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1. In Europe, the first gains for human health and environmentally
sustainability are achieved by partly replacing beef with other animalsourced foods, rather than by plant-sourced foods.
(this thesis)
2. Lack of data quality and harmonisation in scientific research has a
serious impact on diet models and hinders effective food and health
policy.
(this thesis)
3. Citizen engagement in research increases the credibility of science.
4. Biodiversity conservation is a key issue for economic prosperity.
5. Lunchtime walks are essential to happiness.
6. Leaving home will bring you home.
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CHAPTER 1

General introduction

In Europe, overconsumption and unhealthy diets cause a massive burden of
non-communicable diseases, such as cardiovascular diseases, type 2 diabetes
and various cancers. In 2017, the age-standardised mortality rate attributable to
dietary risks in European adults was around 315 deaths per 100,000 persons
[1]. While the European region faces an alarming prevalence of overweight and
obesity [2], nutrient deficiencies are also observed, particularly among
vulnerable population subgroups [3, 4]. Modern diets not only impact health, but
also the environment. Currently, the land area needed to produce an average
European diet is roughly around half the size of a football pitch per person per
year [5]. There is thus an urgent need to transform both European food
production systems and food consumption patterns [6, 7]. This thesis focusses
on the design of healthier and more environmentally sustainable diets for
European consumers.

HEALTHY DIETS
Healthy diets should provide adequate energy, nutrients and foods in order to
prevent nutrient deficiencies and reduce non-communicable disease risk, and
simultaneously maintain a healthy body weight [8]. In Europe, on average more
than half of the adults are either overweight or obese [9, 10], and a quarter of all
deaths are attributable to unhealthy diets [1]. This burden of disease is
potentially preventable by improvement of the diet, as there is a gap between
current and optimal intakes. In particular, high intake of sodium, low intake of
whole grains, fruit and vegetables are the foremost factors, accounting for more
than half of all diet-related deaths in Europe (Figure 1) [1, 11]. Comparisons
between observed intakes and recommended intakes for a healthy diet are
important to identify priorities in diet-related public health solutions. Dietary
surveillance is therefore essential to assess the healthiness of dietary intakes.
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Figure 1 Age-standardised proportions of deaths attributable to dietary risks in Europe, 2017
(data source: Global Burden of Disease [1]).
The percentages in each pie chart are the total proportion of disease-specific mortality attributable to
dietary risk factors in the different regions.

Healthy diets help maintain or improve overall health, and are compliant with
nutrient recommendations and food-based dietary guidelines. Nutrient
recommendations combine minimum recommended nutrient intakes, and are
closely linked to healthy growth and development [12]. However, it is the sum of
not only nutrients, but also bio-actives and the food matrix present in foods that
affect non-communicable disease risk, and thus there is a need for a holistic
approach that addresses foods, food groups and diets as a whole [13].
Food-based dietary guidelines are evidence-based messages on healthy eating
in terms of foods, food groups and dietary patterns, aimed at the general
population for the prevention of non-communicable diseases [14, 15]. In most
European countries, food-based dietary guidelines have been established for
consumer education and information, and they serve as a basis for public health
policies [15, 16]. Because diets are shaped by social, economic, agricultural and
environmental factors that affect food availability and choice, these food-based
dietary guidelines are tailored to country- or region-specific habits to enhance
their effectiveness [16]. Still, in European countries, they include many generic
dietary key elements [14, 15], i.e. increase the intake of whole grains, fruit and
vegetables, nuts and seeds, and legumes, and decrease the intake of red and
processed meat, and sugar-sweetened beverages, and salt [17].
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A healthy diet relies on both the quantity and the composition of food consumed
(Figure 2). From the nutritional point of view, the quantity of consumer diets
considers the energy balance, i.e. the balance between energy intake and
energy requirement. This balance between energy intake and energy
requirement cannot be assessed directly, as energy intake cannot be properly
assessed by methods of dietary assessment due to misreporting [18].
Nevertheless, a prolonged pattern of overconsumption leads to a positive
balance, hence a higher body weight, and vice versa. A measure that reflects
this is the body mass index (BMI), which is often used as a proxy for body
fatness in adult populations [19].
The quality of consumer diets is assessed by the comparison of both nutrient
and food intakes with recommended intakes for a healthy diet. To allow for a fair
comparison of diet quality between populations, it is important to apply the same
standards for recommended intakes of nutrients and foods. For the European
Union, compliance with nutrient recommendations can be assessed using
dietary reference values as set by the European Food Safety Authority (EFSA).
EFSA, however, does not set Europe-wide food-based dietary guidelines,
because they include country-or-region-specific habits related to food
availability and dietary preferences in the different Member States. Adherence
to food-based dietary guidelines can thus be assessed using generic dietary
food groups that are overarching the country-or-region-specific food-based
dietary guidelines.
Indicators on energy balance, compliance with nutrient recommendations and
adherence to food-based dietary guidelines serve as a basis for the assessment
of the healthiness of consumer diets [20]. Such indicators may be useful to
communicate the current status of dietary intake in a descriptive way with the
aim to better inform policymakers [21]. Quantifying the current status of dietary
intake requires detailed data on consumer diets.
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Diet quantity
Healthy diet

Diet quality

Balance between energy intake
and energy requirements

1

Compliance with
nutrient recommendations
Adherence to
food-based dietary guidelines

Figure 2 The assessment of healthy diets involves quantity and quality
from a nutritional point of view.
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ENVIRONMENTALLY SUSTAINABLE DIETS
Food systems are held responsible for a total greenhouse gas emission of 8.713.7Gt of carbon dioxide equivalents (CO2eq) per year [22-24]. This includes
emissions of carbon dioxide from energy use in agricultural machinery and from
conversion of natural ecosystems, and of non-carbon dioxide gases (methane
and nitrous oxide) from agricultural production. Together this accounts for circa
20-30% of total anthropogenic greenhouse gas emissions [22-24]. Greenhouse
gases, including carbon dioxide, methane and nitrous oxide, are the gases in
the atmosphere which absorb and re-emit heat, and thereby have an influence
on the temperature of the earth’s atmosphere. CO2eq is a standard unit for
expressing the quantity of different greenhouse gases, and it signifies for any
greenhouse gas the amount of CO2 that would have an equivalent global
warming effect. Food production is also the world’s largest water-consuming
sector using 70% of freshwater for agriculture [25]. Furthermore, it is the largest
driver of land use and land-use change, mainly through agricultural expansion,
and it disrupts the nitrogen and phosphorous cycles [26]. Therefore, the need
for a transition towards a more sustainable food production system has become
widely recognised [5, 27]. This concept of a sustainable food production system
has been expanded by the inclusion of planetary boundaries for impacts of food
production, using the concept of a safe operating space for humanity [28].
Quantification of these planetary boundaries is still in its initial stages, and it is
influenced by existing know-how and available measurement equipment. That
is why studies assessing diet-related environmental impacts mostly consider
greenhouse gas emissions [29].

Diet-related environmental impacts, such as greenhouse gas emissions and
land use, are commonly assessed using life cycle analysis (LCA). LCA is a tool
to assess environmental impacts accounting for emissions and resource use
throughout all the stages of a product’s life cycle [30] (Box 1). Even though LCA
has been defined and standardised through international guidelines, there is still
a substantial degree of flexibility in the method which limits the comparability of
food-item LCA studies. To allow a fair and meaningful comparison of
environmental impact of consumer diets across Europe, a food-item LCA
database that is applicable for a European-wide context is needed.

6
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Box 1 Components of the life cycle assessment to assess the environmental impact
of consumer diets.

1

Life Cycle Assessment (LCA) is an internationally accepted standardised
methodology that aims to assess environmental impacts associated with all the
stages of a product’s life cycle [30]. The stages in a food product’s life cycle, from
cultivation of (feed) crop to consumption at home, typically includes primary
production, i.e. crop production and animal breeding, food processing, packaging,
transportation, distribution and storage, preparation and consumption, and waste
management [31].Thus, to assess environmental impacts of diets, each food in the
diet is linked to its primary products. Starting from its primary products, impacts of all
the life cycle stages are summed in order to obtain an overall estimate of the
environmental impact of this food. Environmental impact of the total diet is
subsequently calculated by multiplying for each food its intake with its environmental
impact, and summed across all foods consumed. Methodological choices related to
the functional unit, system boundaries, allocation methods, agricultural management
practices as well as practices at other life cycle stages are important sources of
inherent variability in food-item LCA data [32].
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In European countries, studies in the consumer domain using individual-level
intake data show that the greenhouse gas emissions of an average diet varies
between 3 – 8 kg CO2eq per day [33, 34]. These studies on consumer diets
consistently show that diets higher in animal-sourced foods, in particular meat
from beef, have a higher environmental impact [34-36]. Although the internal
validity of those studies might be good, comparison between studies and
countries should be done cautiously. This is because of differences in not only
the methods of dietary assessment, but also in the underlying food-item LCA
databases [32]. For comparing and developing European policies, this highlights
the need for standardised individual-level dietary intake data, as described
below, and a need for standardised LCA databases to obtain comparable
estimates of diet-related environmental impact.
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METHODS OF DIETARY ASSESSMENT
Assessment of the consumer diets can be done using food supply data at the
national level, food purchases at the household level or food intake at the
individual level [37, 38]. Food supply data represent the national quantity of
primary commodities that are available for human consumption, such as rice,
milk and meat, expressed as kilograms per capita per day. Food supply data
include food losses at production level and food wastages at consumption level,
and therefore represents food availability for consumption rather than actual
food intake. Food purchase data provide information on the expenses and the
purchased quantities of the foods and beverages in households. Food supply
and food purchase data are indirect methods of dietary assessment and have
little connection to the individual. On the other hand, dietary assessment
methods on the individual level directly assess the individual intakes of foods
and beverages, i.e. the food consumed and their consumption amounts and/or
frequencies. Moreover, these individual-level methods include a wide variety of
realistic food choices in the consumer domain that reflect individual dietary
preferences.
Methods to estimate an individual’s diet include diet records, 24-hour recalls and
food frequency questionnaires (FFQ). Diet records and 24-hour recalls are
usually applied in dietary surveillance aimed to obtain quantitative estimates of
intake, such as amounts consumed, whereas large scale epidemiological
studies usually use an FFQ to obtain frequencies of consumption [38]. These
methods rely on self-report and are prone to bias, resulting from omission and/or
inclusion of unconsumed foods and inaccurate estimation of portion size eaten.
Yet, individual-level food intake assessments are the best available standards
to assess consumer diets, as no independent reference methods are available
[39, 40].
In this thesis, individual-level dietary data from national surveys are used to
assess the healthiness of dietary intake across European countries. Crosscountry comparison of European dietary intake is, however, hampered by
differences in dietary survey methodologies [41]. EFSA has set out to collect
detailed, harmonised food consumption data in the European Union Member
States by 2020 [42], for which it defined the following standards:
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-

Detailed dietary data should be collected on two non-consecutive days for
each individual.
Reported foods should be described in accordance with the EFSA
FoodEx2 food classification and description system.
Additional information on less frequently consumed foods, food
supplements, age, gender, weight, height and physical activity levels
should be collected.

The FoodEx2 food classification and description system by EFSA is an
important step in the alignment of surveys across European Union Member
States [41]. FoodEx2 is a hierarchical system of 21 main food groups, which are
further divided into subgroups up to a maximum of six levels [43]. Several
Member States have already linked intakes from their national dietary survey to
FoodEx2 for the development of the EFSA Comprehensive European Food
Consumption Database [41]. This database is thus built from available national
food consumption data, and it is the best available source of food consumption
information data on a European wide basis. However, in the absence of a
uniform pan-European surveillance system, that accounts for the quality of
dietary data collection, further harmonisation and standardisation of available
dietary data are needed to allow cross-country comparisons [44].
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DIETARY CHOICES
Dietary choices are influenced by multiple complex factors involving an interplay
of multilevel determinants (Figure 3) [45]. This complex network of determinants
is therefore regarded as not only a potential barrier, but also a promising
opportunity for encouraging healthy and environmentally sustainable diets.
Understanding the question ‘why we eat what we eat?’ is a key issue for
unravelling the triple malnutrition burden, and would provide a framework for
evidence-based policy making [46, 47].
Examples of important determinants for dietary choice at the individual level are
taste preferences, visual appeal, familiarity, price, convenience, nutritional
knowledge and skills, and habitual behaviour [48, 49]. Nevertheless, all the
multilevel determinants of dietary choice play a role in the observed diversity of
diets within and between consumers in a given population [45]. This diversity of
diets provides valuable examples for consumers to choose healthier and more
environmentally sustainable diets in different ways. In view of this, such dietary
improvements that are based on existing diets are assumed to be realistic and
feasible for the population under study. The assumption underlying this is that
valid information about appropriate eating is provided by similar others or those
with whom they affiliate [50, 51]. This highlights the possibility of using existing
dietary patterns that are both healthy and environmentally sustainable as a
practical guide for dietary improvement in a given population.

Figure 3 Complex network of determinants at different levels influencing dietary choices Adapted from Mozaffarian 2016 [45].
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TOWARDS MORE HEALTHY AND ENVIRONMENTALLY
SUSTAINABLE DIETS
In 2010, the Food and Agriculture Organisation (FAO) proposed a definition of
a sustainable diet: “Sustainable diets are 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
ing
natural and human resources” [52]. This definition clearly illustrates the
complexity of a sustainable diet, which goes beyond health and environment,
and embraces the socio-cultural and economic dimensions of the diet as well.
This thesis provides the first steps towards the design of such diets for European
consumers, and hereby focuses on the dimensions of both health and
environmental sustainability.
s
Several European countries have started integrating environmental
sustainability aspects in their food-based dietary guidelines [53-57]. Such
guidelines mostly emphasise the reduction of greenhouse gas emissions
through promoting a shift towards plant-based foods at the expense of animalbased foods. More recently, an integrated framework for the global adoption of
a healthy reference diet, as proposed by the EAT-Lancet Commission, would
provide essential support for feeding ten billion people a healthy diet within safe
planetary boundaries for food production by 2050 [58]. This healthy reference
diet outlines a global average and ranges of food group intakes that would
benefit human health. Like for food-based dietary guidelines, these ranges of
intakes are based on the best available evidence on healthy diets, which make
it possible that not all diets within the healthy eating ranges meet environmental
targets.

The impact of consumer-oriented strategies to reduce diet-related
environmental impact highly depends on the amount and type of meat included
in the diet, but also on the environmental impact of the foods replacing the meat
[34, 35]. Such replacements are beneficial for the intake of saturated fats and
sodium, but put critical nutrients that are mainly derived from animal-sourced
foods, such as zinc, vitamins B12 and B2, under pressure [59-61]. This suggests
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that their contribution to diet quality could to some extent compensate for their
higher environmental impact [62]. It is therefore worthwhile to explore potential
trade-offs between health and environment when moving towards healthy and
environmentally sustainable diets.

Integrating health with environmental sustainability aspects of a diet in a realistic
way requires advanced modelling tools [63, 64]. Commonly used modelling tools
for designing diets are mathematical optimisation models. In mathematical diet
optimisation, the aim of the diet problem is to compose a diet that is (more)
optimal according to certain criteria, such as satisfying guidelines for a healthy
diet, minimising the environmental impact, and minimising deviations from the
current diet [65, 66]. However, to arrive at diets that are acceptable to
consumers, there is a need to introduce additional constraints on food intake to
the diet optimisation model [67]. Defining these food intake constraints involves
arbitrary expert-based choices on basic food interrelationships and acceptable
food quantities. This highlights the need for a diet model that formulates diets
that implicitly fit dietary preferences, thus without specifying additional
constraints. The key challenge for such a diet model is therefore to design future
diets that not only meet guidelines for a healthy diet, but also reduce
environmental impact of the diet.
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OUTLINE OF THIS THESIS
The main challenge facing nutrition research is to design a diet that integrates
health and environmental sustainability, and at the same time takes dietary
preferences into account. For this journey towards more healthy and
environmentally sustainable diets, there is a need for a consumer-oriented diet
model that implicitly accounts for dietary preferences. Box 2 and Figure 4
summarise the aim, objectives and outline of the thesis. In addition, the context
of the thesis in the SUSFANS- and the SHARP-project is briefly described.

Box 2 Aim and specific objectives of this thesis.

Main aim of this thesis:
To develop a methodology to design the first steps towards more healthy
and environmentally sustainable diets that are acceptable for European
consumers.
Specific objectives:
1. To operationalise the methodology for assessing health and
environmental sustainability of European diets
(Chapter 2 and Chapter 3).
2. To assess the current status of European diets in terms of health and
environmental sustainability
(Chapter 4 and Chapter 5).
3.

To identify options for dietary improvement in Europe that integrate
health, environmental sustainability and dietary preferences
(Chapter 6 and Chapter 7).

Figure 4 depicts the outline of this thesis. The basic idea is to compare diets
with respect to healthiness (Y-axis) and environmental sustainability (X-axis),
and this comparison is made for the observed and for modelled consumer diets.

14
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Figure 4 Outline of this thesis “Towards healthy and environmentally sustainable diets
for European consumers”.
Chapter 2 gives an overview on how previous studies addressed the health aspect of environmentally
sustainable diets. In Chapter 3, Chapter 4 and Chapter 5, observed diets are addressed in terms of
environmental sustainability and its association with health (Chapter 3), in terms of health (Chapter 4),
and in terms of environmental sustainability (Chapter 5). Chapter 6 introduces a diet model that is
applied to dietary intake data of the four European countries in Chapter 7.

The first objective, related to the assessment of health and environmentally
sustainability in consumer diets, is addressed in Chapter 2 and Chapter 3. In
Chapter 2, current approaches to operationalise health aspects in the context of
environmentally sustainable diets are reviewed. In Chapter 3, the performance
of a food frequency questionnaire for estimating the environmental impact of the
diet is compared with that of a 24-hour recall. In addition, the association
between environmental impact and dietary quality is investigated in observed
consumer diet.
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Chapter 4 and Chapter 5 address the second objective of this thesis, related to
assessing the current status of European diets. Using four European countries,
i.e. Denmark, Czech Republic, Italy and France, the current status of observed
diets is studied with regard to health (Chapter 4) and environmental
sustainability (Chapter 5).
The topics of health and environmental sustainability are integrated in Chapter
6 and Chapter 7, related to the third objective of this thesis. Chapter 6 provides
a description of the diet model for the design of improved diets that fit within the
range of existing diets. In Chapter 7, more healthy and environmentally
sustainable diets that fit within dietary patterns of European diets were identified
using a diet model. In addition, this diet model provides insight in trade-offs
between dietary preferences against health and environmental sustainability.
Chapter 8 summarises the main findings of this thesis, followed by a discussion
of the methodological considerations and implications for future research and
public health policies.

The present thesis was embedded in the SUSFANS project (European Union’s
H2020 Programme) and the SHARP-BASIC project (TiFN). The database for
environmental sustainability indicators and the benchmarking diet model were
developed in the SHARP-BASIC project, and the applications to the dietary data
were conducted within the SUSFANS project.
SUSFANS’ overall objective was to develop the conceptual framework, the
evidence base and analytical tools for underpinning European-wide and
Member State food policies with respect to their impact on consumer diets and
their implications for public health, environmental, economic and social
outcomes [68]. The project is based on three inter-related pillars of the
assessment, modelling and foresight of sustainable food and nutrition security.
In particular, the project integrates macro-level agricultural, trade and
environmental impact analyses with micro-level consumer diet and health
analyses. This thesis addresses all three pillars at the micro-level of consumer
diets.
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The SHARP-BASIC project’s overall objective is to provide a scientifically
underpinned knowledge and data platform to build models for deriving SHARP
diets, i.e. environmentally Sustainable, Healthy, Affordable, Reliable and
Preferred. Related to the project’s objective is to provide standardised high
quality data and the modelling tools in order to create a common ground for
addressing the SHARP dimensions of consumer diets.
Central to both projects is the assessment of consumer diets and the
identification of more healthy and environmentally sustainable diets that fit within
the cultural context of European consumers. The European context focussed on
four European Union Member States that have made their dietary survey data
available to EFSA and represents the diversity of food habits in Europe (Figure
5). Included are national survey data from Denmark (2005-2008), Czech
Republic (2003-2004), Italy (2005-2006), and France (2006-2007).

