001 0.745%** 0.008
Education —0.077*** —0.061* —0.052* 0.571* —0.109
Economic activity 0.044* 0.051** 0.044** 0.197 0.025
Transportation 0.007 0.026* 0.005 0.103 0.002
infrastructure
Social services —0.002 —0.008 —0.002 0.002 0.067
Education and 0.014 0.038 0.023 —0.019 0.083
income diversity
Sub scores with relevance to health and food domain
Housing 0.0495 0.072** 0.063*** 0.367* 0.144**
infrastructure
Sanitation 0.039** 0.042* 0.057*** 0.189 0.311% % *
‘Communication 0.021** 0.054** 0.027*** 0.064 0.001
Health 0.017* 0.041* 0.007 0.002 0.015
infrastructure
Traditional markets —0.004 —0.014 0.014 —0.094 0.177%**
Modern markets —0.003 —0.012 —0.015 0.539 0.015
Random effects
Variance of slope 0.001 0.001 0.001 0.001 0.001 0.001 0.073 0.071 0.018 0.019
Variance of intercept 1.953 1.918 4.159 3.9476 2553 2467 236.804 233.753 66.101 71.961
Variance of residual 0.536 0.535 1.099 1.097 0.971 0.969 75.271 75.198 4.396 4.382
1ccd 0.784 0.781 0.791 0.784 0.724 0.718 0.758 0.748 0.937 0.942
AIC 77,660 77,619 102,345 102,547 97,891 97,868 247,796 247,764 89,944 89,916

“Model 1: included individual and community variables; Model 2: added urbanization components instead of urbanization index in community level from Model 1.

bFor the cost of diet, the survey year is referenced to 2004.
€Unit was based on the mean of quintile 4 minus quintile 1.
4The inter-class correlation coefficient (ICC) is a ratio of between-community variance to total variance in dietary sustainability indicators.

The % symbol indicates the P-value for significance <0.001. The # symbol indicates the P-value for significance <0.01 and # % % symbol indicates the P-value for significance < 0.05.
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Gender
Male 4,131 49.6% 3,641 48.9% 2,948 48.5% 2,767 48.0% 2,531 48.4% 2,265 47.6% 0.016*
Female 4,199 50.4% 3812 51.1% 3,130 51.5% 3,000 52.0% 2,699 51.6% 2,491 52.4% 0.017*
Age (years) 39.4 12.5 43.5 119 48.4 114 50.5 11.2 53.3 113 55.4 111 <0.001***
Resident place
Urban area 2,755 33.1% 2,400 32.2% 1,862 30.6% 1733 29.1% 1,491 28.5% 1,288 27.1% 0.272
Rural area 5,575 66.9% 5,053 67.8% 4,216 69.4% 4216 70.9% 3,739 71.5% 3,468 72.9% 0.278
BMI (kg/m?) 223 3.1 229 32 232 33 233 36 23.5 3.4 239 4.9 <0.001***
Educational level
Below primary school 6,632 79.6% 5833 78.3% 4,784 78.7% 4,488 75.4% 4,285 81.9% 3,901 82.0% 0712
Secondary school 1,492 17.9% 1,351 18.1% 1,101 18.1% 1,055 17.7% 789 15.1% 666 14.0% 0.851
Above high school 206 2.5% 269 3.6% 193 3.2% 224 3.8% 156 3.0% 189 4.0% 0.033*
Activity level
Low 3,175 38.1% 2,764 37.1% 2,493 41.0% 2,401 40.4% 2,424 46.3% 2,288 48.1% 0.003**
Medium 1,337 16.1% 1,090 14.6% 978 16.1% 872 14.7% 690 13.2% 686 14.4% 0.587
High 3818 45.8% 3,599 48.3% 2,607 42.9% 2,494 41.9% 2,116 40.5% 1,782 37.5% 0.029*
Dietary knowledge
No Not measured Not measured 5,547 93.8% 5132 89.9% 4,600 88.7% 3,829 81.2% 0.042*
Yes Not measured Not measured 369 6.2% 576 10.1% 588 11.3% 889 18.8% 0.041*
Income (1,000 RMB/Y, 2,520.6 1,387.4-4,159.1 2,984.1 1,504.6-5,018.5 3,565.6 1,835.1-6,666.7 3,999.1 1,920.1-7,716.6 | 7,000.1 3,605.1-12,766.6 9,025.1 4,651.6-16,400.1 <0.001***
inflated to 2011)
Dietary Energy (kcal/d) 2,368 714 2,297 650 2,239 669 2,211 675 2,167 678 2,050 972 <0.001***
Proportion of animal-based 113 0.1 127 0.1 122 0.1 129 0.1 13.1 0.1 12.1 0.1 <0.001**
foods (%)
Urbanization index 52.6 18.1 58.1 18.1 60.3 20.1 61.9 19.8 64.5 18.6 64.5 18.2 <0.001***