Figure 5 Included in this thesis were dietary data from Denmark, Czech Republic, Italy, France.
Countries with a dotted pattern represent the four countries included in this thesis. Western (purple),
Central (blue) and Eastern (yellow) European regions are based on the regions as defined by the World
Health Organisation.
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ABSTRACT
Objective: Shifting towards a more sustainable food consumption pattern is an
important strategy to mitigate climate change. In the past decade, various
studies have optimised environmentally sustainable diets using different
methodological approaches. The aim of this review is to categorise and
summarise the different approaches to operationalise the health aspects of
environmentally sustainable diets.
Design: Conventional keyword and reference searches were conducted in
PubMed, Scopus, Web of Knowledge and CAB abstracts. Inclusion criteria were

Setting: Consumer diets
Subjects: Adult population
Results:
aspects of consumer diets. Hereby, Five approaches to operationalise the
related health impact analysis.
Conclusion: Although the sustainability concept is increasingly popular and
widely advocated by nutritional and environmental scientists, the journey
towards designing sustainable diets for consumers has only just begun. In the
context of operationalising the health aspect, diet modelling might be considered
as the preferred approach since it captures the complexity of the diet as a whole.
For the future, we propose SHARP diets: environmentally Sustainable (S),
Healthy (H), Affordable (A), Reliable (R) and Preferred from the consumers’
perspective (P).
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INTRODUCTION
To provide an adequate diet to the growing world population, estimates indicate
that an increase in the global food production is needed, at a rate of 1.2% per
year [1]. At the same time, the food production system is recognised as a major
threat to the environment, including climate change and depletion of the planet’s
natural resources [2]. This is partly driven by the habitual consumption patterns
tending towards a higher consumption of animal-based products [3]. It is thus
an important global challenge to secure adequate diets within a sustainable food
production system [4]. In this regard, an adequate diet implies that it meets
energy requirements and provides sufficient nutrients in line with the dietary
guidelines for healthy growth and ageing [5]. Because the diet is an important
modifiable factor for well-being and disease prevention [6], both the adequacy
of nutrient intake and the observed or projected prevalence and/or occurrence
of health-disease outcomes are of importance.
Shifting towards a more sustainable food consumption pattern is
considered as an important factor to tackle the challenge of harmonising the
rapidly changing food demand for the larger and more affluent population and
its supply [7]. A recently published review suggested that a reduction of up to
50% in diet-related greenhouse gas emission and land use can be realised by
dietary changes in areas with affluent diet[8]. Especially the reduction of animalbased products is often regarded as the main option for lowering diet-related
environmental impact [2, 7, 8]. However, severe reductions without an inclusion
of appropriate meat- and/or dairy-substitutes might lead to inadequacies of
several nutrients (e.g. vitamin B12, zinc, iron, etc.) across the population groups
[9]. Therefore, the concept of a sustainable diet, as defined by the Food and
Agriculture Organisation (FAO), is briefly described as a diet that has a low
impact on the planet’s resources and the environment, including respectfulness
for biodiversity and animal welfare, and contributes to an adequate diet that is
promoting a healthy life. Sustainable diets are also featured by characteristics
such as cultural acceptability, accessibility, economic fairness and affordability
[10]. This definition highlights the connection between the health, the
environmental sustainability and the food production aspects of a diet, with the
dietary pattern of consumers as a common denominator. The design of those
diets asks for a collaboration between nutritional and environmental sciences
along with the agricultural food chain [11].
The aim of this review is to categorise and summarise the different
approaches that are currently used to operationalise the health aspects of
environmentally sustainable diets. Also, the relevance of these approaches for
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overview of the way in which such diets have been addressed in
the relation between health and environmental
sustainability of a d
research on designing

METHODS

articles through conventional keyword searching strategies using the search
terms ‘diet’ or ‘food’ and ‘climate’ or ‘greenhouse gas’ or ‘land’ or ‘sustain’ in
cles included in this review met the

ut restrictions

RESULTS
–
Dietary data collected for the diet as a whole included food availability

-27] and data
intake assessments
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method [20, 33-49]
followed by a single
or replicated 24-hour recalls[49-56], and Food Frequency Questionnaires
(FFQs) [57-60]. The number of food items in these dietary assessments
generally ranged from 25 to 100 in Food Balance Sheets, and from 130 in FFQs
to 1314 in diet records or 24-hour recalls. However, sustainability indicators (e.g.
greenhouse gas emission, land use) were only available for a limited number of
foods, meaning a higher food aggregation level has been used. This food
aggregation level was specified in 45 studies, of which only 17 studies applied
a more precise level of aggregation into food items, with the number of food
items ranging between 7 and 391 food items [12, 13, 16, 35-41, 43, 45, 52-54,
56, 60]. For two studies, it was specified that this covered 71% of the total food
weight intake (including all solid foods and excluding foods typically consumed
as beverages, such as milk, juices and other drinks), and 66% of total energy
intake of all the foods and beverages [37, 38]. In most studies, food items without
a sustainability value were assigned a value from a similar food item within the
same food group to cover the total food consumption. Sustainability was mainly
operationalised by greenhouse gas emission [12, 15, 21, 25, 26, 29-38, 40-42,
44-48, 51-57, 60]
[14-16, 40, 41, 43, 50, 52, 60] and other
sustainability indicators including livestock production, biodiversity and use of
planet’s resources [12-15, 17-30, 39, 42, 49, 52, 58, 59], which is partially biased
towards the search terms used to define sustainability.
Approaches for operationalising the health aspect could be categorised
into three main categories representing how the health aspects of the diet were
operationalised (Figure 1 and Table 1): simple approaches focussing on a single
approaches evaluating the health impact (C). More specifically, the simple
approach refers to food item replacements. Three approaches were identified
to capture the complexity of the diet: dietary guidelines (B1), dietary quality
scores (B2), and diet modelling techniques (B3). For diet-related health impact
one approach was identified. Studies generally did not address policy options to
achieve dietary changes, the time dimension for environmental effects to occur
(except for direct greenhouse gas emission), or the robustness of alternative
dietary options in different socio-economic and ecological contexts.
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A. Simple approaches
• Food item replacement

10 studies

Table 2

B. Approaches capturing the complexity of the diet
• B1. Dietary guidelines
• B2. Dietary quality scores
• B3. Diet modelling techniques

17 studies
7 studies
8 studies

Table 3
Table 4
Table 5

C. Approaches evaluating the diet-related health impact
• Diet-related health impact analysis

7 studies

Table 6

Figure 1 Conceptual overview showing the approaches used to operationalise the health
aspect of environmentally sustainable diets when using population-, household- or individuallevel food intake assessment.
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What would be the food composition of a diet
when aiming at the optimisation of multiple dietrelated factors (e.g. health, environmental
sustainability, acceptability, affordability,
accessibility, etc.)

Diet-related health
impact
analysis

What would be the change in health impact
based on nutrient adequacy and/or healthdisease outcome when individuals adopt a diet
that is more environmentally sustainable?

- Nutrient adequacy and diet-related health/disease outcomes are the most
predictive for the future of dietary change.

- Health impact analyses are usually based on published meta-analyses by
modelling counterfactual diets.

can be communicated in a coherent way to the public.

- Outcome of the optimised diet is presented as a list of food items in a

- Possibly, the calculated diet is still a sub-optimised diet as it is driven by
acceptability constraints based on current dietary intake and the dataavailability of diet-related sustainability.

- Focus on dietary health

- A need for detailed nutritional data to calculate the score

How is dietary quality – as assessed by a score – - One overall score reflects dietary intake as a whole, however score-related
related to environmental sustainability?
limitations (e.g. inclusion of a selected number of dietary components,
arbitrary penalties for unmet criteria, the failure of the overall score to
accentuate specific nutrient deficiencies).

- Not yet a consensus on what a healthy diets includes, resulting in a variety
of dietary recommendations and thus recommended diets.

What would be the change in environmental - The recommended diet is considered as the optimised diet for nutritional
sustainability when dietary guidelines are met?
health, and not necessarily for environmental sustainability.

C. Approaches evaluating the diet-related health impact:

B3. Diet modelling
techniques

B2. Dietary quality
scores

B1. Dietary
guidelines

Considerations for selection

What would be the change in environmental - Omit dietary composition and micronutrient intake
sustainability when replacing a particular food - Focus on sustainability and therefore lack the consumers’ perspective to
item or food group in the diet by a more
develop acceptable diets
sustainable alternative food item or food group?

Question addressed by the approach

B. Approaches capturing the complexity of the diet:

Food item replacement

A. Simple approaches:

Approaches

Table 1 Approaches used to consider the health aspect in research on environmentally sustainable diets.

2

Simple approach

s

Food item replacement is a ready-to-use and illustrative approach that
addresses the question “What would be the change in environmental
sustainability when replacing a particular food item or food group in the diet by
a more environmentally sustainable alternative food item or food group?” Ten
studies used this approach and replacement of food items was either food
weight based [50], protein based [14] or energy based [12, 13, 15, 28, 33-36]
(Table 2). To develop a more environmentally sustainable diet, all studies
focussed on a replacement of the animal-based products in the diet, varying
from a shift to a moderate reduction or a total elimination of these products. In
some replacement diets, total meat consumption was kept constant, shifting the
consumption from higher carbon-intensive meats (i.e. beef and lamb) to less
carbon-intensive meats (i.e. pork and poultry) [12, 34]. More commonly used
replacement diets were those in which the total meat consumption was
moderately reduced [14, 15, 28, 34, 35, 50] or completely eliminated [12-14, 28,
33, 34, 36, 50]
types of meat in the diet and the latter being vegetarian or vegan options
depending on their dairy content. In these replacement diets, meat (and dairy)
substitutes can include either a single food group (e.g. dairy or fruit/vegetables,
cereals etc.) [15, 33, 35, 36] or a combination of different food groups (e.g.
pasta, rice, pulses, cereals, breads, salads, fruit and vegetables, dairy, eggs,
nuts and seeds, etc.) [12-14, 28, 33, 34, 36, 50].
However, simple replacement is seldom possible in practice, not only
because physiological feedback loops interfere with the total amount of food
affect food choices, nutrient composition and/or energy density of the diet as a
whole. Food item replacement is thus likely to modify the dietary pattern as a
whole. For example, decreasing the meat consumption and replacing it by plantbased substitutes might be beneficial for the environmental sustainability aspect
of the diet, but raises concerns about the health aspect, in particular the intake
of micronutrients that are largely derived from animal-based products (e.g.
vitamin B12, D, iron, zinc, selenium).
Also, from a consumers’ perspective, questions have been raised about
the acceptability of replacing meat, because meat is usually an embedded food
item in a consumer’s habitual dietary pattern. Nevertheless, nowadays, a
substantial number of consumers belongs to the segment of meat reducers or
flexitarians, showing the feasibility of adopting a lower-level meat consumption
[61]. In particular, potential change strategies incorporate the inclusion of
32
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meatless days with or without meat substitutes, and the promotion of a smaller
sible a combination with using sustainably produced
(meat) products and/or a larger portion of plant-based products, i.e. fruits and
vegetables [61-63].
Apart from changing the dietary composition, just proportionally reducing
food intake has been shown to lead to fewer calories while keeping the same
overall nutrient density, as applied in one study [35]. A shortage of energy is not
a common problem in Western countries where overconsumption is contributing
to overweight, obesity and related diseases [64]. However, adequate
micronutrient intake is still a major challenge in these Western-oriented diets
due to its non-optimal composition [65], and micronutrient intake is often
neglected in the nutritional evaluation of the ‘less meat’ diets.
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Household level
(Household and
Expenditure
Survey of food and
drink, 2001)

Population level
Per country
agricultural
production data
(FAOSTAT 2006)

Stehfest et
al., 2009
[14]
24 world
regions

Population level
Per capita daily
food
disappearance
data (FAOSTAT
2005)
Population level
(Eurostat 2000,
Euromeat 2001,
FAO 2001)

Dietary data

Collins et al.,
2007 [28]
Wales

Baroni et al.,
2007 [13]
Italy

Eshel et al.,
2006 [12]
US

Reference
country

No ruminant meat
No meat
No animal products
Less meat

Organic diet
Footprint diets
Vegetarian diet

Omnivorous diet
Vegetarian diet
Vegan diet

Lacto-ovo-vegetarian
Omnivore with fish
Omnivore with red meat
Omnivore with poultry

Replacement diets

products respectively
replaced by organic and low
impact alternatives, and dairy
and eggs
proteins from ruminant meat,
white meat, milk and eggs
respectively replaced by
plant-proteins from pulses
and soybeans

food items, food items with
an ecological footprint

and dairy (and eggs) kcal
replaced by unspecified
plant-based food items

kcal replaced by kcal from
dairy and eggs in the lactoovo-vegetarian, and by kcal
from the sole source given by
the diet name

Replacement compensated
by means of

Health considerations

/

Total energy
Macronutrients
Micronutrients

Total energy
Macronutrients
(protein,
carbohydrates, fat)
Dietary fibre

/

Health evaluation of
whole diet based on

Table 2 Food item replacement for the development of environmentally sustainable diets based on current diet.

7 crop
groups and
5 animal
categories

12
categories

18 items

7 items

Food
aggregation
level a

Livestock
production
Land use
Crop production
Radiative forcing

Eco-indicator
99W (including
damages to
human health,
ecosystems
quality and
resources)
Total ecological
footprint
(demand from
nature)

Energy
efficiency
GHGE

Environmental
indicator

Environmental considerations
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Temme et al.,
2013 [50]
The
Netherlands

Hoolohan et
al., 2013
[34]
United
Kingdom

Vieux et al.,
2012 [35]
France

Berners-Lee
et al., 2012
[33]
United
Kingdom

Reference
country

Individual level
4-day diet record
(UK National Diet
and Nutrition
Survey, 2010),
scaled to per
capita supply
intake FAO data)
Individual level
7-day diet record
(Individual National
Survey and Food
Consumption,
2006 – 2007)
Individual level
4-day diet record
(UK National Diet
and Nutrition
Survey, 2010),
scaled to per
capita supply
intake FAO data)
Individual level
2-day 24-hour
recalls
(Dutch National
Food Consumption
Survey, 2003)

Dietary data

Less meat and dairy
intake
- 30% less
- 100% less

Decrease meat
Eliminate meat
Eliminate ruminant

Less meat intake
- 20% less
- Max 50 g/d

3 vegetarian
3 vegan

Replacement diets

consumption replaced by the
same amount of plant-based
dairy or meat-replacing
foodsc

eat
kcal replaced by kcal from
plant-based meat-substitutes
b or by lower-carbon intensive
meat products (i.e. pork and
poultry)

kcal replaced by either kcal
from fruit and vegetables,
milk and dairy or mixed
dishes

(and dairy) kcal replaced by
kcal from dairy or plantbased meat-substitutes b

Replacement compensated
by means of

Health considerations

Saturated fatty acids
Total iron

Macronutrients
(protein,
carbohydrates, fat)
Added sugar
Sodium

Total diet weight
Total energy intake
Energy density

Macronutrients
(protein,
carbohydrates, fat)
Added sugar
Sodium

Health evaluation of
whole diet based on
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GHGE

GHGE

GHGE

Land use

73 items

61 groups

/

Environmental
indicator

61 groups

Food
aggregation
level a

Environmental considerations
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Individual level
7-day diet record
(Danish National
Dietary Survey,
1995 – 2006)
Population level
Per capita food
supply data
(FAOSTAT 2010)

Dietary data

25 and 50% less
livestock
Beef and dairy
Pig, poultry and
eggs
All meat, dairy and eggs

6 omnivorous d
1 vegetarian
1 vegan

Replacement diets

meat, dairy and eggs
replaced by cereals (and
pulses if protein intake lower
than recommended level)

(and meat and fish) kcal
replaced
by kcal from
marmalade, soy drinks and/or
beans.

Replacement compensated
by means of

Health considerations

Protein
Saturated fat

Macronutrients e
Micronutrients

Health evaluation of
whole diet based on

12
commodity
groups

71 items

Food
aggregation
level a

Feed demand
Land use
Reactive
nitrogen
emissions
GHGE

GHGE

Environmental
indicator

Environmental considerations

Abbreviations: GHGE, greenhouse gas emission.
a Food aggregation level; the number of food items or groups (depending on author’s terminology) for which environmental sustainability data of food intake was available.
b
Preferably plant-based meat-substitutes that might reasonably be considered to be healthy alternatives, i.e. pasta, rice, pulses, cereals, breads, salads, vegetables, fruits, nuts
and seeds.
c
Replacement with plant-based products that have a similar use to the reference food and therefore assumed to be consumed in similar amounts: liquid dairy foods were replaced
by similar soya-based foods, meat products and cheese used as sandwich filling by a variety of other sandwich fillings/toppings, meat products in hot meal by a variety of meat
replacers (e.g. vegetarian meat substitutes, egg dishes, pulses or tofu/tempeh), and soft cheese used as snack by popcorn.
d
The theoretical diets were based on the current diet adjusted for the Danish Dietary Guidelines: 6 omnivorous diets with various quantities for dairy, 1 vegetarian diet with no
cheese and meat products, and 1 vegan diet with no milk products, meat products and fish.
e The nutritional composition of each alternative diet was evaluated against the Nordic Nutrition Recommendations 2004 for macronutrients (protein, carbohydrate, added sugar,
fat, saturated fat, mono- and poly-unsaturated fat, and alcohol) and micronutrients (including dietary fibre, vitamin A, D, E, C, B12, B1, B2, B3, B6, folate, magnesium, Iron, Zinc,
Phosphorous, Calcium, Iodine and Selenium).

Westhoek et
al., 2014
[15]
EU27

Werner et al.,
2014 [36]
Denmark

Reference
country

Approache

:

(B1) Dietary guidelines
Dietary guidelines are considered as a descriptive approach that addresses the
question “What would be the change in environmental sustainability when
dietary guidelines are met?” Seventeen studies used this approach to compare
current diets with the recommendations for a healthy diet with regard to their
health and environmental sustainability aspects (Table 3). Dietary
recommendations initially provided dietary guidance with the aim to promote
health and well-being, and to prevent diet-related conditions and chronic
diseases [6], without considering the environmental sustainability of these diets
- until recently [66, 67]. The design of the recommended diet (e.g. the inclusion
of food groups and the quantification of portion sizes) is highly dependent on the
dietary guidelines used. However, when studying recommended diets in relation
to environmental sustainability, the contribution of the following food groups was
usually captured by the various recommended diets: bread, pasta, cereals and

was only included in the Mediterranean diets. Two studies additionally included
[16, 42],
and nine studies constructed multiple recommended diets standardised for
[18, 19, 22-26, 58, 59], however one study
only focuss
design the recommended diet [27]. None of these studies explicitly addressed
the advice on lowering sal
food production, processing and consumption, hence environmental
sustainability. This is because salt possesses certain crucial technological
functions in food processing and preservation, and an important sensory
function[68]. Additionally, when using the approach of dietary
recommendations, the food aggregation level was quantified at a high level of
food aggregation (ca. 20 food groups) which allowed for a rough estimation of
the environmental sustainability for a broader range of indicators, not only
including greenhouse gas emission but also the use of natural resources such
as land, water, phosphorous and primary energy.
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Tukker et al.,
2011 [18]
and Wolf et
al., 2011
[19]
EU27
Capone et al.,
2013 [20]
Italy
USA
Finland

Individual level
3-day diet record
(INRAN-SCAI survey,
2005 – 2006) scaled to per
capita supply intake FAO
data)
Population level
Per capita daily food
supply data (FAOSTAT
2006)

Population level
(Eurostat 1993, FAO
1999, LEI/CBS
1981/1986/1996/1998,
Vereniging voor
Nederlandse
Koffiebranders en
Theepakkers 1961/1998)
Population level
Per capita food availability
data series (Economic
Research Service, 2003)
Population level
Per capita daily food
supply data(FAOSTAT
2008)

GerbensLeenes et
al., 2005
[16]
The
Netherlands

Buzby et al.,
2006 [17]
US

Dietary data

Country

Reference

Food group
based
Total energy
intake
Protein intake
Food group
based

Mediterranean diet model
adapted for Italians (Institute
of Food Sciences of La
Sapienza University)

Food group
based c

Total energy
intake
Food group
based

Dietary
guidelines a

WHO diet
World Cancer Research Fund
diet
Mediterranean diet

The 2005 Dietary guidelines
for Americans on a 2,000
kilocalories per day diet

Recommended diet, providing
nutritional energy and
nutrients (Voedingscentrum
1998)

Recommended diets

Health considerations

Food groups

Protein
Total fat
Saturated fat

/

/

Health
evaluation of
whole diet based
on

25 groups

50 groups
24
commodities

/

25 items

Food
aggregation
level b

Water footprint

Aggregated
environmental
impact h
Global warming

Agricultural
needs

Land requirement

Environmental
indicator

Environmental considerations

Table 3 Dietary guidelines in relation to the environmental sustainability for a descriptive analysis on environmentally sustainable diets.
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Saxe et al.,
2013 [22]
Denmark

SáezAlmendros
et al., 2013
[21]
Spain

Meier et al.,
2013 [58]
and Meier
et al., 2014
[59]
Germany

Household level
Per household weekly
food purchases (National

Friel et al.,
2013 [29]
Australia

Population level
Per capita food supply
data (FAOSTAT 2007)
Household level
Per capita daily or monthly
food purchases
(Household Consumption
Survey 2006)
Population level
Per capita annual food
supply data

Household Expenditure
data 2003 – 2004)
Individual level
FFQ
(54-item semi-quantitative)
(National Nutrition Survey
I, 1985 – 1989)
Diet history
+ 2-day 24-hour recalls
+ 2 x 4-day diet record
(National Nutrition Survey
II, 2006)

Dietary data

Country

Reference

Nordic Nutritional
recommendations
New Nordic Diet based on
Danish dietary guidelines
and OPUS dietary guidelines

Mediterranean diet
using the minimum servings
of each food group
recommended
(New Mediterranean Diet
Pyramid)

2 recommended diets for
Germany
2 dietary patterns adopted
from USDA/USDHHS
-ovovegetarian and vegan

Australian Guide to Healthy
Eating adapted for
environmental sustainability
principles

Recommended diets

Health considerations

Food group
based
Total energy
intake
Protein intake

Food group
based

Food group
based d
Total energy
intake

Food group
based

Dietary
guidelines a

Global warming
potential
Ammonia
emissions
Land use
Blue water use
Phosphorus use
Primary energy
use
GHGE
Resource use
(including
agricultural land
use, energy and
water
consumption)
Global warming
potential

9 groups

31categories

Food groups

Food categories

Food groups

43
commodities

Environmental
indicator
GHGE
Water use
Biodiversity

Food
aggregation
level b

Environmental considerations

7 groups

/

Health
evaluation of
whole diet based
on

2
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Individual level
1-day 24-hour recall
FFQ (Australian National
Nutrition Survey, 1995)

Hendrie et al.,
2014 [55]
Australia

Individual level
3-day diet record (INRANSCAI survey, 2005 –
2006)

Population level
Per capita loss adjusted
food availability data
series (USDA ERS 2012)

Mediterranean diet model
adapted for Italians
(Institute of Food Sciences
of La Sapienza University
and Livelli di Assunzione di
Referimento Di Nutrient ed
energia per la populazione
italiana)
The 2010 Dietary Guidelines
for Americans
- Omnivorous diet on a 2,534
and a 2,000 kilocalories per
day diet
- Vegetarian diet
- Vegan diet
Healthy Eating Plate diet
(Harvard School of Public
Health)
Recommended diet Australian
Dietary Guidelines g

Population level
Per capita annual food
supply data (FAOSTAT
2012)

Vanham et
al., 2013
[23, 24]
EU28
Austria
Germani et
al., 2014
[42]
Italy

Heller et al.,
2014 [25,
26]
US

Healthy diet e
DGE, German dietary
recommendations

Dietary data

Recommended diets

Health considerations

Country

Reference

Food group
based

Food group
based
Total energy
intake

Food group
based
Total energy
intake
Protein intake
Food group
based
Macronutrient
based f
Total energy
intake

Dietary
guidelines a

Food groups
Total Energy
intake
Macronutrients
Micronutrients

Food groups

Food groups

Food groups

Health
evaluation of
whole diet based
on

14 groups

100
commodities

19 groups

9 groups

Food
aggregation
level b

GHGE

GHGE
Carbon footprint

Carbon footprint
Ecological
footprint
Water footprint

Water footprint

Environmental
indicator

Environmental considerations
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Population
Per household monthly
food basket of Italian
products (National
Statistics Institute)

Pairotti et al.,
2015 [30]
Italy
Modern Diet Mediterranean
Food Pyramid (INRRAN, the
National Institute of
Research on Food and
Nutrition)
Healthy diet and vegetarian
diet (Italian Nutrition Society
(SINU))

Recommended diets

Health considerations

Food group
based

Dietary
guidelines a
Food groups

Health
evaluation of
whole diet based
on
5 categories

Food
aggregation
level b

Energy
consumption
GHGE

Environmental
indicator

Environmental considerations

Abbreviations: GHGE, greenhouse gas emission.
a When using food-based dietary guidelines, the contribution of the following food groups was usually captured by the various recommended diets: bread, pasta, cereals and
only
included in the Mediterranean diets.
b
on author’s terminology) for which environmental sustainability data of food intake
was available.
c
The recommended diet was only focussed on meeting the guidelines for the intake of fruits and vegetable, total and whole grains, and dairy.
d
2 German dietary recommendations: D-A-C-H (official recommendation of the German Nutrition Society) and UGB (alternative recommendations by the Federation for
Independent Health Consultation with less meat, but more legumes and vegetables). The lacto-ovo-vegetarian dietary patterns adopted from USDA/USDHHS guidelines excluded
the food groups on meat products and fish products, and included an additional food group for nuts and seeds and a separate food group for legumes. The vegan one additionally
excluded the food groups on butter, high- and low-fat dairy products, and egg products, and included an additional food group for vegan soy drink products.
e
In addition, dietary scenarios such as a healthy diet with no meat and a healthy diet with less meat were
oil crops.
f The recommended diet has an energy intake of 2,000 kcal per day with a macronutrient share of 55 – 60 %E from carbohydrates, 10 – 12 %E from proteins and 30%E from
fats.
g Additional food groups included in the recommended diet were the non-core foods for example snack foods, processed meats, sugar, tea, coffee and miscellaneous, alcohol,
and saturated fats and oils. In addition, dietary scenarios such as the current diet with minimal non-core foods and the foundation recommended diet were also investigated.
The former scenario contained similar foods and quantities as the current diet with minimal inclusion of energy-dense processed non-core foods, thus excluding processed
mmended diet consistent with Australian Dietary
Guidelines, however included only core foods in similar amounts to the recommended diet, while meeting minimum nutrient and energy requirements for the population. All
scenarios were evaluated on macro- and micronutrient intake: energy, carbohydrate, protein, total and saturated fat, dietary fibre, vitamin A, folate, calcium, magnesium, zinc
and potassium.
h
The aggregated environmental impact includes 8 environmental impact categories: abiotic depletion, global warming, ozone layer depletion, human toxicity, eco-toxicity,
phytochemical oxidation, acidification and eutrophication, all expressed as the relative changes in impact per dietary scenario to status quo diet 2003. This aggregated
environmental impact and the global warming were given in absolute numbers and relative to the status quo diet.

Dietary data

Country

Reference

2
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Most studies have found that the recommended diet might have a lower
environmental impact than the current diet, and thus a shift in the direction of
the recommended diet might have beneficial impacts on both health and
environmental sustainability. However, it is still open to debate whether the
recommended diet might be the ideal solution for health and environmental
sustainability combined.
(B2) Dietary quality scores
A dietary quality score (e.g. diet score [69] or nutrient profile [70, 71]) is a
summary measure of adherence to a set of dietary guidelines for nutrients
and/or food groups. Using this score can be regarded as an application of the
dietary guidelines with the aim to identify whether different diets and/or groups
of the population are consuming a diet that is close to the dietary guidelines.
Seven studies used this score to address the question “How is dietary quality –
as assessed by a score – related to environmental sustainability?” (Table 4). In
these studies, this approach was merely applied for descriptive purposes as the
aim was to compare nutritional quality of the diet by a score [39-41, 51] or by
population strata [37, 38, 57], and subsequently to assess the environmental
sustainability of the different diets or population strata. Out of these seven
studies, three studies directly investigated the combination of a healthy and an
environmentally sustainable diet by applying a dietary quality score and a
sustainability score [38, 40, 41]. This sustainability score was either calculated
with a composite score including diet-related greenhouse gas emission and land
use [40, 41] or based on strata for the diet-related greenhouse gas emission
[38, 54]. For example, Masset et al. [38] identified the “more sustainable” diets
by applying both a diet score and a sustainability score, dividing the population
into strata of nutritional quality and strata of greenhouse gas emission in order
to describe the diets that were ranked high on both the health and the
sustainability aspect of the diet.
While this approach expresses the health aspect of the diet in one overall
score, the interpretation is limited by score-related limitations e.g. the inclusion
of a selected number of dietary components, arbitrary penalties for unmet
criteria, and the failure of the overall score to accentuate specific nutrient
deficiencies. However, although such scores summarise pre-existing
knowledge of diet-disease relationships, they are considered as less detailed
indicators to assess dietary quality which might result in misclassification of
diets, and hence weakened associations.
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Individual level
2-day 24-hour
recalls
(Health Survey
for São Paulo,
2003 - 2007)

Individual level
7-day diet record
(Individual
National Survey
and Food
Consumption,
2006 - 2007)

Individual level
7-day diet record
(Individual
National Survey
and Food
Consumption,
2006 – 2007)

Vieux et al.,
2013 [37]
France

Masset et al.,
2014 [38]
France

Dietary data

Carvalho et al.,
2013 [51]
Brazil

Country

Reference

PANDiet score

Energy density
Mean Adequacy
Ratio
Mean Excess
Ratio

Brazilian Healthy
Eating Index
Revised

Diet scores a

fat, poly-unsaturated fat, fibre,
vitamins A, B1, B3, B6, B9, B12, C, D
and E, minerals calcium, magnesium,
zinc, phosphorous, potassium and iron
3 restricting nutrients: saturated fat,
cholesterol and sodium

9 food groups: fruits (total and, whole),
vegetables (total and, dark
green/orange vegetables and
legumes), grains (total and, whole),
milk and dairy, meat and eggs and
legumes, and oils
2 restricting nutrients: sodium and
saturated fat
1 other component: energy from solid
fat, added sugar and alcohol
Total Energy and diet weigh
20 key nutrients: protein, fibre, retinol
equivalents, vitamin B1, B2, B3, B6,
B12, C, E, D, calcium, potassium, iron,
magnesium, zinc, copper, iodine and
selenium.
3 restricting nutrients: saturated fat,
sodium and free sugars
Total energy intake
Total diet weight

Nutritional indicators in diet scores

Health considerations

Total energy
intake
Total diet weight
Food group
intake

Total energy
intake
Total diet weight
Nutrient intake

Total energy
intake
Nutrient intake
Food group
intake

Health
evaluation of
whole diet
based on

GHGE

GHGE

GHGE c

391 items

391 items

Environmental
indicator

/

Food
aggregation
level b

Environmental considerations

Table 4 Dietary quality scores, as an application of the dietary guidelines, in relation to environmental sustainability for a descriptive analysis on
environmentally sustainable diets.
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Individual level
FFQ
(130-item, semiquantitative)

Individual level
4-day diet record
(Riskmaten,
2012)

Monsivais et al.,
2015 [57]
United Kingdom

Röös et al., 2015
[39]
Sweden
Nutrient-Rich
Diet 9.3
NRD 11.4
NRD 10.3

DASH score

Health score

Diet scores a

D and , folate - fibre)
3 – 4 restricting nutrients: SFA, added
sugar, sodium (11.4: +phosphorus)

7 food groups: fruits, vegetables, nuts
and legumes, whole grains, low-fat
dairy, red and processed meat, and
foods high in added sugar
1 restricting nutrient: sodium
9 – 11 key nutrients: protein, fibre,
vitamin A, C, E, calcium, iron,
magnesium, potassium, (11.4:

Total energy
2 key nutrients: total fat and fibre
4 restricting nutrients: total fat, saturated
fat, trans-fat, free sugars and sodium
3 food groups: vegetables, fruit and, fish

Nutritional indicators in diet scores

Health considerations

Total energy
intake
Nutrient intake

Total energy
intake

Total energy
intake
Food group
intake

Health
evaluation of
whole diet
based on

90 items

94
commodities

206 items

Food
aggregation
level b

Climate change
Land use
Biodiversity
damage
potential

GHGE

GHGE
Land use d

Environmental
indicator

Environmental considerations

Abbreviations: GHGE, greenhouse gas emission.
a
Diet scores are used to subdivide the population into groups of nutritional quality (e.g. Vieux et al., 2013 [37]
-nutritionalquality diet was defined as having a Mean Adequacy Ratio score above the median, a Mean Excess Ratio score below the median and an Energy Density score below the
median, Monsivais et al., 2015 [57]
[38]
Diet score are also used for comparison of different dietary scenarios (e.g. Carvalho et al., 2013 [51]
consumption
patterns (having a red and processed meat intake higher that World Cancer Research Fund maximum recommended intake of red and processed meat of 500 g/week ( 71.4
et and the low carbohydrate - high fat diet applying energy-equivalent scenarios, Van Dooren
et al., 2014 [40] and Van Dooren et al., 2014 [41]
-vegetarian, traditional vegetarian, vegan, Mediterranean, New Nordic diet,
historical low lands and optimised low lands).
b
ustainability data of food intake was available.
c
GHGE median cutan) the more sustainable diet in
this populations has been identified.
d GHGE and land use are incorporated into a composite sustainability score, that is used for the comparison of different dietary scenarios.

Individual level
2-day diet record
(Dutch National
Food
Consumption
Survey, 1998)

Dietary data

Van Dooren et
al., 2014 [40]
and Van
Dooren et al.,
2014 [41]
The Netherlands

Country

Reference

(B3) Diet modelling techniques
Integrating the health aspect into environmental sciences in a more advanced
way involves the application of mathematical modelling techniques, which
allows for the design of optimised diets on multiple diet-related factors. Eight
studies used mathematical modelling techniques, including quadratic modelling
[27, 43], smooth nonlinear programming [46] and linear programming [44, 45,
52, 53, 56] to address the question “What would be the food composition of a
diet when aiming at the optimisation of multiple diet-related factors?” (Table 5).
These studies all aim at optimising the food composition of the diet based on
objectives for health and environmental sustainability, while minimising the
deviation from the habitual food composition of the current diet regardless of the
modelling techniques and mathematical assumptions.
In diet modelling, nutritional constraints are used to ensure nutritional
adequacy, and are built upon the physiological nutrient requirements often with
the addition of a few food-based dietary guidelines (e.g. on fruit and vegetables,
and fish). Additional constraints are added to the model to derive diets that are
food preferences, and therefore intend to minimise the deviation from the current
diet. More specifically, constraints on the food quantity force the model to
choose for standard useable portion sizes, and force the model to either select
food items that would not have been selected because of high environmental
sustainability or low nutritional values, or restrict the maximum quantity of food
items that would have been selected otherwise [44, 45, 56]. Instead, constraints
on food popularity force the model to minimise the deviations from the current
diet [27, 45, 52, 53], whereby popularity is based on either the percentage of the
population consuming a particular food item [45] or an arbitrary penalty score
for any change from the current diet [27, 52, 53].
All these modelling techniques describe the optimised diet output in the
format of a list of food items that can be consumed in a specified quantity, and
it has been demonstrated that from such a list a seven-day week menu based
on three meals a day and in-between snacks can be created while still
maintaining dietary preferences (e.g. traditional meal compositions such as milk
and breakfast cereals, meat and vegetables and potatoes, etc.) [44, 72].
However, the output of the diet model is highly dependent on the availability of
an appropriate database, thus bridging dietary composition data with dietrelated environmental sustainability data. Also, the acceptability constraints
have a major influence on the output of the diet model, resulting in a suboptimised, but more realistic diet in accordance with the current diet.
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Wilson et al.,
2013 [56] e
New Zealand

Thompson et
al., 2013 [45]
France
Spain
Sweden

Macdiarmid et
al., 2012 [44]
United Kingdom

Arnoult et al.,
2010 [43]
United Kingdom

Country

Reference

Individual level
2-week diet record
(Expenditure and Food
Survey, 2003 – 2004)
Individual level
7-day diet record
(UK National Diet and
Nutrition Survey, 2000 –
2001)
Individual level
7-day diet record
(INCA 2, France, 2007)
3-day diet record
(ENIDE, Spain, 2013)
4-day diet record
(Riskmaten, Sweden, 1997 1998)
Individual level
24-hour recalls and
questionnaire
(New Zealand Adult Nutrition
Survey, 2008 – 2009)

Dietary data

New Zealand dietary
recommendations
for men
total energy intake
14 nutrients

UK Department of
Health
12 nutrients
1 food group
UK dietary guidelines
for an adult women
total energy
12 nutrients
3 food groups
Dietary guidelines
from the French
Agency for food,
Food circle with
Swedish Nutrition
Recommendations
Objectified

Nutritional constraints
using dietary
guidelines
(i.e. Recommended
Dietary Allowance)

limits for flour, pasta
and oats, total
vegetable intake and
added salt

limitsc and food
popularity d

quantity limits for
each food group c

energy and
alcohol intake as
current diet

Acceptability constraints
with reference to the
current diet

Health considerations in the diet modelling

68 items for
France, 277
for Spain,
and 88 for
Sweden

76 items

Food group
Energy
Macronutrients
Micronutrients

82 groups

293 items

Food
aggregation
level a

Food group
Energy
Macronutrients
Micronutrients

Food group
Energy
Macronutrients
Micronutrients

Food group

Health
evaluation of
whole diet
based on

GHGE, to be
minimised

GHGE, to be
reduced by 25%

GHGE, to be
minimised

Land use b

Environmental
indicator

Environmental considerations
in the diet modelling

Table 5 Diet modelling using mathematical programming techniques for the design of optimised diets for health and environmental sustainability.
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Individual level
2-day 24-hour recalls
(Dutch National Food
Consumption Survey, 2007 –
2010)

Individual level
4-day diet record
(UK National Diet and
Nutrition Survey, 2010 –
2011)
Individual level
2-day 24-hour recalls
(Dutch National Food
Consumption Survey, 2007 –
2010)

Tyszler et al.,
2014 [52] g
The Netherlands

Green et al.,
2015 [46]
United Kingdom

Van Dooren et
al., 2015 [53]
The Netherlands

Population level
Per country annual food
supply data (FAOSTAT
2013)

Dietary data

Jalava et al.,
2014 [27] f
176 countries

Country

Reference

Dutch dietary
guidelines
total energy
all macronutrients
all micronutrients
1 food group

Dutch dietary
guidelines for a
non-active adult
women
total energy
all macronutrients
all micronutrients
amino acids
2 food groups
WHO dietary
guidelines
10 nutrients

County-specific
dietary guidelines
for total energy
intake
WHO dietary
guidelines for
macronutrient
intake, and fruit
and vegetables

Nutritional constraints
using dietary
guidelines
(i.e. Recommended
Dietary Allowance)

including portion size
by using a penalty
score for each
change in serving
size g

intake as current diet
and similar amount
of liquids as current
diet

including portion size
by using a penalty
score for each
change in serving
size g

Yes, food popularity
using a penalty
score for any
deviation from the
original diet

Acceptability constraints
with reference to the
current diet

Health considerations in the diet modelling

Food group
Energy
Macronutrients
Micronutrients

Food group

Food group

Macronutrients

Health
evaluation of
whole diet
based on

2
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GHGE, to be
gradually
reduced by 10%

42 groups

206 items

pReCiPe,
including GHGE,
fossil energy use
and land use, to
be reduced by
30%

207 items

GHGE, to be
reduced by 20%

i

Consumptive
water use at the
global level b

Environmental
indicator

13 groups

Food
aggregation
level a

Environmental considerations
in the diet modelling
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Abbreviations: GHGE, greenhouse gas emission.
a Food aggregation level; the number of food items or groups (depending on author’s terminology) for which environmental sustainability data of food intake was available.
b Diet was optimised in view of dietary recommendations only using quadratic programmi
afterwards for the optimised diet model.
c
Food quantity limits (i.e. upper and/or lower bounds) were set for each group to give standard usable portion sizes (i.e. in whole units or in units in which it is sold).
d For France, acceptability constraints on food quantity for each food item included a minimum value equal to the 5 th percentile of consumption observed in the population (nonconsumers included) and a maximum value equal to the 95th percentile of consumption observed in the population (non-consumers excluded), to ensure that the number of
daily portions is acceptable to the consumers. For Spain and Sweden, bounds were based on food popularity including minimum portion sizes. Food popularity (that is related
to cultural preferences) was based on the current consumption as observed in the dietary surveys, and expressed as the percentage of the populating consuming a particular
food item. This resulting in the following acceptability constraints: (1) amounts consumed in a particular food group should at least be 60 –
popular food (eaten by at least 50% of the population) could be increased by up to four times, but not decreased by
ould be increased up to three times the habitual
consumption.
e Additional die
- and
Asian-style, and (4) include ‘more familiar New Zealand meals’.
f Diet was initially optimised in view of dietary recommendations only, thereafter additional diet models were optimised using quadratic programming to meet nutritional
constraints along with a forced reduction on the animal-based products, in particular including limits on the protein intake from all animal products and from meat starting from a
limit to 50% and 16.7% respectively, and gradually reducing these to zero.
g
Additional diet models were optimised to (1) meet nutritional constraints only, and along with forced reduction on animalmeat and fish, and (4) excluding meat, fish, dairy and eggs.
h
enalty contribution that is food and direction
dependent.
i Diet was initially optimised in view of dietary recommendations only using smooth nonlinear programming, thereafter additional diet models were optimised in view of
environmental concerns, in particular a gradual reduction by 10% of GHGE.

Diet-related health impact analysis in environmental sciences addresses the
question “What would be the change in health impact based on nutrient
adequacy and/or health-disease outcomes when individuals adopt a more
environmentally sustainable diet?” Seven studies quantified the diet-related
health impact of diets differing in environmental sustainability, either directly by
observing nutrient adequacy or chronic disease risk as outcomes [54, 60] or
indirectly by modelling the expected health impact [31, 32, 47-49] (Table 6). The
direct approach was used by one cross-sectional survey which assessed
nutrient adequacy using data from the Dutch National Food Consumption
Survey including 3819 subjects aged 7 – 69 years [54], and by one prospective
cohort study which investigated total mortality risk using data from the EPIC-NL
including 35,057 adults with a median follow-up of 16 years [60]. For the indirect
approach, five studies did not actually observe nutrient adequacy or risk
reductions as outcomes, but they modelled the expected diet-related health
impact of the more environmentally sustainable diet based on risk ratios
obtained from meta-analysis on diet-disease associations [31, 32, 47-49].
This approach of linking diet-related health/disease outcomes to
environmental sustainability might be considered as suitable evidence to
influence food choices and food production, since nutrient adequacy and dietrelated health/disease outcomes are predictive for the future healthiness of
dietary change. The healthiness of food products has been recognised as an
important determinant of food choice, apart from taste and price, whereas
sustainability motives are currently not considered substantial influential factors
[63, 73-75].
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Scarborough
et al., 2012
[31]
United
Kingdom

Aston et al.,
2012 [47]
United
Kingdom

Friel et al.,
2009 [49]
United
Kingdom
Brazil

Country

Reference

Household level
Per household 2-week
food purchases (Family
Food Survey, 2008)

Individual level
4/7-day diet record
(UK National Diet and
Nutrition Surveys, 1998,
2000 and 2003)
1-day 24-hour recall
(Sao Paulo The
Household Health
Survey, 2006)
Individual level
7-day diet record
(UK National Diet and
Nutrition Survey, 2000
– 2001)

Dietary data

50% decrease in the
consumption of all
meat and dairy
products
A shift from red to
white meat
A 50% decrease in
white meat products

Counterfactual dietary
distribution in which
the proportion of
vegetarians is
doubled and all the
non-vegetarians
adopt a dietary
pattern similar to that
of the lowest red and
processed meat
consumers.