“Continuous variables were expressed by means and SD (except income variable was expressed by median and IQR). Categorical variables were expressed by number and percentage.
bp-value for the trend was determined by the Jonckheere-Terpstra test. For categorical variables, this study examined trends in percentages by years. Jonckheere-Terpstra test is a rank-based nonparametric test that is used to determine if there is a statistically

significant trend between an ordinal independent variable and a continuous or ordinal dependent variable. The * symbol indicates the P-value for significance <0.001. The s+ symbol indicates the P-value for significance <0.01 and # # * symbol indicates the P-value

for significance < 0.05.





OPS/images/fsufs-07-1111361/fsufs-07-1111361-g002.gif
IR Gap 00ye0/2000 kel b (:#/2008 keal)
‘ . .
o B of e
O o o e o o O o o e w1 O e o o o
oy w0 ke Con o sits (/8 200 e
o

“ .54
o s

. s
e e e T T N

Quartile of Urbanization Index: —@- QI - Q2 —&- Q3 v Q4





OPS/images/fsufs-07-1111361/fsufs-07-1111361-g001.gif
s

100

.

“©

GHGE (i CO,#4/2000 keal) TWU (m/2000 keal) LU (m?2000 keal)
Punna-otos Puwsrous S P00z
.
B )
2 2
o o
99720002004 2006 2092011 1957 20002004 20002009 2011 1997 20002004 2006 20092011
CHEI(1000Keal)  Gost of diets (4 2000 keal)
Panrax0c05 P a0t
.
1
s
s
1997 20002004 200020002011 1907 2000 2004 2000 2009 2011





OPS/images/fsufs-03-00076/fsufs-03-00076-t001.jpg
Sustainability dimensions and sub-dimensions

ECOLOGICAL DIMENSION
Production quality: The dietary guidelines support production systems that cultivate
for nutritional quality (crop quality).

Adequate production: The dietary guidelines promote adequate food production
and agricultural productivit, such as incentives for production.

Biodiversity, agrobiodiversity, and ecosystem services: The dietary guidelines
support conservation and maintenance of biodiversity and agrobiodiversity as well as
associated ecosystem services.

Sustainable agriculture: The dietary guidelines support sustainable agricultural
practices and sustainable intensification that limit pesticide, herbicide and fertilizer
use.

Local and seasonal foods: The dietary guidelines support the procurement of
foods that are in season and are local.

Clean energy: The dietary guidelines support the use of clean energy and green or
sustainable technologies

Soil, land, and water conservation and protection: The distary guidelines
support the procurement of food in ways that prevent contamination of sail, land, and
water resources, such as protecting watersheds from pollutants.

Low GHGE and climate resilience: The dietary guidelines support production
methods with relatively low GHG emissions; designing and managing for agricultural
systems for climate change/ciimate resilience

ECONOMIC DIMENSION

Distribution, supply chains, and transport: The dietary guidelines take into
account food distribution, supply chains, and transport, such as direct sales between
producers and consurmers.