30% decrease in the
consumption of
animal-based
products

counterfactuals

Dietary

Potential impact fractions c
for coronary heart
disease, diabetes mellitus
and colorectal cancers

Total deaths delayed or
averted in the UK under
each dietary
counterfactual using the
DIETRON model d

Decreased intake
of meat and/or
dairy , and an isocaloric increased
intake of fruit and
vegetables, and
cereals

Disability-Adjusted Life
Years (DALYs)
Years of Life Lost (YLL)
for ischemic heart disease

Measure of health impact
including the health-disease
outcomes under study

Decreased intake
of red and
processed meat

Decreased intake
in saturated fat
with increase in
poly-unsaturated
fat

Dietary exposure

Health considerations

Table 6 Diet-related health impact analyses of environmentally sustainable diets.

GHGE

GHGE

256
categories

Livestock
production b

Environmental
indicator

45
categories

/

Food
aggregation
level a

Environmental considerations
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Household level
Per household 2-week
food purchases (Living
Costs and Food Survey ,
2010)

Individual level
4-day diet record
(UK National Diet and
Nutrition Survey, 2010)

Individual level
2-day 24-hour recalls
(Dutch National Food
Consumption Survey,
2007 - 2010)

Milner et al.,
2015 [48]
United
Kingdom

Temme et al.,
2015 [54]
The
Netherlands

Dietary data

Briggs et al.,
2013 [32]
United
Kingdom

Country

Reference

Population stratification
by environmental
sustainability (i.e.
diets of low,
intermediate or high
environmental load)

Tax scenarios: a tax of
£2.72/tonneCO2e/100
g product applied to
all food and drink
groups with GHGE
above average
Tax and subsidy
scenario:
including subsidies
for food groups with
GHGE below average
Optimised diet to
achieve WHO
guidelines with no
GHGE reduction
target and with a 1060% reduction target
[46]

counterfactuals

Dietary

Dietary intake by
diets of low,
intermediate or
high environmental
load

Decreased intake
of red and
processed meat,
and an increased
intake of fruit and
non-starchy
vegetables

Decreased intake
of food items with
GHGE above
average, and an
increased intake of
food items with
GHGE below
average

Dietary exposure

Health considerations

Descriptive comparison of
the food intake, energy
intake and nutrient intake

Years of Life Lost (YLL) for
coronary heart disease,
stroke, type 2 diabetes,
cancers of the
mouth/pharynx/larynx,
oesophagus, lung,
stomach and colon/rectum

Total death delayed or
averted in the UK under
each dietary
counterfactual using the
DIETRON model d

Measure of health impact
including the healthdisease outcomes under
study
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GHGE

GHGE

GHGE

42 groups

254 items

Environmental
indicator

256
categories

Food
aggregation
level a

Environmental considerations
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Individual level
EPIC-NL FFQ
(178-item, semiquantitative, 1993 1997)

Dietary data
Population stratification
by environmental
sustainability (i.e.
quartiles)
Meatone-third reduction in
meat intake (35g) of
the average daily
meat intake (105g) f

counterfactuals

Dietary

Environmental
sustainability, or
replacement option

Dietary exposure

Health considerations

Crude and adjusted hazard
ratios (for age, sex and
energy intake) using cox
proportional hazard
models for all-cause
mortality
Cause-specific mortality
(including cancer,
cardiovascular diseases,
respiratory diseases and
other causes)

Measure of health impact
including the health-disease
outcomes under study
254 items

Food
aggregation
level a
GHGE
Land use

Environmental
indicator

Environmental considerations

Abbreviations: GHGE, greenhouse gas emission.
a
Food aggregation level; the number of food items or groups (depending on author’s terminology) for which environmental sustainability data of food intake was available.
b
A 30% decrease in livestock production is assumed to result in a reduction of equal size in the consumption of animal-based products, and thus a decrease in the dietary intake
of saturated fat.
c Potential impact fraction was calculated as the difference between current aggregate risk and aggregate risk under counterfactual divided by current aggregate risk, and
represents the proportion/percentage of disease in the population that can be attributed to the current diet, and therefore could potentially have been avoided under the
counterfactual diet.
d
The DIETRON model included the intake of total energy, fruit, vegetables, fibre, total fat, mono-and poly unsaturated, saturated and trans fatty acids, dietary cholesterol and
salt as dietary input to estimate the link between food consumption and mortality using age-sex-specific relative risk estimates from meta-analyses.
e
The analysis of the health impact (i.e. mortality survival analysis) was based on data from 35,057 subjects included in EPIC-NL, a prospective cohort study with a median followup of 15.9 years. The main aim was to investigate the relation between diet-related sustainability and mortality outcomes either by population stratification for the environmental
indicators (e.g. GHGE and land use) and by meat-substitution scenarios.
f In the meat-substitution scenario, the replacement of meat was compensated by means of food weight and the plant-based meat-substitutes were potatoes, total vegetables,
total fruit/nuts/seeds, pasta/rice/couscous, cheese, milk-based desserts or fish, representing acceptable alternatives for meat because these food are consumed in significant
amounts in the Dutch diet and can replace meat in a hot meal. The reduction in all-cause mortality risk and environmental impact was estimated separately per meat-substitution
option and for an option with no replacement.

Biesbroek et
al., 2014
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METHODOLOGICAL CONSIDERATIONS
The design of optimised sustainable diets should take into account certain
methodological considerations as presented below. First, the current diet needs
to be linked to health and environmental sustainability, whereby this link
depends on the assessment method of the current diet. Second, the indicators
of ‘health’ and ‘environmental sustainability’ must be well-defined to support the
design of sustainable diets. Third, sustainable diets incorporates more than only
health and environmental sustainability, and thus future steps have to be taken
to identify the social, ethical [76] and economic [77] indicators related to a
sustainable diet, such as the cultural acceptance of a diet, the biodiversity,
animal health and welfare, the production of economically fair products that are
accessible and affordable for people at all times, etc.

–
H
The assessment of the current diet can be based on either food availability
related to food production and expenditure, or actual food intake closely related
to food consumption and thus the health aspect of the diet. The main questions
related to designing sustainable diets are “How to connect health with
environmental sustainability?” and “What is the influence of the assessment
method?”
The quantification of diet-related environmental sustainability should be
preferably based on food availability estimates rather than on actual food intake
data. The reason for this is that food availability estimates represent the food
supply/production or food expenditure/purchases at the national or at the
household level, and thus include food losses at production level and food
wastages at consumption level. For example, data on the per capita food supply
obtained from the Food Balance Sheets (FBS) of the FAO reflect the quantity of
food products that are produced, used for trade, adjusted for stock changes and
non-nutritional use, and expressed in primary equivalents (primary food
commodities) per capita per day [78], whereas data on the households’
consumption expenditure obtained from the Household Budget Surveys (HBSs)
reflect the quantity of food products that enters the households [79]. However,
food availability estimates have little connection to the individual dietary pattern
and thereby its diet-health relationship, as noticed in the limited health
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evaluation of the whole diet in studies using population or household
measurement level.
In contrast, an individual’s diet that is obtained from individual-level food
intake assessment methods enables a strong connection with individuals’ dietrelated factors (e.g. age, sex, socio-economic status) and corresponding health
aspects (e.g. nutrient adequacy and/or diet-related health/disease outcomes)
[80], but has a less strong connection with the estimation of environmental
sustainability (e.g. indicators are typically only available for primary food
commodities up to the regional distribution centre). When using individual-level
food intake assessment, some underlying methodological issues should be
taken into account for assessing the health aspect of a diet at population level,
in particular the representativeness of the individual’s diet and the sample’s
representativeness for the population [80]. National survey methods, e.g. diet
records and 24-hour recalls, are suitable methods to assess the intake of an
unlimited number of food items, consumed by an individual over one or more
days, with portion sizes and preparation practices, and hereby describing
habitual intakes at population level, but not linking this with diet-related
health/disease outcomes within individuals. An FFQ that focusses on ranking
individuals according to their usual food intake by capturing the intake of food
items over a designated time period (e.g. usually varying from the last month to
the last year) from a finite list have been commonly used to assess the
association between dietary intake and health/disease outcomes in large
epidemiological studies. When aiming at estimating the environmental
sustainability related to food consumption, the answer on the question which
dietary assessment method to use depends on the desired link with health and
the desired level of food aggregation, which is not yet available for sustainability
indicators, on the level of (all) individual food items.
In short, this discrepancy in measurement/aggregation level forms a
methodological barrier in connecting both health and environmental
sustainability aspects of a diet. Based on the literature review, when aiming at
designing sustainable diets, dietary data collected at the individual level might
be considered as the preferred measurement level. The main reason for the
selection of this measurement level is the possibility for monitoring health in
terms of foods and nutrients, without directly hampering the linkage with
environmental sustainability indicators. Foods are the common denominator
regardless of the higher aggregation level of sustainability indicators and their
conversion into primary commodities [81].
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FUTURE PERSPECTIVES
In a complex field that has emerged from different scientific disciplines, clear
definitions of ‘health’ and ‘environmental sustainability’ are essential. Health can

[82], and the latter using food-disease
outcomes [83]. A further issue in this is that nutrient-based and food-based
,

[84].

2

ed sustainable diet,

nutrients that are consumed in insufficient amounts or in excess at population
taining
-

ults in focussing on the environmental impact of

Because this emphasis on greenhouse gas emissions and l

the s

on the basis of food production and/or food purchase
data, i.e. addressing food that is produced and/or entering the households,
[85]. Future research is therefore
-
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CONCLUSION
In operationalising the health aspect of an environmentally sustainable diet, the
first priority will be to define which research questions to address and the second
will be to ascertain an appropriate match in the measurement level of health and
environmental sustainability. The research questions determine whether to
apply a descriptive or an analytical outline. The descriptive outline refers to the
comparison of different diets based on dietary guidelines, dietary quality scores
and diet-related health-impact analysis, while the analytical outline refers to the
design of alternative diets based on food item replacement and diet modelling
techniques. Therefore, in the context of operationalising the health aspect when
designing sustainable diets, diet modelling might be considered as the preferred
approach since it captures the complexity of the diet as a whole. Hence, there
is a need for individual-level dietary data related to the food consumption with
regard to food and nutrient intakes. It is important to recognise that the concept
of sustainable diets is used across multiple fields, and not only includes food
and nutrition as such, but also the environment, agriculture, animal sciences,
social and economic sciences which need to be taken into account when
designing sustainable diets for the future.

In the context of developing a future vision for designing optimised sustainable
diets, the broader concept of sustainable diets as defined by the FAO [10]
should be considered when aiming at diet optimisation in a multi-dimensional
way. We, therefore, propose the concept of a diet that is SHARP:

orms and
food preferences). This SHARP diet would be in line with the wider definition of
sustainability by including both its social, ecological and economic dimensions.
This requires further exploration of mapping these diet-related dimensions into
objectives/constraints for the diet model that aims at an optimised sustainable
diet for all diet-related sustainability perspectives.
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Diet modelling might be the preferred approach to analyse current and
design future diets as multiple diet-related aspects (e.g. health, environmental
sustainability, affordability, accessibility and acceptability) can be taken into
account simultaneously. The output of the diet model (i.e. food list with specified
quantities) is highly dependent on the constraints included and the diet-related
sustainability data available. As different parameter settings for these
constraints might have major effects, the robustness of such diet models need
attention, especially with respect to trade-off between conflicting objectives and
exploring adaptiveness to future changes in environmental sustainability options
(e.g. improved food production processes), food consumption patterns (e.g.
innovative new food products) and/or other diet-related factors (e.g. accessibility
and affordability). A major challenge with analysing potential trade-offs to
identify preferred scenarios is, however, to fully understand the interaction
across all indicators of a sustainable diet within the different socio-economic and
environmental contexts [86]. Importantly, the output of the diet model should not
be viewed as achieving one optimum, but rather a set of preferred dietary
options dependent on the optimisation aims of the different stakeholders (e.g.
consumers, agricultural sectors, food industries, politicians).
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ABSTRACT
Background There is an increasing interest in estimating environmental impact
of individuals’ diets by using individual-level food consumption data. However,
like assessment of nutrient intakes, these data are prone to substantial
measurement errors dependent on the method of dietary assessment, and this
often result in attenuation of associations.
Purpose To investigate the performance of a food frequency questionnaire
(FFQ) for estimating the environmental impact of the diet as compared to
independent 24-hour recalls (24hR), and to study the association between
environmental impact and dietary quality for the FFQ and 24hR.
Methods We analysed cross-sectional data from 1,169 men and women, aged
20-76 years, who participated in the NQplus study, the Netherlands. They
completed a 216-item FFQ and two replicates of web-based 24hR. Life cycle
assessments of 207 food products were used to calculate greenhouse gas
emissions, fossil energy and land use, summarised into an aggregated score,
pReCiPe. Validity of the FFQ was evaluated against 24hRs using correlation
coefficients and attenuation coefficients. Associations with dietary quality were
based on Dutch Healthy Diet 15-index (DHD15-index) and Nutrient Rich Diet
score (NRD9.3).
Results For pReCiPe, correlation coefficient between FFQ and 24hR was 0.33
when adjusted for covariates age, gender and BMI, and increased to 0.76 when
de-attenuated for within-subject variation in the 24hR. Energy-adjustment
slightly reduced these correlations (r=0.71 for residuals of observed values and
0.59 for residuals of density values). Covariate-adjusted attenuation coefficient
for the FFQ was 0.56 ( 1=0.56 and 1=0.65 for observed and density residuals),
slightly lower than without covariate adjustment. Diet-related environmental
impact was inversely associated with the food-based DHD15-index for both FFQ
and 24hR, while associations with the nutrient-based NRD9.3 were inconsistent.
Conclusion The FFQ slightly underestimated environmental impact when
compared to 24hR. Associations with dietary quality are highly dependent on
the diet score used, and less dependent on the method of dietary assessment.
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BACKGROUND
Climate change has led to an increased interest in shifting towards
environmentally-friendly food consumption patterns. Several studies have
estimated the environmental impact related to dietary intake [1, 2]. This,
however, is very challenging due to e.g.: high diversity in food products, their
production practices, as well as inconsistencies in life cycle assessment (LCA)
methods, including data availability and quality [3, 4]. On top of these,
assessment of diet-related environmental impact depends on the method of
dietary assessment, ranging from per capita food availability at the national level
to food consumption at the individual level [5].
Assessment of the diet-related environmental impact was initially studied
in the production domain dealing with a limited number of primary agricultural
commodities of basic food items, using data on food availability, i.e. apparent
food consumption data, defined as production – exports + imports, sourced from
Eurostat and FAO databases. With the increasing availability of LCA data on
single food products, it is now possible to study diet-related environmental
impact in the consumer domain using food consumption data collected at the
individual level. Moreover, individual-level dietary assessment allows combining
environmental impact of the diet with other diet-related aspects, like dietary
quality, acceptability of the diet, etc. [6]. So far, the few studies that have
addressed this association with dietary quality used a multiple-day diet record
[7-10] or a food frequency questionnaire (FFQ) [11, 12], but produced no clear
results. Studies using diet records most often found that diet-related
environmental impact was not associated with dietary quality [7-10], while an
inverse association was reported in studies using FFQ [11, 12]. However,
evaluation studies have shown that FFQs are subject to large between-person
errors and introduce attenuation in associations with nutritional health outcomes
[13, 14]. Moreover, as compared to 24hRs, FFQs are likely to perform less well
for environmental impact as they purposively aggregate and incorporate food
items that differentiate diets with respect to dietary quality rather than
environmental impact. Until now, little is known about the potential influence of
the method of dietary assessment on properly estimating diet-related
environmental impact and its association with dietary quality.
Literature has acknowledged that all reported dietary intake values are
prone to substantial measurement errors, both systematic, including intakerelated and person-specific bias, and random errors, that often results in
attenuation of the association [15]. In order to correct associations for dietary
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measurement error, a regression calibration approach, as introduced by Rosner
et al. [16], is commonly used, which calculates attenuation coefficients in order
to adjust for the bias caused by measurement error. Correct application of the
regression calibration, however, is not guaranteed without a reference
instrument that is unbiased and has errors independent of true exposure and
independent of errors in dietary-reports [15, 17].
In the present study, we first evaluated the FFQ as a method to estimate
environmental impact of individuals’ diets as compared to the 24hR as the
individual-level and detailed reference method of dietary assessment. Second,
we studied the association between food-based and nutrient-based diet scores
based on 24hR and environmental impact based on either 24hR or FFQ with
adjustment for random and systematic errors in assessment.

METHODS

The present study was conducted with data obtained from the Nutrition
Questionnaires plus (NQplus) study, conducted in Wageningen and its
surroundings, the Netherlands [18, 19]. Initially, 2,048 men and women, aged
20-70 years were recruited between 2011 and 2013. Subjects filled out an FFQ,
general and health questionnaires, and underwent physical examinations at
baseline, and multiple web-based recalls 24hRs were administered. Frequency
of sampling 24hRs was not identical for each subject. Recall days were
randomly selected and scheduled across the first year of the study with at least
40 days in between each other. Of the NQplus study population, a total of 1,653
subjects completed one FFQ at a baseline and a total of 1,430 subjects
completed two replicates of a web-based 24hR spaced over one-to-five month
period. We excluded 185 subjects with misreporting for the FFQ, and 37
subjects with misreporting for the 24hR. A total of 1,169 subjects completed both
an FFQ and two replicates of the 24hR, and remained for analysis (Figure 1).
The NQplus study was approved by the ethics committee of Wageningen
University and conducted according to the Declaration of Helsinki, and all
subjects provided their written informed consent.
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Figure 1 Flow diagram of subjects through the study

The 24hR was a self-administered web-based highly-standardised version
using the five-step multiple pass method, a validated technique to increase the
accuracy of recalls [20]. Recall dates were randomly selected and scheduled
evenly across the year and days of the week. For each subject, we included two
recalls spaced over a one to five months period, resulting in 2,338 recalls. Daily
energy and nutrient intakes were calculated by multiplying the intake of food
items with their nutrient content using the Dutch food composition table of 2011
[21].
The FFQ was developed to assess habitual intake, and consisted of 216
food items with questions on frequency and consumed amounts with a onemonth reference period. This self-administered semi-quantitative FFQ was
validated for energy intake [22], macronutrients, dietary fibre and selected
micronutrients [23].

Environmental impact was calculated based on LCA data from Blonk
Consultants, available for 207 food products commonly consumed in the Dutch
diet (Blonk Consultants data set version 2016) [24]. LCA were from cradle to
grave, and included production, processing, packaging, transport, storage,
preparation, cooking, avoidable waste and unavoidable food waste (inedible
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kilogram CO2-equivalents (kg CO2e)/day) covers carbon dioxide (CO2)
emissions through the use of fossil fuels, methane (CH4) released during rearing
of cattle and cultivation of certain crops, and nitrous oxide (N 2O) released from
fertilizers, manure and ploughing of grassland. Fossil energy use (FE, in Mega
Joules(MJ)/day) covers the resources containing hydrocarbons needed for the
production of food, and land use (LU, in m2*year/day) the surface needed for
the production of food during a certain period of time. Environmental impact of
the diet was reported for each impact category individually (i.e. GHGE, FE and
LU), and aggregated - weighing their relative importance - into a single measure
of environmental impacts, i.e. pReCiPe based on the principles of the ReCiPe
method [25], calculated as
where GHGE is greenhouse gas emissions in kilogram CO2 equivalents, FE
fossil energy use in mega joules, LU land use in m2*year, and weighing values
were obtained using a panel approach, then characterised and normalised using
the year 2000 as reference year, and information was gathered for the European
situation, as specified by the authors.
These LCA data were linked to food consumption data of the 24hRs and
FFQ to calculate individual daily diet-related environmental impact using coding
of the Dutch food composition table. For the 24hR, of the 1,264 food products
consumed in this cohort, 1,198 (95%) food products were linked to LCA data
either by direct matching or extrapolation. There was a direct match on food
code for 203 (16%) food products consumed in this cohort, which covered 50%
of total food weight intake, excluding beverages, and 53% of total energy intake.
Extrapolations were made to other food products consumed according to the
24hR based on similarities in type of food product (11%) or production method
(56%), and based on ingredient composition by using standard recipes for
composite foods (12%). For the FFQ, the 216 FFQ-items were disaggregated
into 1,159 food products with different contribution percentages based on Dutch
dietary survey data, coded by the Dutch food composition table, and
subsequently matched with LCA data on their food code. When LCA data were
not available for all food products within an FFQ-item (n = 135), we scaled the
food products with LCA data in such a way that the FFQ-item was 100%
represented by those food products, while accounting for their contribution
percentage. LCA data were available for 167 FFQ-items covering 89% of the
total food weight and 86% of the total energy intake. Remaining FFQ-items
(n=49) received an extrapolated value based on similarities in type of food
product, production method and ingredient composition.
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Dietary estimates of the 24hR were analysed for their dietary quality using a diet
score based on food groups, i.e. the Dutch Healthy Diet Index 2015 (DHD15index) [26], and one based on nutrients, i.e. the Nutrient Rich Diet score
(NRD9.3) [10, 27]. DHD15-index consists of fifteen food groups included the
Dutch food-based dietary guidelines of 2015: vegetables, fruit, wholegrain
products, legumes, nuts, dairy, fish, tea, fats and oils, filtered coffee, red meat,
processed meat, sweetened beverages and fruit juices, alcohol, and salt. A
proportional score between 0 and 10 was assigned to all other food groups, and
the final score was the mean of all food groups and ranged from 0 (minimal
adherence) to 10 (maximal adherence). NRD9.3 was based on the principles of
the Nutrient Rich Food Index, NRF9.3 [28, 29]. This NRF9.3 algorithm is the
unweighted sum of percentage daily values (DVs) for nine nutrients to
encourage (protein, dietary fibre, calcium, iron, potassium, magnesium, and
vitamin A, C and E) minus the sum of percentage maximum recommended
values for three nutrients to limit (saturated fat, added sugar, and sodium),
calculated per 100 kcal and capped at 100%DV. We expressed nutrient intakes
relative to a daily energy intake of 2,000 kcal to obtain a daily nutrient density
score.

Data were collected on age (years), sex, educational level (low: no, lower or
higher vocational or university), smoking status (never/former/current) by means
of questionnaires. Physical activity was assessed using the Short QUestionnaire
to Asses Health enhancing physical activity (SQUASH) [30], and was
categorised according to the average time spent per week doing commuting,
leisure-time and household activities, and activities at work (Metabolic
1000). Body weight was measured by a trained
research assistant without shoes and heavy clothing and with empty pockets on

was calculated as body weight (kg) divided by height squared (m2).
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It was assumed that estimates obtained from 24hRs were the best available
standards to approximate true diet-related environmental impact, as no
independent reference methods are available [31, 32]. In contrast, in the FFQ,
constant bias at the group level, intake-related bias and person-specific bias
were assumed to be present. The measurement error model was specified as:
(1)
24-hour recall (R):
FFQ (Q):
where T is the true (unknown) intake, e the within-person random error, and A
the overall constant bias at group level, B the intake-related bias and q the
person-specific bias for the FFQ. By this model, it was assumed that estimates
from two replicates of the 24hRs are statistically independent and contains no
intake-related bias and no person-specific bias [33].

To evaluate the performance of the FFQ versus the 24hR, linear mixed models
with a random intercept for subjects were applied to account for the two
replicates of the 24hRs per subject. Attenuation coefficient was estimated as the
slope in the linear regression of the reference method (i.e. 24hR) on the FFQ
through the following linear mixed model:
(2)
where Rij is the jth observation of the recall for the ith individual, Qi the FFQ-report
of that individual, uj the random intercept for that individual and eij the random
within-person variation, 0 is the method-specific intercept and 1 the attenuation
coefficient. The random terms were assumed to be independent, normally
2
(e). Correlation
distributed with mean zero and variances 2
coefficients between FFQ and the average of two 24hRs were estimated as
Pearson correlations, without and with adjustment for covariates age, gender
and BMI. To account for within-subject variation in the 24hR, correlation
coefficients were de-attenuated by dividing by the square root of the intra-class
correlation coefficient (ICC) of the replicates of the 24
the variance in random intercept divided by the total variance obtained from a
mixed model without Q as covariate under the assumption of no person-specific
bias [34].
In the analysis of diet associations, e.g.: impact vs quality, covariate
adjustment is essential for the internal study validity, hence the usual covariates
age (continuous), gender (men/women), and BMI (continuous) were included in
the calibration equation [31]. In addition, stratified analyses were performed for
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men and women separately (results in Supplementary Tables 1 and 2). Specific
attention was paid to energy intake as a key covariate in diet analyses, using
linear regression of diet-related environmental impact on energy-intake [35]
divided by total energy intake, and standardised to 2,000 kcal. Densities and

nt,
-related
based DHD15-index and

t-based
-related
-

using Best Linear
[36].

accounting for random effects
covariates added). All statistical analyses were performed using SAS version
9.3 (SAS Institute, Inc.).

RESULTS

3.7) kg/m2

a level of

-

f

Measured by two replica
mean (SD)
was 3.6 (SD 1.5) kg CO2e/d
m2*year/d for

lower
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Meat, dairy, and beverage consumption contributed the most to the
environmental impact, irrespective of the method of dietary assessment (meat
29% of total daily dietary pReCiPe, dairy 16% and beverages 15% according to
24hR, and with similar values for the FFQ) (Table 2). Impacts of type of meat,
however, differed by method of dietary assessment with for the FFQ a higher
contribution to pReCiPe and its components from non-processed meat and a
lower contribution from processed meat (18% vs 9%) as compared to the 24hR
legumes and fruit, were in general higher for the FFQ than for the 24hR.
Contribution of the different food groups to daily diet-related environmental
impact was dependent on the environmental impact measures for some food
while the opposite was seen for plant-based foods, fish and beverages.

s of the NQplus study (n=1,169)a

Table 1

Total (n=1,169)
53.2 (11.5)
25.6 (3.7)

Age, years
2b

Men (n=606)
55.6 (10.7)
26.2 (3.3)

Women (n=563)
50.6 (11.7)
24.9 (3.9)

c

Intermediate

67
343
757

(6%)
(29%)
(65%)

46
162
397

(7%)
(27%)
(66%)

21
181
360

(4%)
(32%)
(64%)

539
224
406

(46%)
(19%)
(35%)

249
114
243

(41%)
(19%)
(40%)

290
110
163

(51%)
(20%)
(29%)

587
435
90
2012
4.92
500
3.64
31.10
4.15
0.43

(53%)
(39%)
(8%)
(583)
(1.00)
(72)
(1.46)
(9.20)
(1.82)
(0.16)

263
259
56
2200
4.61
493
3.94
33.36
4.57
0.46

(45%)
(45%)
(10%)
(617)
(0.94)
(71)
(1.60)
(9.83)
(1.99)
(0.18)

324
176
34
1808
5.29
507
3.32
28.66
3.71
0.39

(61%)
(33%)
(6%)
(466)
(0.96)
(73)
(1.20)
(7.77)
(1.51)
(0.14)

Physical activity
Moderate
d

Never
Former
Current
e

-index e
NRD9.3 e
e

2
e
2

e

pReCiPe e
a

Values are expressed as mean (standard deviations), numbers and percentages. Comparisons between men and
women were tested by independent samples t-test for continuous variables and chi-square test for categorical
variables. All characteristics above were statistically significant using P-value below 0.05. b Data were available for
1,168 subjects, i.e. 605 men and 563 women. c Data were available for 1,167 subjects, i.e. 605 men and 562
women. d Data were available for 1,112 subjects, i.e. 578 men and 534 women. e Dietary estimates were crude
values based on two 24-hour recalls.
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18.1
7.4
5.4
1.9
0.4
5.1
3.3
5.8
4.2
4.7
3.1
5.5
1.7
1.0
0.1
0.3
6.4
5.6
2.7
4.4
2.8
5.6

5.2
1.5
2.0
5.1
0.2
5.7
0.4

1.2
6.1
4.4

1.4
1.7
0.7
0.5

0.1
0.2
1.1
0.9
0.5
4.0

48.0
6.2

7.9
4.5

0.0
0.2
2.5
1.1
1.5
7.8

15.7
14.9
2.9
1.3

8.7
5.9
5.4

3.7
2.6
1.8
5.1
0.2
3.8
0.6

13.6
7.3

0.1
0.3
2.2
1.7
1.7
7.3

9.4
8.8
4.9
1.5

4.7
4.9
4.3

5.5
2.8
1.8
8.0
0.4
5.1
0.6

24-hour Recall
GHGE
FE
(%)
(%)
1.7
3.0

8.3
6.0

0.1
0.2
4.3
1.3
1.8
12.3

16.9
14.3
1.1
1.6

5.6
4.0
3.3

4.4
3.1
2.9
1.9
0.2
1.9
2.3

LU
(%)
2.1

9.1
5.6

0.0
0.2
3.2
1.3
1.7
9.6

15.0
13.6
2.5
1.5

6.6
4.9
4.3

4.3
2.9
2.3
4.3
0.3
3.3
1.4

pReCiPe
(%)
2.1

40.0
3.7

0.3
0.2
1.8
1.8
1.3
2.7

1.6
1.4
0.7
0.6

1.3
7.8
5.4

5.5
1.5
3.0
6.9
0.6
8.0
0.6

g/d
(%)
3.3

4.7
2.2

0.2
0.3
10.1
7.5
5.7
3.3

2.8
3.7
1.2
0.9

4.8
4.1
4.8

15.2
6.2
5.5
2.3
0.7
5.4
4.4

E%d
(%)
3.9
5.1
2.5
2.2
9.1
0.9
6.7
0.9
4.5
5.5
4.7
9.8
6.2
5.1
1.6
0.1
0.4
3.3
2.6
3.4
1.8
16.4
2.6

3.4
2.1
2.7
5.4
0.6
4.9
0.9
8.4
6.8
5.8
18.6
9.5
3.0
1.4
0.1
0.3
3.2
3.4
2.9
3.1
9.9
1.6

FFQ
GHGE
FE
(%)
(%)
2.0
3.5

13.3
1.0

0.1
0.3
7.4
3.5
4.4
3.7

20.5
8.8
0.6
1.7

5.3
4.5
3.5

4.3
2.9
3.7
2.0
0.4
2.4
3.3

LU
(%)
2.5

12.5
1.5

0.1
0.3
5.0
3.3
3.6
3.3

17.8
8.6
2.3
1.6

6.4
5.6
4.6

4.1
2.5
3.1
4.6
0.6
4.2
1.9

pReCiPe
(%)
2.5

weighted summary score for GHGE, FE, and LU
a milk: milk, milk beverages (chocolate milk) and coffee milk b milk-based desserts: all kind of yoghurts, creams, and milk-based puddings and dessert c non-processed meat:
beef, pork, and chicken d processed meat: meat products as sandwich filling, ham, ready-to-eat minced meat, sausages, organ meat and miscellaneous types e soy drinks,
desserts: soy-based drinks, yoghurts, puddings and creams f Sugar, sweets: sugar, candy, sweet and savoury sandwich filling like jams, honey, chocolate spread, peanut butter.

Food groups
Potatoes
Cereals,cereal products
Bread products
Cake, Biscuits
Pasta,rice,couscous
Vegetables
Legumes
Fruit
Nuts and seeds
Dairy
Cheese
Milka
Milk-based dessertsb
Meat
Non-processedc
Processedd
Fish
Eggs
Vegetarian products
Soy drink, dessertse
Meat replacers
Fats, Oils, Sauces
Sugar, Sweetsf
Snacks
Soup,Composite dishes
Beverages
Non-alcoholic
Alcoholic

E%d
(%)
4.1

g/d
(%)
2.5

Table 2 Contribution of the different food groups to daily intake and environmental impact in the NQplus Study,
using two replicates of the 24-hour recall and an FFQ.
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Table 3 shows the diet-related environmental impact according to the FFQ
and the 24hR as well as the ICC for the latter. Observed values for FFQ and
24hR were similar for protein, and environmental indicators (<5% difference),
but energy intake was overestimated by the FFQ (6%). After energy-adjustment,
we observed underestimated values for protein intake (6%) and for diet-related
environmental impact measures (7-10%) by the FFQ. ICC for replicates of the
24hR were low ( 0.30)
observed residuals (0.12-0.22) than for observed values (0.17-0.28) and density
residuals (0.19-0.30). Thus, most of the observed variation was due to withinperson variation, such as day-to-day variability, rather than between-person
variation.
The crude correlation coefficient between FFQ and 24hR was 0.46 for
protein, and ranged from 0.35 for GHGE to 0.45 for FE, but weakened after
covariate adjustment. When accounting for random error in the 24hR, the
correlation coefficient was 0.75 for protein, and ranged from 0.66 for GHGE to
0.76 for pReCiPe, as shown by the de-attenuated correlation coefficient. After
adjustment for energy, de-attenuated correlation coefficients were similar when
using observed residuals, but they were lower when using density residuals,
except for protein.
Estimated attenuation coefficients, as displayed by the regression slopes
,
were
all below one, pointing to a flattened slope phenomenon in associations
1
when using the FFQ. This attenuation appeared to be more severe with the
inclusion of the covariates age, gender and BMI in the measurement error model
for all variables under study (attenuation coefficients were lower). Covariateadjusted attenuation coefficient for observed values was 0.51 for protein, and
ranged from 0.53 for GHGE to 0.57 for FE. Energy-adjustment by the residual
method of observed values showed similar attenuation coefficients as with nonenergy-adjusted attenuation
coefficients tended to be higher, i.e. attenuation was lower than for the nonenergy adjusted values, but less marked for protein and GHGE (with attenuation
coefficient of 0.54 for protein and from 0.57 for GHGE to 0.69 for FE).
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Mean (SD)

FFQ

Mean (SD)

1

(0.03)
(0.03)
(0.05)
(0.04)
(0.05)
(0.04)
(0.04)
(0.06)
(0.04)
(0.06)
(0.06)
(0.04)
(0.06)
(0.05)
(0.07)
(0.06)

0.52
0.58
0.59
0.62
0.63
0.62
0.49
0.52
0.62
0.65
0.61
0.57
0.61
0.73
0.73
0.70

0.54
0.57
0.69
0.67
0.65

0.46
0.48
0.59
0.60
0.56

0.42
0.51
0.53
0.57
0.56
0.56

(0.04)
(0.06)
(0.05)
(0.07)
(0.07)

(0.04)
(0.06)
(0.05)
(0.06)
(0.06)

(0.03)
(0.04)
(0.05)
(0.04)
(0.05)
(0.05)

Crude (SE) Adjustedb (SE)

I
hted summary
bias, groupattenuated correlation coefficient (95%CI) estimated as the Pearson correlation coefficient/ ICC24hR
1 (SE) estimated as the slope in the linear regression
of the 24hR on the FFQ using linear mixed models to account for within-person day-to-day variability.
a Mean values with their standard deviations, correlation coefficient with its 95% confidence intervals, attenuation coefficient with its standard error.
b Adjusted for age, gender and BMI.

0.78
0.59
0.66
0.59
0.59

0.75
0.66
0.76
0.73
0.71

0.68
0.75
0.66
0.75
0.75
0.76

Adjustedb(95%CI) De-attenuated(95%CI)

Correlation coefficient (24hR with FFQ)

%bias ICC Crude (95%CI)

2 replicates of 24hR

Observed values
Energy, kcal/d
2139 (532) 2012 (583) 6.3
0.31 0.47
0.38
Protein, g/d
77.6 (18.5) 78.2 (23.5) -0.8
0.27 0.46
0.39
GHGE, kgCO2e/d
3.50 (0.87) 3.64 (1.46) -3.8
0.21 0.35
0.30
FE, MJ/d
30.19 (6.71) 31.10 (9.20) -2.9
0.28 0.45
0.40
LU, m2*year/d
4.01 (1.08) 4.15 (1.82) -3.4
0.17 0.37
0.31
pReCiPe
0.41 (0.10) 0.43 (0.16) -4.7
0.19 0.39
0.33
Energy-adjusted values by regression residuals of observed values on energy(observed residuals)
Protein, g/d
73.5 (10.3) 77.9 (14.2) -5.6
0.20 0.35
0.33
GHGE, kgCO2e/d
3.33 (0.61) 3.63 (1.24) -8.3
0.12 0.26
0.23
FE, MJ/d
28.82 (4.21) 30.98 (6.77) -7.0
0.22 0.39
0.35
LU, m2*year/d
3.80 (0.71) 4.14 (1.56) -8.2
0.13 0.30
0.27
pReCiPe,
0.39 (0.07) 0.43 (0.14) -9.3
0.14 0.30
0.26
Energy-adjusted values by regression residuals of densities on energy (density residuals)
Protein density, %
14.9 (2.0)
15.9 (3.1) -6.3
0.20 0.37
0.35
GHGEdensity,kgCO2e/d 3.38 (0.60) 3.73 (1.30) -9.4
0.19 0.28
0.25
FE density, MJ/d
29.31 (4.09) 32.14 (7.62) -8.8
0.30 0.39
0.36
LU density, m2*year/d 3.83 (0.70) 4.24 (1.72) -9.7
0.21 0.30
0.27
pReCiPe density
0.40 (0.06) 0.44 (0.15) -9.1
0.22 0.31
0.28

Dietary variables

Table 3 Diet-related environmental impact according to the food frequency questionnaire (FFQ) and two replicates of the 24-hour recall (24hR,
with intra-class correlation coefficient) and group level bias, with correlation between the methods (crude, adjusted, de-attenuated) and attenuation
coefficient (crude, adjusted) for observed and energy-adjusted values standardised to a 2,000 kcal diet a.

3
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In stratified analysis, patterns of results for group-mean bias, correlation
coefficients, and attenuation coefficients were generally similar for men and
women (Supplementary Tables 1 and 2). Estimated correlation coefficients and
attenuation coefficients for observed values did not change with covariate
population. However, when using energy-adjusted values, as compared to nonenergy-adjusted values, attenuation coefficients appeared to be higher for
density residuals, and this was more marked in women than in men.
Table 4 shows the association between dietary quality (DHD15NRD9.3) and diet-related environmental impact using observed and deattenuated 24hR-values, and observed and calibrated FFQ-values, for different
methods of energy adjustment. Regression coefficients represent the
percentage change in diet score per unit increase in diet-related environmental
impact. Diet-related environmental impact was significantly inversely associated
with the food-based DHD15for all methods of dietary assessment. Compared to de-attenuated 24hRvalues, regression coefficients using FFQ-values as observed were weakened,
and became closer when calibrated FFQ-values were used. For the nutrientbased NRD9.3, no statistically significant associations were observed for
summary score pReCiPe and its components GHGE and LU, but a positive
significant association was observed for FE. Using de-attenuated 24hR-values
showed a negative association for LU, while using FFQ-values as observed
showed a positive association and calibration could only repair this when using
energy-adjusted values. Considering the method of energy adjustment, for both
DHD15-attenuated 24hR-values
were stronger for observed residuals than for observed values with inclusion of
energy in the multivariate model, but were weaker for density residuals.
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NRD9.3 (based on 2 replicates of 24hR)
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Observed residuals
(95%CI)
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Abbreviations: DHD15pReCiPe, a weighted summary score for GHGE, FE, and LU. De-attenuated 24hR-values estimated using the method of Best Linear Unbiased Prediction (BLUP) to correct for
random error. Calibrated FFQ values calculated as the predicted values from a mixed model with FFQ-values, age, gender and BMI as covariates, accounting for random
effects.
a
Regression coefficients represent the percentage change in diet score per unit increase in diet-related environmental impact, and are adjusted for energy intake (continuous
and using estimates as measured by that method of dietary assessment), age (continuous), gender (men/women), and BMI (continuous).
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((((-

DHD15-index (based on 2 replicates of 24hR)
Observed values
Observed residuals
Density residuals
(95%CI)
(95%CI)
(95%CI)

GHGE, per 1 kgCO2e/d
24hR as observed
-3.3
De-attenuated 24hR
-11.3
FFQ as observed
-3.9
Calibrated FFQ
-8.3
FE, per 5 MJ/d
24hR as observed
-1.3
De-attenuated 24hR
-2.9
FFQ as observed
-1.7
Calibrated FFQ
-2.5
LU, per 1 m2*year/d
24hR as observed
-3.2
De-attenuated 24hR
-10.4
FFQ as observed
Calibrated FFQ
pReCiPe, per 0.1
24hR as observed
-3.3
De-attenuated 24hR
-10.0
FFQ as observed
-5.1
Calibrated FFQ
-