Economic aspects of food security: The dietary guidelines recognize the
importance of having healthy and recommended foods being affordable to overcome
economic bariers of access to safe, nutritious, and desirable foods.

Food loss and waste: The dietary guidelines recommend reducing food waste
across the food system from farm through fork.

Food packaging: The dietary uidelines promote reduced food packaging and
recycing.

Food system livelihoods: The distary guidelines promote livelihoods to support
stakeholders in the food system from on farm and throughout food value chains.
Farmers’ markets and local food systems: The dietary guidelines recognize the
importance of local food systems including farmers’ markets, commurnity supported
agriculture (CSA), food cooperatives, and food hubs.

Food storage and preparation: The dietary guidelines make recommendations to
avoid resource-intensive food storage of cold chain items and high-energy
preparation, such as the use of a microwave.

Food advertising: The dietary guidelines recognizes the role of food advertising and
marketing on food choices.

HUMAN HEALTH DIMENSION

Dietary diversity: The dietary guidelines promote dietary diversity to reduce risk of
nutrient deficiencies.

Regular exercise and physical activity: The dietary guidelines promote physical
activity and movement away from sedentary lfestyles.

Food safety: The dietary guidelines promote food safety to prevent foodborne
ilness, contamination, negative health influence of agriculture and diseases linked to
chemicals and pesticide use.

Energy limitation: The dietary guidelines promote the limitation of energy/calorie
consumption and reduce portion sizes to prevent overweight, obesity, and
diet-related non-communicable diseases.

Ultra-processed food limitation: The dietary guidelines promote the limitation of
ultra-processed foods and food high in added sugars.

Plant-based diet and nutrient-dense foods: The dietary guidelines promote
plant-based diets of nutrient dense foods, such as fruits, vegetables, and legumes to
reduce risk of chronic disease while recommending less consumption of non-lean
meat and processed meat including selecting of other non-meat choices of protein.
Nutrition aspects of food security: The dietary guidelines promote nutrition
aspects of food security including access to sufficient quantity and quality of
nutritious foods to meet dietary needs.

Holistic diets: The dietary guidelines promote a holistic dietary approach of healthy
dietary patterns to meet personal, cultural, and traditional preferences that promote
overall health.

SOCIO-CULTURAL AND POLITICAL DIMENSION

Food consciousness: The dietary guidelines recognizes the role of food
consciousness, consumer knowledge, and education in supporting healthy and
sustainable food choices.

Consumer preferences: The dietary guidelines recognize variation of food choice
preferences and desirabilty of different foods on the basis of cultural history and other
socio-cultural factors.

Equity issues: The dietary guidelines support equity in the food system including
on-farm, in market, trade, distribution, food service, and policy sectors.

Food sovereignty: The dietary guidelines support food sovereignty, food rights, food
justice, and empowerment.

Food knowledge and skills: The dietary guidelines recognize variation of
knowledge and skills as related to food cultivation, procurement, purchasing,
planning, and preparation.

Food system and cultural values: The dietary guidelines recognize variation of
family, community, and traditional values in the food system.

Labor: The dietary guidelines support safe labor conditions and standards for
workers in the food system.

Animal welfare: The dietary guideiines support healthy, comfortable, well-nourished,
and safe conditions for animals raised for livestock.
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This framework integrates the four key dimensions of sustainabilty including the ecological, economic, and socio-culturalpoliical, and human health dimensions that are each comprised
of eight sub-dimensions of sustainabilty. We developed this framework by combining the prevalent constructs characterizing sustainable diets and susteinable food systems from a
literature search that were applicable to national dietary guidelines into the sub~dimensions of the four dimensions of sustainabilty (Supplementary Table 1). We valdated the inclusion
of the identified constructs through a primary literature to ensure each construct is supported by evidence (iisted in the References below).
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organization office, experts from health,
education, social protection, and agriculture,
researchers, representatives of civil society
groups (professional councils, associations,
public policy social control councils, consumer
protection organizations)