Response variables
Explanatory variables

Table 4 Regression coefficients (with 95% confidence intervals)a for dietary quality, measured by food-based DHD15 -index and nutrient-based
NRD9.3, and diet-related environmental impact, measured by GHGE, FE, LU, and pReCiPe, using observed and de-attenuated 24-hour recall
(24hR)-values, and observed and calibrated FFQ-values, for different methods of energy adjustment in the total population.
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DISCUSSION
Group-mean differences between FFQ and the reference 24hR were small
(<5%) for absolute values of GHGE, FE, LU and pReCiPe. Covariate-adjusted
de-attenuated correlation coefficients between FFQ and 24hR were around
0.70, and attenuation coefficients were around 0.55 for observed values on dietrelated environmental impact measures. When we studied the association
between environmental impact and dietary quality, an inverse association was
observed when dietary quality was assessed using a food-based score (DHD15index), but inconsistent and weak associations were seen when using a nutrientbased score (NRD9.3).
To the best of our knowledge, this is the first calibration study on dietrelated environmental impact measures comparing the environmental impact
obtained from FFQ with that of the 24hR. The latter was used as reference
instrument since no truly gold standard exist. As a means for comparison, we
calculated correlation coefficients and attenuation factors for protein intake as
this is a widely studied nutrient in dietary validation studies. Correlation
coefficients and attenuation coefficients for intake of energy and protein are in
line with earlier calibration studies [33, 37]. In the present study, the unadjusted
unadjusted attenuation coefficient for protein intake w
women. 0.48). Pooled analysis of protein intake in eight European validation
studies within the European Prospective Investigation into Cancer [37] reported
correlation coefficients between FFQ and 24hR varying between 0.35 and 0.67,
and attenuation coefficients for the FFQ on 24hR between 0.26 and 0.63. In the
US, the Observing Protein and Energy Nutrition (OPEN) study [33] reported
correlation coefficients of 0.31 for men and 0.33 for women and attenuation
coefficients of 0.53 for men and 0.70 for women. Thus, as compared to protein,
correlation coefficients between these two methods tended to be slightly lower
for all diet-derived measures of environmental impact, whereas attenuation
coefficients were slightly higher, especially for FE and LU. As there was a strong
correlation between measure of environmental impact and protein intake
(correlation coefficients between 0.6 – 0.9), results might to some extent be
affected by protein-poor food sources that contributed to diet-related
environmental impact with their intake and contribution highly varying by the
method of dietary assessment.
Changes in dietary intake are generally based on iso-caloric exchanges
of foods, hence the need to keep energy intake constant when comparing diets
between groups. Previous studies on the measurement error structure of self80
80
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reported protein intake have noted that the attenuation is less severe when
energy intake is taken into account by either regression of protein intake on
energy intake (protein residuals) or by the density method (dividing energy from
protein intake by energy) [13, 33]. Our analysis shows that the same holds for
diet-derived measures of environmental impact, with less attenuation for density
residuals than for observed residuals. This is in line with the results of Table 4:
regression coefficients using observed FFQ-values were closer to those using
de-attenuated 24hR-vales for densities residuals than for observed residuals.
Measurement errors in the assessment of environmental impact are strongly
correlated with errors in the measurement of total energy intake, and this
appeared to be more marked for observed residuals, as shown by the lower
ICC. This finding further supports the importance for using energy-adjusted
intakes in nutritional epidemiology, however caution must be applied for their
interpretation, as has been discussed previously [35]. Diet-related
environmental impact is preferably expressed in relative values (i.e.: impact per
2,000kcal) rather than absolute values, because of the application of densities
in public health recommendations. Individuals and populations can reduce their
diet-related environmental impact per kcal consumed by replacing the intake of
specific foods by environmental-friendly alternatives, thus by changing diet
composition rather than total energy intake, unless physical activity and body
weight have been changed substantially. Total energy intake is however
strongly positively related to diet-related environmental impact as observed,
which are absolute impact levels important in environmental sciences, hence
the need for using density residuals.
In our study, the assessment of environmental sustainability of the diet
was restricted by the availability of LCA data from 207 food products, resulting
in an imprecise estimation of the environmental impact of the diet for both FFQ
and 24hR. In addition, methods of dietary assessment to date have been
developed to monitor food and nutrient intakes, without considering sustainable
dietary practices, such as food origin, packaging and preparation methods,
transport, storage, food waste, etc. Our results, however, show that the
measurement errors for LCA-based environmental impact measures are of
similar size as protein intake, which is at the better end of the range of errors in
assessment of food and nutrient intake [33, 37, 38]. This was not hypothesized
a priori. Nutrient-based selection of food items does not necessarily capture the
variation for diet-related environmental impact measures, but apparently it does
for the 24hR and FFQ in this study. This suggests that errors in classification
(foods vs grouped items), portions size (specific vs standard) and frequency
(FFQ only) largely explain the differences between the 24hR and FFQ, and
81
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eventually result in similar errors for estimated daily nutrient intake and
environmental impact. Still, 24hRs (and diet records) provide more objective
data on dietary practices, and for some food products packaging and
preparation methods might by this time be recorded dependent on the dietary
knowledge level and cooking skills of the subject. Provided that LCA data are
more widely available for all kind of food products, these open-ended methods
of dietary assessment that consider both healthy and environmental dietary
practices would perform much better as compared to the FFQ, unless
specifically designed for assessing environmental impact.
The secondary aim of this paper was to investigate the association
between dietary quality (DHD15-index and NRD9.3) and environmental impact
of the diet (24hR-based or FFQ-based). Dietary quality was used as
independent variable using the 24hR, and measures of environmental impact
as dependent variable using both methods of dietary assessment (24hR and
FFQ) without and with accounting for measurement error. Differences in
regression coefficients can therefore be attributed to the ability of the 24hR
versus FFQ to assess associations with environmental impact. Our results show
that quality of the food pattern (DHD15-index in our case) is similarly related to
all environmental impact measures under study, and more environmentallyfriendly diets (lower value) tend to score better on food-based dietary quality
environmental impact measures. However, when nutrient quality of the diet
(NRD9.3 in our case) is considered, the results differ by environmental impact
measure and whether 24hR or FFQ was used as the method of dietary
assessment.
In the detail for NRD9.3, we showed that nutrient quality tended to be
positively associated with diet-relat
related LU. The reason for these apparently conflicting findings is likely
attributable to the contribution of different food groups to daily diet-related
environmental impact and nutrient intake. The positive association for dietrelated FE with NRD9.3 is likely to be driven by food sources such as fish, bread,
fruit and vegetables that have a higher contribution to total-diet related FE as
compared to GHGE and LU (Table 2). Moreover, these foods have a high
nutrient density contributing to high intakes of dietary fibre, potassium,
magnesium, iron, vitamin C, E, and low intakes of sodium, added sugar and
saturated fat. In contrast, the inverse association for LU is likely to be driven by
the low contribution of fruit and vegetables to diet-related LU as compared to
GHGE and FE (Table 2). This inverse association between LU and NRD9.3 was
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by the higher intakes of fruit and vegetables observed in the FFQ. As the
abovementioned foods played a less important role in the DHD15-index (only
four out of fifteen components), an inverse association with diet-related
environmental impact was found for this food-based diet score.
Our results are supported by previous studies that also showed inverse
associations between diet-related GHGE and the food-based scores [11, 12,
39], whereas studies using nutrient-based scores showed no clear associations
[7, 8, 40]. This discrepancy between results for food-based scores and nutrientbased scores may be explained by the different components included in the
scores [41, 42]: food-based DHD15-index is conceptually related to food-based
dietary guidelines and easily captures intakes of nutrient-dense plant-based
foods versus animal-based NRD9.3 evaluates
dietary quality based on nutrient intake relative to nutritional requirements
irrespective of the food sources. A sole focus on food-based approaches to a
healthy and environmentally-friendly diet may therefore not capture the full
spectrum of nutritional risks and may incorrectly lump all sustainability indicators
together. Research is still needed to identify appropriate diet scores,
differentially weighing various aspects of healthy and environmentally-friendly
diets [43].

CONCLUSION
In conclusion, estimations of the environmental impact of the diet are dependent
environmental impact when compared with the 24hR. Using energy-adjusted
values resulted in a higher group mean bias and a lower correlation between
FFQ and 24hR, but there was less attenuation. Correlation coefficients and
attenuation coefficients for environmental impact measures behaved in a similar
way as for protein intake, this suggests that our findings and conclusions related
to covariate- and energy-adjustment can be extended to other dietary factors.
Moreover, de-attenuation of the 24hR and calibration of the FFQ to 24hR
increases the strength of the associations between dietary quality and dietrelated environmental impact. Higher dietary quality was associated with
improved environmental impact for food-based scores, but no clear associations
for nutrient-based scores. It is therefore important to include nutrient-based
approaches, next to food-based approaches, to prevent that the transition to
environmentally-friendly diets negatively affects nutritional status of the
population.
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Mean (SD)

FFQ

Mean (SD)

1

0.44
0.51
0.62
0.63
0.56
0.48
0.57
0.69
0.66
0.65

0.70
0.61
0.80
0.69
0.68
0.73
0.57
0.80
0.67
0.63

(0.06)
(0.09)
(0.07)
(0.10)
(0.09)

(0.05)
(0.09)
(0.06)
(0.09)
(0.09)

(0.04)
(0.05)
(0.07)
(0.05)
(0.07)
(0.07)

0.46
0.53
0.66
0.62
0.61

0.42
0.48
0.61
0.60
0.57

0.45
0.51
0.50
0.57
0.52
0.53

(0.06)
(0.09)
(0.07)
(0.10)
(0.09)

(0.05)
(0.09)
(0.07)
(0.10)
(0.09)

(0.04)
(0.05)
(0.07)
(0.05)
(0.07)
(0.07)

bias, groupattenuated correlation coefficient (95%CI) estimated as the Pearson correlation coefficient/ ICC24hR
1 (SE) estimated as the slope in the linear regression
of the 24hR on the FFQ using linear mixed models to account for within-person day-to-day variability.
a Mean values with their standard deviations, correlation coefficient with its 95% confidence intervals, attenuation coefficient with its standard error.
b
Adjusted for age and BMI.

0.49
0.54
0.51
0.57
0.54
0.54

Crude (SE) Adjustedb (SE)

0.69
0.74
0.64
0.75
0.67
0.68

Adjustedb(95%CI) De-attenuated(95%CI)

Correlation coefficient (24hR with FFQ)

%bias ICC Crude (95%CI)

2 replicates of 24hR

Observed values
Energy, kcal/d
2348 (534) 2200 (617)
6.7 0.31 0.42
0.39 (0.32 0.45)
Protein, g/d
83.8 (18.8) 84.9 (24.8) -1.3 0.27 0.41
0.39 (0.32 0.45)
GHGE, kgCO2e/d
3.77 (0.88) 3.94 (1.60) -4.3 0.18 0.28
0.27 (0.20 0.34)
FE, MJ/d
32.40 (6.89) 33.36 (9.83) -2.9 0.28 0.40
0.40 (0.33 0.46)
LU, m2*year/d
4.38 (1.06) 4.57 (1.99) -4.2 0.18 0.29
0.28 (0.20 0.35)
pReCiPe
0.45 (0.10) 0.46 (0.18) -2.2 0.19 0.31
0.30 (0.22 0.37)
Energy-adjusted values by regression residuals of observed values on energy(observed residuals)
Protein, g/d
73.8 (11.0) 78.6 (15.1) -6.1 0.19 0.41
0.31 (0.23 0.38)
GHGE, kgCO2e/d
3.37 (0.64) 3.69 (1.40) -8.7 0.12 0.28
0.21 (0.13 0.29)
FE, MJ/d
28.93 (4.35) 31.23 (7.19) -7.4 0.20 0.38
0.36 (0.28 0.42)
2
LU, m *year/d
3.88 (0.72) 4.26 (1.74) -8.9 0.12 0.26
0.24 (0.16 0.32)
pReCiPe,
0.40 (0.07) 0.43 (0.15) -7.0 0.13 0.27
0.25 (0.17 0.32)
Energy-adjusted values by regression residuals of densities on energy (density residuals)
Protein density, %
14.8 (1.9)
16.0 (2.85) -7.5 0.18 0.32
0.31 (0.23 0.38)
GHGEdensity,kgCO2e/d 3.39 (0.55) 3.75 (1.28) -9.6 0.16 0.25
0.22 (
)
FE density, MJ/d
29.10 (3.77) 32.07 (6.63) -9.3 0.21 0.39
0.46) 0.37
)
LU density, m2*year/d 3.90 (0.65) 4.33 (1.62) -9.9 0.13 0.27
0.24
0.32)
pReCiPe density
0.40 (0.06) 0.44 (0.14) -9.1 0.17 0.28
0.26
)

Dietary variables

Supplementary Table 1 Diet-related environmental impact according to the food frequency questionnaire (FFQ) and two replicates of the 24hour recall (24hR, with intra-class correlation coefficient) and group level bias, with correlation between the methods (crude, adjusted, deattenuated) and attenuation coefficient (crude, adjusted) for observed and energy-adjusted values standardised to a 2,000 kcal diet in men a.

SUPPLEMENTARY MATERIALS

FOR ESTIMATING DIET-RELATED ENVIRONMENTAL IMPACT

Mean (SD)

FFQ

Mean (SD)
0.77)
0.87)

1

(0.04)
(0.05)
(0.06)
(0.05)
(0.06)
(0.06)
(0.05)
(0.07)
(0.06)
(0.08)
(0.07)
(0.06)
(0.08)
(0.08)
(0.10)
(0.09)

0.37
0.48
0.55
0.54
0.60
0.58
0.56
0.52
0.62
0.66
0.61
0.66
0.65
0.76
0.77
0.75

0.62
0.60
0.71
0.71
0.69

0.52
0.47
0.57
0.61
0.56

0.37
0.49
0.56
0.56
0.60
0.59

(0.07)
(0.09)
(0.08)
(0.10)
(0.09)

(0.06)
(0.08)
(0.06)
(0.08)
(0.08)

(0.04)
(0.05)
(0.07)
(0.06)
(0.07)
(0.06)

Crude (SE) Adjustedb (SE)

bias, groupattenuated correlation coefficient (95%CI) estimated as the Pearson correlation coefficient/ ICC24hR
1 (SE) estimated as the slope in the linear regression
of the 24hR on the FFQ using linear mixed models to account for within-person day-to-day variability.
a Mean values with their standard deviations, correlation coefficient with its 95% confidence intervals, attenuation coefficient with its standard error.
b Adjusted for age and BMI.

0.82
0.61
0.59
0.55
0.56

0.67
0.76
0.71
0.80
0.77

0.64
0.74
0.92
0.75
0.88
0.88

Adjustedb(95%CI) De-attenuated(95%CI)

Correlation coefficient (24hR with FFQ)

%bias ICC Crude (95%CI)

2 replicates of 24hR

Observed values
Energy, kcal/d
1915 (431) 1808 (466)
5.9 0.29 0.34
0.35 (0.27 0.42)
Protein, g/d
70.9 (15.6) 71.0 (19.7) -0.1 0.27 0.38
0.38 (0.31 0.45)
GHGE, kgCO2e/d
3.20 (0.76) 3.32 (1.20) -3.6 0.14 0.35
0.35 (0.27 0.42)
FE, MJ/d
27.81 (5.62) 28.66 (7.77) -3.0 0.27 0.39
0.39 (0.32 0.46)
LU, m2*year/d
3.60 (0.94) 3.71 (1.51) -3.0 0.17 0.37
0.36 (0.29 0.43)
pReCiPe
0.37 (0.09) 0.39 (0.14) -5.1 0.18 0.38
0.37 (0.29 0.44)
Energy-adjusted values by regression residuals of observed values on energy(observed residuals)
Protein, g/d
73.3 (9.5)
77.1 (13.1) -4.9 0.21 0.38
0.37 (0.30 0.44)
GHGE, kgCO2e/d
3.30 (0.59) 3.58 (1.04) -7.8 0.11 0.35
0.26 (0.18 0.33)
FE, MJ/d
28.58 (4.03) 30.57 (6.27) -6.5 0.24 0.40
0.35 (0.28 0.42)
LU, m2*year/d
3.73 (0.69) 4.01 (1.34) -7.0 0.15 0.34
0.31 (0.23 0.38)
pReCiPe,
0.39 (0.06) 0.42 (0.12) -7.1 0.15 0.34
0.30 (0.22 0.37)
Energy-adjusted values by regression residuals of densities on energy (density residuals)
Protein density, %
14.8 (2.0)
15.7 (3.3)
-5.7 0.21 0.40
0.37 (0.30 0.44)
GHGEdensity,kgCO2e/d 3.35 (0.64) 3.67 (1.31) -8.7 0.21 0.31
0.28 (
)
FE density, MJ/d
29.11 (4.35) 31.65 (8.47) -8.0 0.35 0.39
0.46) 0.35
)
LU density, m2*year/d 3.77 (0.75) 4.10 (1.81) -8.0 0.27 0.32
0.29
)
pReCiPe density
0.39 (0.07) 0.43 (0.15) -9.3 0.29 0.34
0.30
)

Dietary variables

Supplementary Table 2 Diet-related environmental impact according to the food frequency questionnaire (FFQ) and two replicates of the 24hour recall (24hR, with intra-class correlation coefficient) and group level bias, with correlation between the methods (crude, adjusted, deattenuated) and attenuation coefficient (crude, adjusted) for observed and energy-adjusted values standardised to a 2,000 kcal diet in women a .
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ABSTRACT
Purpose Public health policies and actions increasingly acknowledge the
climate burden of food consumption. The aim of this study is to describe dietary
intakes across four European countries, as baseline for further research towards
healthier and environmentally-friendlier diets for Europe.
Methods Individual-level dietary intake data in adults were obtained from
nationally-representative surveys from Denmark and France using a seven-day
diet record, Italy using a three-day diet record, and Czech Republic using two
replicates of a 24-hour recall. Energy-standardised food and nutrient intakes
were calculated for each subject from the mean of two randomly selected days.
Results There was clear geographical variability, with a between-country range
for mean fruit intake from 118 to 199 g/day, for vegetables from 95 to 239 g/day,
for fish from 12 to 45 g/day, for dairy from 129 to 302 g/day, for sweet beverages
from 48 to 224 ml/day, and for alcohol from 8 to 15 g/d, with higher intakes in
Italy for fruit, vegetables and fish, and in Denmark for dairy, sweet beverages
and alcohol. In all countries, intakes were low for legumes (< 20 g/day), and nuts
and seeds (< 5 g/day), but high for red and processed meat (> 80 g/day). Within
countries, food intakes also varied by socio-economic factors like age, gender,
and educational level, but less pronounced by anthropometric factors like
overweight status. For nutrients, intakes were low for dietary fibre (15.8 – 19.4
g/d) and vitamin D (2.4 – 3.0 g/d) in all countries, for potassium (2288 – 2938
mg/d) and magnesium (268 – 285 mg/d) except in Denmark, for vitamin E in
Denmark (6.7 mg/d), and for folate in Czech Republic (212 g/d).
Conclusion There is considerable variation in food and nutrient intakes across
Europe, not only between, but also within countries. Individual-level dietary data
provide insight into the heterogeneity of dietary habits beyond per capita food
supply data, and this is crucial to balancing healthy and environmentally-friendly
diets for European citizens.
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INTRODUCTION
Poor dietary habits are the second-leading risk factor for deaths and disabilityadjusted life-years (DALYs) globally, accounting for 10.3 million deaths and
229.1 million DALYs in 2016 [1]. Low intakes of whole grains, fruit and
vegetables, and nuts and seeds, and high intakes of alcohol and sodium ranked
among the leading risk factors for early death and disability in European
populations. However, as westernisation of diets progressed, diets high in red
and processed meat, followed by diets high in sugar-sweetened beverages and
low in milk are becoming a growing public health concern.
Dietary patterns are shaped by cultural, environmental, technological and
economic factors, and they have become more similar over time owing to a
general rise in living standards and globalisation of the food sector [2, 3]. Also
in Europe there is a growing similarity of diets, in which traditional diets of
Northern and Mediterranean countries are converging towards a more Western
diet, viewed by the increased share of fruit and vegetables in Northern countries
and the increased share of animal-based products in Mediterranean countries
[4-6]. Increase in animal-based products and excessive caloric intake have been
thought as a key factor in nutrition transition, which warrants the need for public
health action to promote healthier food patterns consistent with traditional
cultural preferences, hence the development of food-based dietary guidelines.
Food-based dietary guidelines are evidence-based integrated messages
aimed at the general population for maintaining health and the prevention of
non-communicable diseases [7, 8]. Promoting the intake of whole grains, fruit
and vegetables, low-fat dairy and fish, and limiting the intake of red and
processed meat, sugar-sweetened food products, alcohol and salt is covered by
most national food-based dietary guidelines [9], although recommended
quantities may differ. Monitoring food consumption patterns and assessing
adherence to dietary guidelines in a nationally representative sample is
especially regarded as a key instrument for evaluating the effectiveness of
public health action towards a healthier diet.
In recent years, public health policies and actions have increasingly
acknowledged the climate burden of food production and consumption, hence
the need to address the food-climate connection, as outlined in the SUSFANS
project (Metrics, Models and Foresight for European SUStainable Food And
Nutrition Security) [10]. Production and technological changes in the food
system will however not be sustainable without a change in food consumption
patterns. The SUSFANS project, therefore, elaborates on the status-quo of diets
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and the design of optimised diets that are environmentally Sustainable, Healthy,
Affordable, Reliable and Preferred (SHARP). This paper is a first step to study
European food consumption patterns in terms of food groups and nutrients using
national dietary survey data carried out at the individual level in four countries.
Intakes of food groups and nutrients were compared with current food-based
dietary guidelines and nutrient reference values, overall and in relevant
population subgroups.

POPULATIONS AND METHODS

Individual-level dietary intake data from national dietary surveys representative
for different European regions, i.e. Denmark (Scandinavia) [11], Czech Republic
(Central East Europe) [12], Italy (Mediterranean) [13] and France (Western
Europe) [14], were collated for adult population aged 18 years within the
SUSFANS project [10]. These four countries were chosen to capture the wide
range of foods and agricultural commodities, including their extreme intakes,
that are incorporated in the diverse European food consumption patterns.

Survey characteristics are shown in Table 1. National representativeness was
ensured by using random sampling based on civil registration systems in
Denmark [11], national census data in Czech Republic [12] and France [14], and
national census data with telephone books in Italy [13] that served as sampling
frame, and followed by appropriate weighing for socio-demographic parameters,
as applied in Denmark [11, 15] and France [14]. Surveys were organised
throughout the whole year, covering the four seasons of the year, and have
dietary data on week- and weekend-days.
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Table 1 Dietary surveys in four European countries, i.e. Denmark, Czech Republic, Italy and
France, including adult population only.
Denmark

Czech Republic

Italy

France

Survey characteristics, including adult population only
Survey, year
The Danish
Czech National
Italian National
Individual and
National Survey on Food Consumption Food Consumption National Study on
Diet and Physical
Survey 2003-04
Survey INRANFood Consumption
Activity 2005-08
(SISP04)
SCAI 2005-06
INCA-2 2006-07
National Food
National Institute of National institute for Agence Française
Institute, Technical Public Health
Research on Food de Sécurité
University of
and Nutrition
Sanitaires des
Denmark (DTU)
Aliments (AFSSA)
Population
18 – 75 years
18 – 90 years
18 – 98 years
18 – 79 years
Method of
7-day diet record on 24-hour recall on 3-day diet record on 7-day diet record on
dietary
consecutive days
two
non- consecutive days
consecutive days
assessment a
consecutive days
Baseline characteristics of the study sample, including adult population only, n (%)
Sample
size
2,025 (54%)
1,869 (54%)
2,831 (33%)
2,624 (60%)
(response rate)
Age, 18 – 64
1,739 (85.9%)
1,666 (89.1%)
2,313 (81.7%)
2,276 (86.7%)
years
Gender, men
777 (44.7%)
793 (47.6%)
1,068 (46.2%)
936 (41.1%)
Educational
248 (14.2%)
345 (20.7%)
692 (31.7%)
1,039 (45.8%)
level, low
Overweight
739 (43.2%)
864 (51.9%)
828 (35.8%)
871 (38.7%)
Abbreviation: BMI, Body Mass Index a Included in the present study were for Czech Republic both days, for
Denmark and France two randomly selected days, and for Italy the first and the last day of the national dietary
survey.

In the four study countries, dietary intake was assessed over two to seven 24hour periods, either consecutively for three to seven days using a diet record,
as applied in Denmark, Italy and France [11, 13, 14], or non-consecutively
spaced over a three to five months sampling period using two replicates of 24hour recall, as applied in Czech Republic [12]. In the present analyses, dietary
intake from two random days has been reported. To this end, two nonconsecutive days were sampled in Denmark, Italy and France, whereas all
available days were used in Czech Republic.
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Intakes of food groups and nutrients were calculated for each subject from the
mean of the selected two days, and were standardised for energy using the
density method. Densities were calculated as the absolute value divided by total
energy intake, and multiplied by 2,000 kcal. Harmonised food groups, including
similar foods, have been elaborated using the ‘Exposure Hierarchy’ of the food
classification and description system FoodEx2 developed and revised in 2015
by the European Food Safety Authority (EFSA) [16, 17]. A main challenge to
encounter when gro
disaggregation of foods into ingredients was only considered as necessary for
composite/prepared foods provided that the food itself was not included in
FoodEx2, but its ingredients are. Nutrient intakes were calculated from dietary
sources only, i.e. excluding dietary supplements, using country-specific food
composition tables [18-24]. Intakes of added sugar, plant and animal protein
were calculated based on food selection. Added sugar was defined as the total
sugar intake minus sugars naturally occurring in fruits, vegetables and dairy.
Plant protein was defined as protein derived from cereals, legumes, nuts and
seeds, and others (including potatoes, vegetables, fruits, etc.). Animal protein
was defined as protein derived from meat and meat products, fish and fish
products, egg and egg products, milk and milk products (including cream,
cheese and butter). None of the data excluded under- and over-reporting,
however misreporting was identified using Goldberg equation [25] and adopted
by Black [26] (Supplementary Table 1).

Foods
To evaluate European populations’ energy-standardised food group intakes,
references values were set for the food groups that are important for disease
risk reduction based on an inventory of the current food-based dietary guidelines
of European countries. Minimum values were set for foods that are beneficial
for health, such as fruits and vegetables, and maximum values for foods that
are unfavourable for health, such as red and processed meat (see Box 1).
Reference values were derived using the 2015 Dutch food-based dietary
guidelines [8] as reference point, complemented by the food-based dietary
guidelines of the four countries [27-30] in which the less restrictive reference
values were chosen (Supplementary Methods).
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Box 1 A set of food-based dietary guidelines for European countries, including their exposure
definition and reference values, developed for the SUSFANS project.
Exposure definition
Foods to increase
Fruit
Vegetables

Legumes

Nuts and seeds

Dairy products

Fish
Foods to decrease
Red and processed
meat

Cheese
Sugar-sweetened
beverages
Alcohol (Ethanol)
Foods to replace b
Whole grains

White meat

Soft margarines
and oils

Reference values a

All kind of fruits (including fresh, dried, tinned or
canned fruit products, but excluding fruit juice)
All kind of vegetables (including fresh, dried, tinned
or canned vegetable products, but excluding
potatoes, vegetable juices and vegetables from soup,
sauces and ready-to-eat products)
Kidney beans, pinto beans, white beans, black
beans, garbanzo beans (chickpeas), lima beans, split
peas, lentils, and edamame (green soybeans)
Walnuts, almonds, hazel, cashew, pistachio,
macadamia, Brazil, pecan, pine nuts, flax seeds,
sesame seeds, sunflower seeds, pumpkin seeds,
poppy seeds, and peanut
Food products produced from the milk of mammals,
including milk, yoghurt, fresh uncured cheese, quark,
custard, milk puddings, excluding cheese and butter
All kind of fish and fish products

4

Red meat: all mammalian muscle meat, including
beef, veal, pork, lamb, mutton, horse and goat,
Processed meat: meat transformed
through salting, curing, fermentations, smoking or
other processed to enhance flavour or improve
preservation (e.g. meat as sandwich filling, ready-toeat minced meat, sausages, etc.)
All types of cheese formed by coagulation of milk
protein casein
Cold beverages with added sugars (sucrose, fructose
or glucose), for example fruit juices/nectars, soft
drinks, ice teas, drinks with added sugars
Ethanol content calculated from all kind of alcoholic
beverages
Whole grains (bran, germ and endosperm in their
natural proportion) from cereals, pasta, bread,
breakfast cereals and other grain sources.
Meat from all kind of poultry, including rabbit meat.

Soft margarine: soft-solid fats made from vegetables
Oils: liquid fats at room temperature derived from
plants or fish

Replace refined
by whole grains
Replace red and
processed meat
by white meat
Replace butter and
hard margarines
by soft margarines
and oils

a
Reference values were derived from current food-based dietary guidelines, using the 2015 Dutch food-based dietary guidelines
[8] as reference point, complemented by the food-based dietary guidelines of the four countries [27-30] in which the less restrictive
reference values was chosen (Quantitative guideline).
-off point, however
replacement of those food products by a healthier alternative is recommended (Qualitative guideline).
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Nutrients
To evaluate European populations’ energy-standardised nutrient intakes,
nutrient density of the diet was quantified using Nutrient Rich Diet (NRD) score
[31, 32], i.e. overall summary estimate of nutrient intakes based on the principles
of the Nutrient Rich Food Index [33, 34]. The NRD algorithm was calculated as:

where X is the number of qualifying nutrients, Y is the number of disqualifying
nutrients, Q nutrient i or j is the average daily intake of nutrient i or j, DRV is the
Dietary Reference Value of qualifying nutrient i and MRV j is the Maximum
Recommended Value of the nutrient to limit j. DRVs are defined using reference
values from EFSA [35], i.e. Average Requirement (AR), and Adequate Intake
(AI) if AR cannot be set, and MRVs using reference values of World Health
Organisation [36, 37] and Food and Agriculture Organisation [38].
In the present analyses, NRD9.3 and NRD15.3 were used. The NRD9.3,
including nine nutrients for which intake should be promoted (protein, dietary
fibre, calcium, iron, potassium, magnesium, and vitamin A, C and E) and three
nutrients for which intake should be limited (saturated fat (SFA), added sugar,
and sodium), standardised for 2,000 kcal/d diet and capped nutrient intake at
100% of DRV was primarily chosen, based on its validation among US
populations [33, 34]. To capture more nutrients that are potentially relevant for
European populations, we also used its extended version, i.e. NRD15.3 that
additionally included mono-unsaturated fatty acids, zinc, vitamin D and Bvitamins (B1, B2, B12, folate), but excluded magnesium. A sub-score on the
intake of qualifying nutrients is represented in NRD9 and NRD15, and that of
disqualifying nutrients in NRDX.3, while the total score, i.e. NRD9.3 and
NRD15.3, is a combination of both.

Percentages of the population that adhere to food-based dietary guidelines and
percentages of the population with inadequate nutrient intakes were estimated
using the AR cut-point method [39], without correction for within subject
variability. This percentage would be interpreted as proxy figures for adherence
and inadequacy, because of different survey’s methodologies. When the DRV
of the nutrient under study was defined as an AI (dietary fibre, potassium,
magnesium, vitamin D, E and B12), this percentage of populations with intake
below AI was only applicable for comparison between countries and population
subgroups. Dietary intakes were characterised in the overall country-specific
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population of adults aged 18 years and in relevant population subgroups by
age, gender, educational level, and overweight status. Subgroups by age
included younger and middle-aged adults (18 – 64 years) and elderly ( 65
years). Younger and middle-aged adult populations were additionally stratified
by gender, educational level using three categories, i.e. primary or lower
secondary degree (‘low’), higher secondary degree (‘intermediate’) and
university or post-university degree (‘high’), and overweight status using two
categories, i.e. BMI < 25 and 25 kg/m2.
As the information available consisted only of summarised data (i.e. mean
and standard deviation of the energy-standardised dietary intake under study
and sample size), analysis of variance test was performed to check whether
there were differences in mean intake of food groups and nutrients between
countries and within countries by population subgroups of age, gender,
educational level and overweight status. Bonferroni post hoc test was used for
multiple comparisons. A two sided p-value below 0.0001 was considered as
statistically significant. Statistical analyses were performed with SAS version 9.3
(SAS Institute Inc.).

RESULTS

Age and gender distribution were comparable between countries, with 80 – 90%
of the population aged 18 – 64 years and 40 – 48% being men. Distribution of
proportion of the high-educated subjects was the lowest in Czech Republic (8%)
and varied between 23 – 33% for Denmark, Italy and France. Approximately half
of the Czech population (52%) was overweight, BMI
25 kg/m2, whereas
overweight in Denmark (44%), France (39%) and Italy (36%) was less prevalent.
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Foods
Table 2 shows the energy-standardised intakes of food groups and general
adherence to food-based dietary guidelines in four European adult populations,
aged
18 years. Stratified intakes by age, gender, educational level and
overweight status are shown in Table 3.
Foods to increase
Mean fruit and vegetable intake varied significantly between countries with lower
intakes for Czech Republic (118 and 95 g/d respectively) and higher intakes for
Italy (199 and 239 g/d respectively), and varied in the same direction between
men and women within all four countries showing higher intakes for women.
Higher fruit intake was also observed in all four countries for the elderly and for
subjects with a higher educational level, but no differences by overweight status.
Vegetable intake tended to be higher among elderly in Denmark and France,
among higher educated subjects in Denmark and Czech Republic, and among
overweight subjects in Italy and France. Mean intakes of legumes (6.5 – 16.7
g/d), and nuts and seeds (0.5 – 2.6 g/d) were generally low in all countries. Mean
intake of dairy was higher in Denmark (302 g/d), while fish was higher in Italy
(44.6 g/d) and France (34.4 g/d).
Foods to decrease
Mean intake of red and processed meat was generally high in all countries (84
– 94 g/d). Within-countries, red and processed meat intake was lower for the
elderly and women in all four countries, and except in Italy for the higher
educated subjects, and in Czech Republic and France for the non-overweight.
Alcohol intake varied between countries with lower intakes in Italy (8.2 g/d) and
higher intakes for Denmark (14.6 g/d), and varied within countries in the same
direction by gender and overweight status with lower intakes for women and the
non-overweight. Alcohol intake also tended to be lower for the young and
middle-aged adults, except in Czech Republic where intake is lower for the
elderly. For the higher-educated subjects, alcohol intake tended to be lower in
Czech Republic and Italy, but higher in Denmark and France.
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39%
44%
40%
56%
-

85
24.3

16.9
0.0
0.0
140
44.3
0.6
0.0

0.0

19.4
1.6

35%
21%
10%
5%
41%
28%

133
112
1.6
0.0
248
5.5
0.0
0.0
94
0.0

48.2 32.5
0.1 0.0
13.6
0.0
118
0.0
2.9 0.0
0.0
28.4
44.5
22.5 0.0
15.5
13.1

82
13.2
108 0.0
10.3 4.4

88

2.6
134

83

-

42%
63%
63%
66%

12%

20%
10%
12%

58
25.5
23.5

1.5

46.6
0.8

8.2

84

129

11.0

38.3
0.0
48.4
0.0
103
0.0
0.0
0.0
53
19.4
0.0
0.0
34.0

0.0
0.1

163
206
0.0
0.0
116
6.5

-

51%
28%

40%
53%
19%
1%
8%
42%

16.05
0.0
0.0
0.0
92
0.0
0.0
0.0
58 45.6
22.6
0.0
1.8

-

43%
46%
56%

18%
3%
24%
43%

0.0
0.0
152
4.3
93
82
30.1 24.0
121 6.0
9.3 0.1

26%

95

of food groups are standardised to a 2,000 kcal/d diet. b %adherence represents a proxy for the percentage of the population that adhere to food-based dietary guidelines.
c
sweet beverages instead of sugar-sweetened beverages due to a lack of detailed data on beverages.
Bonferroni p < 0.0001 test comparison for intake that was significantly different from all other three countries under study.

Foods to increase
Fruit, g/d
200
Vegetables, g/d
Legumes. g/d
6.5
Nuts and seeds, g/d
5 2.2
Dairy products, g/d
Fish, g/d
18.0
Foods to decrease
Red and processed meat, g/d
94
Cheese, g/d
21 29.3
Sweet beverages c, ml/d
Alcohol (ethanol), g/d
10
Foods to replace
Cereals, total, g/d
Cereals, wholegrains, g/d
0.4
Pasta, total, g/d
Pasta, wholegrains, g/d
Bread, total, g/d
Bread, wholegrains, g/d
Breakfast cereals, total, g/d
Breakfastcereals,wholegrains,g/d Red meat, g/d
Processed meat, g/d
White meat, g/d
21.3
Butter, hard margarines, g/d
Soft margarines, oils, g/d
-

a Intake

18 yearsab.

Denmark (n=2,025)
Czech Republic (n=1,869)
Italy (n=2,831)
France (n=2,624)
cutoffs Mean
P50
%adh Mean P50
%adh Mean P50
%adh Mean P50
%adh

Table 2 Energy-standardised food group intakes and adherence to food-based dietary guidelines in four European populations, aged

4
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68

215

222

60%

62%

55%

54%

42%

8%

28%

48%
40%

10%

16%

40%

%adh

56%

45%

Alcohol, g/d

20%

Red and processed meat, g/d

84

Legumes, g/d

46%

65%

52%

65 years

42%
152

205

118

P50

Vegetables, g/d

182

85

185

Mean

Subgroups by age

Fruit, g/d

France

Alcohol, g/d

Red and processed meat, g/d

Legumes, g/d

Vegetables, g/d

Fruit, g/d

Italy

65%

42%

Red and processed meat, g/d

Alcohol, g/d

11%

58%

10%

22%

Legumes, g/d
81

114

126

10%

115

151

Younger and middle-aged adults
%adh
Mean
P50

Vegetables, g/d

Fruit, g/d

Red and processed meat, g/d
Alcohol, g/d
Czech Republic

Legumes, g/d

Vegetables, g/d

Denmark
Fruit, g/d

Cut-offs

p-value

Table 3 Energy-standardised food group intakes and the adherence to their corresponding food-based dietary guidelines in four European
populations in subgroups by age, gender, educational level, and overweight status: main findings ab
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15.8

Alcohol, g/d

88

Red and processed meat, g/d

92

101

Red and processed meat, g/d

Alcohol, g/d

0.0

128

81

Legumes, g/d

Vegetables, g/d

Fruit, g/d

France
152

10.1

Legumes, g/d

Alcohol, g/d

190
0.0

125
222

Vegetables, g/d

12.5

Fruit, g/d

Italy

108

Red and processed meat, g/d

19%

19%

28%

10%

29%
50%

8%

21%

%adh

Legumes, g/d

0.0

100
10.0

95

P50

5.8

88

202

82

252

9.0

111

82
10.9

185

222

Mean

Subgroups by gender c

5%

109

5.9

120

Mean

Men

Vegetables, g/d

Fruit, g/d

Red and processed meat, g/d
Alcohol, g/d
Czech Republic

Legumes, g/d

Vegetables, g/d

Denmark
Fruit, g/d

Cut-offs

4

105

0.0

0.0

(n =

185

0.0

0.0

81%

28%

80%

19%

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

55%
81%

0.012
<.0001

12%

<.0001

<.0001

128

<.0001

<.0001

<.0001

<.0001

11%

2.2

<.0001

p-value

0.0

%adh

Women
P50
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Denmark
Fruit, g/d
Vegetables, g/d
Legumes, g/d
Red and processed meat, g/d
Alcohol, g/d
Czech Republic
Fruit, g/d
Vegetables, g/d
Legumes, g/d
Red and processed meat, g/d
Alcohol, g/d
Italy
Fruit, g/d
Vegetables, g/d
Legumes, g/d
Red and processed meat, g/d
Alcohol, g/d
France
Fruit, g/d
Vegetables, g/d
Legumes, g/d
Red and processed meat, g/d
Alcohol, g/d
125
181
19.5
102
8.3

88
8.8

182
242

61

89
90
8.9
96

152
0.0
91
0.0

155
206
0.0
81
0.0

0.0
86
5.0

94
96
0.4
90
6.3

P50

152
126
6.1
102
13.2

Mean

Low

24%
36%
21%
39%

38%
53%
22%
65%
66%

11%
8%
12%
42%
61%

29%
16%
10%
39%
58%

%adh

13.2
90
9.4

128

85

183
238

88
10.5

122
94

159
150
6.5
99

Mean

0.2

84
144
0.0

0.1

149
205
0.0

0.0
82
4.8

82

115
118
1.6
92
6.0

Intermediate
P50

21%
33%
15%
44%
66%

36%
52%
19%
65%

21%
10%
11%
41%
66%

32%
21%
10%
33%
59%

%adh

183
12.5
84
9.6

206
232
10.1
83

81
10.1

121
120

82
15.0

214
184

Mean

Subgroups by educational level c

0.2

95
156
0.0

0.2

169
202
0.0

96
85
0.0

8.8

2.8

P50

High

15%

23%

65%

41%
51%

20%
15%
11%
48%
61%

42%
32%
11%
46%
52%

0.265
0.892
0.0003
<.0001
0.135

0.534
0.560
0.332
0.001

0.0004
0.002
0.524
0.035
0.354

<.0001
<.0001
<.0001
<.0001
0.226

p%adh value d
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96
7.3
83
10.4

Vegetables, g/d

Legumes, g/d

Red and processed meat, g/d

Alcohol, g/d

229
10.5
84
6.8

Vegetables, g/d

Legumes, g/d

Red and processed meat, g/d

Alcohol, g/d

175
16.3
89
8.0

Vegetables, g/d

Legumes, g/d

Red and processed meat, g/d

Alcohol, g/d

0.0

78

0.0

146

82

0.0

77

0.0

200

155

4.5

73

0.0

77

79

86
6.2

1.9

118

124

P50

BMI < 25 kg/m2

73%

44%

19%

33%

22%

73%

65%

19%

50%

37%

65%

48%

11%

10%

19%

38%
58%

9%

23%

34%

%adh

10.6

101

15.5

188

134

9.6

86

11.1

254

187

11.0

94

7.9

95

118

99
14.5

6.9

146

174

Mean

16%
40%
64%

91
0.1

55%

213

0.0

37%

150

39%

64%

5.5

24%

37%

88

89

11%

0.0

158

9%

62%

19%

79
73

4.0

37%
57%

90
6.7

19%

11%

1.5

64%

21%

108

78

33%

129

0.0

%adh

kg/m2
P50

Subgroup by overweight status c

0.0001
<.0001

0.645

0.036

0.180

0.433
<.0001

0.592

0.0001

0.788

0.0002
0.402

0.588

0.807

0.371

0.072
0.100

0.055

0.072

0.382

p-value
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Abbreviations: BMI,
a Intake of food groups are standardised to a 2,000 kcal/d diet. b %adherence represents a proxy for the percentage of the population that adhere to food-based dietary guidelines.
c
Younger and middle-aged adults, aged 18 – 64 years, were stratified by gender, educational level and overweight status. d P-value for the overall comparisons between
population subgroups.

126

Fruit, g/d

France

185

Fruit, g/d

Italy

112

Fruit, g/d

94
13.2

6.4

Legumes, g/d

Red and processed meat, g/d
Alcohol, g/d
Czech Republic

154

167

Mean

Vegetables, g/d

Denmark
Fruit, g/d

Cut-offs

4

Foods to replace
Mean intakes of whole grains from cereals, pasta and bread were low in all
countries, illustrated by the fraction of whole grains on total grains of
one exception for wholegrain pasta in France. Although mean intake of total
breakfast cereals per day was very low, the whole grain variants were primarily
eaten. Intake of white meat was much lower than red and processed meat, in
particular red and processed meat contributed to 70 – 80% of total meat intake
comprising mainly of red meat in Denmark, Italy and France, and of processed
meat in Czech Republic. Intakes of butter and hard margarines were only slightly
higher than intakes of soft margarines and vegetable oils, except for Denmark
where butter and hard margarines were predominantly chosen as fat source,
and for Italy where vegetable oils were dominating.