German nutrition society, ministry of health,
ministry of agriculture

National dietary guidelines taskforce, public
health and nutrition representatives, Qatar
national food security program, academics,
medical associations, research centers,
supreme council of health

National food agency, public health agency,
Swedish board of agriculture, food industry,
research centers, public health and nutrition
experts, consumer organization, patient
organizations

Health Canada, policy makers, public
consultations, experts

French national nutrtion and health program

“Expert committee;” health council of the
Netherlands standing committee on public
health; standing committee on health care
(revised and endorsed report); Netherlands
nutrition centre; national institute of public
health and the environment

Various ministries of health in Sweden, Finland,
Denmark, Norway, loeland

Public health England, food standards
Scotland, welsh government, food standards
agency in Northern Ireland

National health and medical research counil
leading experts in the fields of nutrition, public
health, industry, and consumer issues;
commonwealth department of health

Chinese nutrition society; “various

stakeholders;” commission of experts from the
Chinese nutition society; ministry of health
U.S. department of agriculture; U.S.
department of health and human services;
advisory committee (prestigious researchers
and scientists in the fields of nutrition, health,
and medicine)
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Environment + Depending on their characteristics, the prodiuction and the Brazi FBDG X X X
ecosystems distribution of foods can be socially and environmentally

sustainable, promoting justice and protection of the living and

physical world, or else may generate social inequalties and threats

to natural resources and biodiversity.

Free-range beef and lamb can also have positive effects. In Sweden FBDG X X
Sweden, for example, they help to produce a rich agricultural

landscape and ensure that natural pastures are kept open. This

benefits lots of species under threat.

The production and consumption of food, inluding processing,  Qatar FBDG: X X
packaging, transportation, and waste disposal all affect our

environment.

Assessing and measuring the environmental impact of food Canada FBDG X X X

choices can be complex and challenging. This is because all food
production requires land, water, and energy. Further, the

environmental impact of any food can vary greatly based on

factors such as where the food comes from, the packaging, and

how it is produced, processed, and transported.

Use the Eatwell Guide to help you get a balance of healthierand UK FBDG X
more sustainable food. It shows how much of what you eat overall

should come from each food group.

Food security + Considering the multiple determinants of feeding practices and the  Brazil FBDG X
agriculture complexity and challenges that are involved in the shaping of

current food systems, the food guide reinforces the commitment

of the ministry of health to contribute to the development of

strategies for the promotion and realization of the human right to

adequate food.

There are many ifferent ways that these nutrient-dense foods can  Australia FBDG X X X

Ibe chosen to contribute to nutritious dietary patterns that suit

personal preferences. However, economic, social and cultural

factors can affect the abilty of individuals and groups to access

nutritious foods.
During ecological cultivation, no chemical pesticides are used, Sweden supporting X
which decreases the total usage of chemicals and the spreading  document

of these to the surrounding environment. This contributes to a
poison-free environment and is positive for biological diversity,
especially in large-scale agrioultural landscapes. Certain aids are
allowed, such as sulfur, soap water and lime. Further, weeds and
pests are controlled through for example choice of type, crop
succession, mechanical processing and a longer distance
between plants.

Food systems of indigenous peoples include the food plantand  Canada FBDG X X
animal species that indigenous peoples acquire from land, water,

and air using technologies and knowledge that have been

adapted and passed through generations. This knowledge is key

for sustainable harvesting and cultivation, as well as the

preparation, storage, consumption and sharing of traditional food.

Nevertheless, following the guidelines is not sufficient to Netherlands FBDG X X X
significantly recluce food-related ecological burden; that would

unquestionably require changes in the food production chain.

Health + nutition Adequate and healthy diet should be accessible both physically ~ Brazi FBDG X X X X
and financially, and harmonious in quantity and quality, meeting
the needs of variety, balance, moderation, and pleasure.
Furthermore, it should derive from sustainable practices of
production and distribution.
Beyond nutritional benefits, children and teens who eat together  Qatar FBDG X
with their families are more likely to get better grades in school,
have a broader vocabulary, use less substances lie tobacco, be
less depressed, and contribute more to their community and
society.
Over the past century, deficiencies of essential nutrients have US FBDG X
dramatically decreased, many infectious diseases have been
conquered, and the majority of the U.S. population can now
anticipate along and productive life. At the same time, rates of
chronic diseases—many of which are related to poor quality diet
and physical inactivity —have increased.
For example, Indigenous Peoples who live in remote, isolated, and ~ Canada FBDG X X X X
northern communities often have limited access to nutritious foods
(including traditional food). This may be negatively influenced by
limited employment opportunities and low incomes; environmental
changes affecting traditional food harvesting and consumption;
lack of access to the land and resources; loss of cultural identites,
traditional knowiedge, and food practices; and the unreliable
supply, quality, and high prices of store foods in remote
communities.
Eliminate waste and develop a new ethos of diet civilization. China FBDG X X
Treasure and prepare foods according to the need for
consumption. Promote separate meals for individuals to eliminate
waste. Food should be fresh and hygienic, and properly handled

for cooking.
Markets + value Support and find bargains at specialty shops, municipal and Brazil FBDG X X X X
chains farmers' markets, street vendors, and other places seling fresh or

minimally processed foods, including those produced by organic
and agro-ecological methods

There is an urgent need to nationally monitor and sustainably Australia FBDG X X X X
address the factors affecting the price of nutritious foods,

particularly for vulnerable groups who suffer a disproportionate

burden of poor health. In urban areas there may be less access to

supermarket foods and greater access to fast foods.

In most parts of the world, the means of production and Brazi FBDG X X X X
distribution of food has been changing, in ways that jeopardize the

equitable distribution of wealth, the autonomy of farmers, the

generation of employment and income opportunities, and the

protection of natural resources and biodiversity, as well as

production of safe and healthy food.

Al sectors—including agriculture, environment, education, Canada FBDG X X X X
housing, transportation, the food industry, trae, as well as child,

family and social services —have a ole to play for Canada's dietary

guidelines to have far-reaching and longstanding effects on the

nutritional health of Canadians.

Food systems, including food production, food consumption, Nordic Nutrition X X X
export, import, transport, storage, and retail, account for about Recommendations

20-26% of all greenhouse gas emissions in European countries.

Emissions of CO2 are tied to the use of fossil fuels in the

production and transport of food.

Sociocultural + The expansion of the production of natural or minimally processed  Brazil FBDG X X X
poltical food, particularly those originating from agro-ecological agricuiture,

depends on increased demand. With the increased demand for

these foods, there will be a corresponding increase in the number

of producers and traders, and consequently, price reductions.

High fiber vegetables are an eco-friendly choice. They have less of  Sweden FBDG X X X

an impact on the environment than salad greens and can be

stored for longer. Ecolabeling makes it easier to find fuit and

Vegetables that have been grown in eco-friendly ways. Only a very

small number of chemical pesticides can be used in organic

farming, and climate certification is helping to reduce climate

impact.

The Qatar dietary guidelines are part of the national nutriton and ~~ Qatar FBDG X
physical activity action plan 2011-2016. They lay the foundation

for the promotion of healthy eating and the development of healthy

food policy.

Determinants of health: the key factors that influence health, Canada FBDG X
including income and social status; social support networks;

education and literacy; employment and working conditions; the

social and physical environments; personal health practices and

coping skils; healthy child development; biology and genetic

‘endowment; health services; gender and culture.

Improving the environment with the aim of meking healthy eating  France supporting X X X
choices accessible to all is a fundamental public health strategy document

that is an essential complement to communication, information

and nutritional education campaigns.