Nutrients
Table 4 shows the energy-standardised nutrient intakes, their corresponding
proxy prevalence figures for inadequate intakes, and the NRD scores in four
European adult populations, aged 18 years. Low intakes were observed for
dietary fibre (15.8 – 19.4 g/d) and vitamin D (2.4 – 3.0 g/d) in all countries, and
for potassium (2288 – 2939 mg/d), and magnesium (268 – 285 mg/d), except in
Denmark. Intake of vitamin E was lower in Denmark (6.7 mg/d), and folate in
Czech Republic (212 g/d). Mean intakes were high for protein (67.1 – 83.5 g/d),
and iron (9.1 – 12.4 mg/d) in all countries analysed. Remaining nutrients,
including calcium, zinc, vitamin A, C, B1, B2, and B12, showed varying intake
levels between countries. Of the three nutrients to limit, a large penalty was
obtained from saturated fatty acids (11.1 – 15.1 E%) in all countries, and from
estimated sodium intake (2797 – 4244 mg/d) except in Italy. Based on the NRD
scores, it is apparent that the nutrient density of the diet was highest in Italy
(NRD9.3 of 537, and NRD15.3 of 1051), followed by Denmark (NRD9.3 of 416,
and NRD15.3 of 896) and France, and the lowest in Czech Republic (NRD9.3
of 327 and NRD15.3 of 787). Within countries, nutrient density of the diet tended
to be higher for women in all four countries and for the higher-educated subject,
except in Italy (Table 5).
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-

10-20 E%

MUFA, g/d b

MUFA , E%

11.6

25.5

19.4* 18.6

293 268

4.2

4

Vitamin B12, g/dc

250

1.38

Vitamin B2, mg/d

1.1

0.6

Vitamin B1, mg/d

1.1

1.9

15

Vitamin D, g/d c

3.0

6.1

F:80 102* 85

Vitamin E, mg/d c

Vitamin C, mg/d

1032* 851

9.5* 9.3

Vitamin A, gRE/d

322* 315

M:

3143*

Zinc, mg/d

3500

Magnesium, mg/dc

Potassium, mg/d c

9.1* 8.9

25

Dietary fibre, g/d b

20.3* 20.2

44.8* 43.2

983* 928

-

Plant protein, g/d

M:6

-

Animal protein, g/d

13.9 13.8

Iron, mg/d

-

Protein, E%

2264* 2155

23.9* 23.8

38.8*

13.4 13.2

66.1

2523* 2396

32.0* 31.8
660* 593
10.6* 10.1

1.1

2.9
1.0

2.1

11.1

63

692* 450

285

41%

45%

3.4

212* 182

4.4

20% 1.08* 0.99

3%

95%

50%

23%

10%

54%

69% 2288* 2199

8%

30%

31% 14.4* 14.3

-

81% 15.8* 15.1

-

-

-

16%

-

Italy (n=2,831)

30.3* 30.3

48.6*

15.6* 15.6

2119*

1.5
1.10 0.9

2.4

11.8

126* 103

854* 635

64%

6.1

4.1
350* 305

253

49%

50%

5.6

48%
23%

8%

16% 1.80*
4.0

99%
1.20 1.1

53%

0%

66%
2.6

99%

56%

91*

38%

53% 10.6* 9.4

9%
23%

34% 1200* 822

282 263
3%

2%
82%
10.2* 9.6

80%

268* 254 (219 299)

12.4* 11.2

38%
2%

899* 842

-

91%
23%

28.9

2.4%

-

25% 13.4* 13.0

-

81%

65% 1.40* 1.3

2%

99%

56%

65%

62%

d

-

88% 16.6*

d

-

83.5* 81.4

1%

16.3

1980* 1912

-

%<DRV

France (n=2,624)
%<DRV Mean P50

2938 2834

11.1* 10.5

39.0*

52% 11.0* 10.5

96%

4%

69%

8%

-

96% 18.1*

-

-

-

12%

-

%<DRV Mean P50

Czech Republic (n=1,869)

%<DRV Mean P50

Denmark (n=2,025)

Mean P50

Calcium, mg/d

0.66 g/BW

Protein, g/d

Unstandardised
energy intake,
kcal/d
Qualifying nutrients

DRV

Table 4 Energy-standardised nutrient intakes, prevalence of inadequate intake, and Nutrient Rich Diet scores in four European populations,
aged 18 years ab

4

109

110

GEOGRAPHIC AND SOCIOECONOMIC DIVERSITY OF FOOD AND NUTRIENT INTAKES:

30.4 30.2

-

-

-

Sub-score NRD15

Sub-score NRDX.3

Total score NRD9.3

Total score NRD15.3

896* 916

416*

349* 346

1245 1259

6.3

36.6 31.3

13.8

30.6 30.4

-

-

-

-

388*
328

1182

80% 4244* 4153

32%

-

86%

-

%>MRV Mean P50

Italy (n=2,831)

-

-

-

-

-

98%

21%

-

80%

-

1051* 1062

244* 242

1295* 1310

1648

38.6 35.2

11.1* 10.9

24.6* 24.2

%>MRV Mean P50

Czech Republic (n=1,869)

-

-

-

-

-

13%

24%

-

62%

-

2668

d

d

d

1250 1262

d

d

15.1* 15.0

33.5* 33.4

%>MRV Mean P50

-

-

-

-

-

85%

c

-

91%

-

%<MRV

France (n=2,624)

MUFA, mono-scores.
a Intakes of nutrients are standardised to a 2,000 kcal/d diet. b
c
d
e
than the dietary reference value.
cannot be computed.
ded sugar and sodium reflect
the proportion of the population that have an excessive intake, i.e. intake higher than the reference value (Maximum Recommend Value). * Bonferroni p < 0.0001 test comparison
other three countries under study.

-

-

Sub-score NRD9

Nutrient Rich Diet Scores

< 2400 3012* 2919

Sodium, mg/d e

43.2* 36.4

< 10 E% 8.8*

-

< 10 E% 13.8

-

Mean P50

Denmark (n=2,025)

Added sugar, E%e

Added sugar, g/d

SFA, E%/d e

SFA, g/d

Disqualifying nutrients

MRV
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Total score NRD15.3

Total score NRD9.3

Sub-score NRDX.3

Sub-score NRD15

Sub-score NRD9

Total score NRD15.3

Sub-score NRD15

Sub-score NRD9

533

1256

1059

385

Total score NRD9.3

1182

913

Sub-score NRDX.3

France

Italy

892

351

1256

P50

Sub-score NRD15

Sub-score NRD9

Total score NRD9.3
Total score NRD15.3
Czech Republic

Sub-score NRDX.3

Sub-score NRD15

Denmark
Sub-score NRD9

Mean

Younger and middle-aged adults

1305

333

396

1185

923

333

1256

Mean

Subgroups by age

0.053

<.0001

563

1289

0.003

<.0001

<.0001

0.002

<.0001

805
1321

0.830

0.208
395

0.001
0.003

<.0001

0.033

0.120

p-value

1181

336

P50

65 years

Table 5 Nutrient density of the diet, using Nutrient Rich Diet 9.3 and 15.3, in four European populations in subgroups by age, gender, educational
level and overweight status a
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1219

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001
<.0001

0.011

<.0001

<.0001

p-value

Sub-

<.0001
<.0001

Sub-score NRD15

<.0001

<.0001

Sub-score NRD9

1022

<.0001
565

P50

Women

<.0001

556

925

Mean

Sub-score NRD15
505

1115

656

P50

Subgroups by gender

Sub-score NRD9

France

Italy

Sub-

659
1119

Sub-score NRD15

1215

Sub-score NRD9

Czech Republic

Sub-

Sub-score NRD15

Denmark
Sub-score NRD9

Mean

Men

Denmark
Sub-score NRD9
Sub-score NRD15
Sub-score NRDX.3
Total score NRD9.3
Total score NRD15.3
Czech Republic
Sub-score NRD9
Sub-score NRD15
Sub-score NRDX.3
Total score NRD9.3
Total score NRD15.3
Italy
Sub-score NRD9
Sub-score NRD15
Sub-score NRDX.3
Total score NRD9.3
Total score NRD15.3
France
Sub-score NRD9
Sub-score NRD15
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1149

1309
240
545

1153

1291
240
534
1051

1252

405

404
893

390

530

1292

390

1242

1250

1304
243

1181

1254
350
414
905

1254

1300
249
539
1051

833

384

334

Subgroups by educational level b
Intermediate
Mean
P50
Mean

1221

Mean

Low
P50

4

113

550

801

0.014
0.002

0.005
0.140
0.001
0.158
0.439

0.003
<.0001

<.0001
<.0001

<.0001
<.0001
<.0001
<.0001
<.0001

803
1282
334
459
942

1238
381

p-value c

High
P50
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a
c P-

-scores.
b

545

-

kg/m2

–

1.000

0.021

0.054

P-value

Sub-

For France, sub-

Sub-score NRD15

Sub-score NRD9
1242

ll comparisons between population subgroups.

1249

1051

240

0.110

<.0001

0.414

1291

1249

P50

0.245
245

(n =

Mean

Sub-score NRD15
1294

1250

P50

Subgroup by overweight status b

Sub-score NRD9

France

Italy

Sub-

Sub-score NRD15

Sub-score NRD9

Czech Republic

Sub-

Sub-score NRD15

Denmark
Sub-score NRD9

Mean

BMI < 25 kg/m2

DISCUSSION
In this study, we found that dietary intakes varied markedly across the four
European countries, irrespective of energy intake. Within countries, food intakes
also varied markedly by socio-economic factors like age, gender, and
educational level, but less pronounced by anthropometric factors like overweight
status. However, the set of food-based dietary guideline was not met by a large
part of the population and/or population subgroup by age, gender, educational
level or overweight status.
When describing food group intakes, mean daily intakes of fruit and
vegetables, sweet beverages, and alcohol varied most between countries,
showing higher intakes of fruit and vegetables, and lower intakes of sweet
beverages and alcohol in Italy. In addition, we observed in Italy and France a
similar vegetable intake among the different levels of education, whereas in
Denmark and Czech Republic higher intake of vegetables was observed among
higherEuropean populations [40-42]. This region-dependent tendency might be
attributed to the long-standing cultural tradition of using vegetables in the
Mediterranean diet, as consumed in Italy and France, and is often easily
recognisable by all layers of the population. However, a comparison of
population subgroups within-countries is often closely related to dietary
preferences, beliefs and practices of that particular consumer group. Higher
intake of fish, nuts and seeds along with lower intake of red and processed meat
are, for example, generally seen among women and higher-educated subjects,
which might be driven by their health considerations and awareness of climate
change [43].
When describing nutrient intakes summarised by the NRD9.3 and 15.3,
the higher scores were observed for Italy, which is mainly attributed to their
lower penalty score, i.e. NRDX.3, for the disqualifying nutrients of SFA and
sodium. Because of the interrelation between food groups and nutrients intake,
our results on variation in nutrient intakes can be partly reflected by our results
on variation in food group intake. Low penalty score in Italy is likely to be in
correspondence with its lower intakes for important sources of SFA intake such
as butter and hard
however, with estimates of sodium intake, caution must be applied, as they are
very likely to be under-estimated due to difficulties in quantifying sodium content
in recipes and discretionary salt intake [44]. Moreover, when focussing on
qualifying nutrients, higher sub-scores NRD9 and NRD15 were also observed
for Italy, but intake for calcium, potassium and magnesium was lower when
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health, environment, affordability, consumer’s preferences, etc. Diet-
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[45]
-

[46-49]

-
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[52]

-

-

-

-
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at least all age-sex categories. It still remains a possibility that those who have
agreed to participate form a group with a greater interest in health, hence more
optimistic results.
Second, methods of dietary assessment used in the surveys reported
were conducted differently, with regard to the methods used and in the manner
in which the assessment was carried out. Replicates of 24-hour recall as applied
in Czech Republic showed a higher mean energy intake compared to diet
records as applied in Denmark, Italy and France. This might be explained by
factors related to the methods themselves, such as reliance on memory and
portion size estimations [53-55], and/or characteristics of the populations.
Standardising intake data to a 2,000 kcal/d diet had, therefore, the largest
the assumption that energy intake is positively correlated with food group and
nutrient intake. Standardisation for energy is one of the more practical ways of
reducing part of the extraneous variation in dietary estimates [56], and enables
to study the relative contribution of food groups and nutrients intake to the total
diet, regardless of energy intake. In the European Food COnsumption
VALidation project, it has been suggested to adjust for BMI instead when
analysing and interpreting dietary data of nutritional monitoring surveys to
reduce mean bias at population level [57]. Given that stratified analyses by
overweight status showed no relevant differences in dietary intakes within a
country, it is questionable whether BMI-adjusted values should be the main
exposure of interest in the present study describing the heterogeneity of
European diets.
Another important factor in estimating dietary intakes consistently is the
number of days included in the dietary assessment to enable comparison
between countries across Europe. In this study, dietary data were, therefore,
standardised for the number of days, but have not been corrected for timeinterval between the two selected record/recall days, hence not corrected for
within-subject day-to-day variability. Correcting for within-subject day-to-day
variability would have resulted in comparable means for dietary intakes
compared to unadjusted data, though with a shrinkage of intake distributions
which in turn would have decreased the percentage of the population above and
below a cut-off point [58]. However, relying on consecutive days, including days
spaced over a week time-interval, is likely to underestimate the within-subject
day-to-day variation [59] because of the interdependence of days that captures
some of the day-to-day variation in the between-subject variation [60, 61]. Thus,
this day-interdependence would have resulted in a shrinkage of the observed
intake distribution that is too much toward the group mean, hence an under-
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estimation of true percentage of the population above and below a cut-off when
statistically correcting intake distributions. Also, the use of country-specific food
composition databases might affect the number of subjects whose intake was
below the DRV. In particular, when using different food composition databases,
potential systematic errors in estimating nutrient intake would be different
between countries, and in all probability alternate with magnitude and direction.
With increasing globalisation, however, the foods and mixed dishes available in
different countries are not all grown/produced/prepared in the same manner,
and therefore using a country-specific composition database is likely to reflect
nutrient intake more accurately.
Exclusion of under-reporters would have increased the prevalence of
adherence to the food-based dietary guidelines and decreased the prevalence
of inadequate nutrient intakes, and inclusion of supplementation use would have
decreased the prevalence of nutrient inadequacy even further. The present
study did estimate the percentage of under- and over-reporters (Supplementary
Table 1), but did not estimate intakes excluding them, because some of the misreporters may truly be consuming a low- or a high-energy diet. Over the past
decades, dietary supplementation use has increased in Europe with a clear
north-south gradient [62], showing a high number of users in Denmark
(Supplementary Table 1). Hence, it is likely that in countries with higher level of
supplementation use, dietary supplementation might have contributed to
improved total nutrient intakes, with its impact dependent on the
supplementation formulation, the frequency of use, and the level of micronutrient
intakes of those taking supplements. However, our interest is on nutrient intakes
from foods only in order to find nutritional gaps that are most in need to improve
the healthiness of dietary intake.

CONCLUSION
In conclusion, there is considerable variation in food and nutrient intakes across
European countries. The present study indicated that the intake of food groups
showed larger deviations from food-based dietary guidelines for the overall
population and population subgroups of the countries we studied. In addition,
results suggested inadequate nutrient intakes from foods for dietary fibre and
vitamin D in all countries, and for potassium, magnesium, vitamin E and folate
in specific regions. Individual-level dietary data in different European population
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and population subgroups are therefore needed for balancing diets for
European citizen.
Moreover, individual-level dietary data from national surveys serve as a
practical tool for describing the healthiness of diet in terms of foods and
nutrients, but dietary data harmonisation remains challenging. Using a common
food classification system is a first step in the alignment of surveys and
necessary to enable cross-country comparisons for food group intakes.
However, further steps, such as standardisation for energy, number of days,
etc., are needed for harmonisation of dietary data. Besides the healthiness of
dietary intake, these dietary surveys might also be important in shaping
optimised diets where other factors, such as environmental impact, affordability
and consumer preferences are incorporated. We aim, therefore, to support
further engagement of key stakeholders from the food supply chain and policymakers in the next stages for the design of SHARP diets.
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SUPPLEMENTARY MATERIALS

Supplementary Methods
Reference values for the food group intake used for cross-country comparison.
Food-based dietary guidelines are defined at the national level, resulting in
different set of food-based dietary guidelines across Europe. A summary of the
food-based dietary guidelines of the European countries that are part of
SUSFANS (Denmark, Czech Republic, Italy and France) is given in
Supplementary Methods Table 1. Based on this information, a single set of
reference values for the intake of food groups was used to facilitate crosscountry comparison, as also shown in Table 2 and Table 3. Minimum intake
levels were set for foods that are beneficial for health, such as fruits and
vegetables, and maximum intake levels for foods that are unfavourable for
health, such as red and processed meat. Cut-off points were defined in grams
per day with the aim to increase the comparability of food intake between the
countries, as serving sizes are country-specific. For most food groups, it was
expected that actual dietary intake levels largely deviate from recommended
intakes levels in European populations, and therefore cut-off level were
loosened to be able to examine differences and shifts in nutritional adequacy
across countries and across relevant population subgroups as a way of
population dissimilation. Qualitative guidelines were formulated for food groups
for which evidence only concerns the replacement of one food by another, such
as replace white grains by whole grains, butter and hard margarine by vegetable
oils and soft margarine.
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Czech Republic

Italy

France

Reference values
for
cross-country comparison

Replace refined grains

Replace refined grains
grains

Replace refined grains

s

Replace refined grains

– 5 servings a day
– 500 grams a day)
and 80 gram leafy
vegetables)

2 servings a day
(one serving is 200 gram

A minimum of 5 servings
fruit and vegetables a day
(one serving is 80 – 100
gram)

Minimum 200 grams a day

Included in meat guideline.

Not specified

Included in fruit and
vegetable guideline.

Not included

Included in fruit guideline.

Included in fruit and
vegetable guideline.

Minimum 15 grams a day

Walnuts, almonds, hazel, cashew, pistachio, macadamia, Brazil, pecan, pine nuts, flax seeds, sesame seeds, sunflower seeds, pumpkin seeds, poppy
seeds, and peanuts

Nuts and seeds

Included in vegetable
guideline.

Kidney beans, pinto beans, white beans, black beans, garbanzo beans (chickpeas), lima beans, split peas, lentils, and edamame (green soybeans)

Legumes

grams of vegetables a day,
preferably the coarse
vegetables

A minimum of 600 grams
fruit and vegetables a day,

All kind of vegetables (including fresh, dried, tinned/canned, but excluding vegetable juices and vegetables from soup, sauces and ready-to-eat products)

Vegetables and vegetable products

in bread, grain flour,
cereals, rice and pasta

A minimum of 75 grams a

Whole grains (bran, germ, and endosperm in their natural proportion) from breakfast cereals, bread, rice, pasta, tortillas, pancakes and other sources

Whole grains and grain-based products

Denmark

Supplementary Methods Table 1 A summary of the food-based dietary guidelines of the European countries that are part of SUSFANS
(Denmark, Czech Republic, Italy and France), including exposure definitions and their derived reference values used for cross-country
comparison.
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Czech Republic

Italy

2 – 4 servings a day
(200 – 400 grams a day)
preferably raw fruit and
undiluted fruit juice

3 – 4 servings a day
(one serving is 150 gram
fresh fruit, 30 gram nuts, or
30 gram dried fruit)

A minimum of 5 servings
fruit and vegetables a day
(one serving is 80 – 100
gram)

France

Minimum 200 grams a day

Reference values
for
cross-country comparison

Meat and meat products
Red meat:
Processed meat: meat transformed
through salting, curing, fermentations, smoking or other processed to enhance flavour or improve preservation (e.g. meat products as sandwich filling,
ready-toWhite meat: poultry and rabbit meat
Choose for lean meat, lean
Choose for lean meat, lean
Choose for lean meat, lean
Choose for lean meat, lean
Maximum 500 grams red
cold meat and/or poultry. A
cold meat and/or poultry.
cold meat and/or poultry. 1
cold meat and/or poultry. A
and processed meat a day
maximum of 500 grams a
1 – 2 servings a day
– 2 servings a day (one
maximum of 500 grams a
grams a day
week from beef, veal, lamb
(one serving is 125 gram
serving is 100 gram meat or week for red and processed
or pork (prepared weight)
meat, poultry or fish, 2
poultry, 50 gram processed
meat, with a maximum of 25 Replace red and processed
boiled egg whites, a bowl of meat, 150 gram fish and
meat
grams of processed meat a
soya beans, lentils or
shellfish, 50 gram
by white meat
day
processed fish and shellfish,
a maximum of 4 eggs a
and one egg)
week
Fish and fish products
All kind of fish and fish products
1 – 2 servings a week (170
2 – 3 times a week (300 –
2 servings a week (200
Minimum 150 grams a week
preferably 200 grams oily
– 340 grams a week)
450 grams a week)
grams a week), including
fish a week
one oily fish

A minimum of 600 grams
fruit and vegetables a day

All kind of fruits (including fresh, dried, tinned or canned fruit products, but excluding fruit juice)

Fruit and fruit products

Denmark
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Czech Republic

Italy

France

Reference values
for
cross-country comparison

Milk and milk products
Food products produced from the milk of mammals, including milk, yoghurt, fresh cheese, quark, custard, milk puddings, and cheese excluding butter
250 – 500 grams of dairy a
2 – 3 servings a day (one
3 servings a day (one
3 servings a day (one
Minimum 300 grams dairy a day
serving is 250 millilitres low- serving is 125 millilitres
serving is 200 millilitres excluding butter and cheese
hard cheese 1 – 2 slices a
fat milk, 200 millilitres lowmilk, 125 gram yoghurt, 100 milk, 125 gram
day when eating healthy, with fat yoghurt, 55 gram
gram fresh cheese, and 50
yoghourt, 100 gram
Maximum 150 grams hard
one slice corresponding to 25 cheese, and 40 gram
fromage blanc, 60 gram cheese a week
grams
cottage cheese)
cheese is limited to a
petit Suisse, and 30
maximum of 2 – 3 servings
gram hard cheese)
a week
Fats & Oils
Replace butter, hard
Replace butter, hard
3 servings extra virgin olive
Replace butter, hard
Replace butter, hard margarines
margarines and cooking fats
margarines and cooking
oil or seed oil a day (one
margarines and
and/or hard cooking fats
by soft margarines, liquid
fats by soft margarines,
serving is 10 millilitres).
cooking fats by soft
by soft margarines, liquid
cooking fats, and vegetable
liquid cooking fats, and
Replace butter, hard
margarines, liquid
cooking fats and/or vegetable
oils.
vegetable oils.
margarines and cooking
cooking fats, and
oils
fats by soft margarines,
vegetable oils. Plus,
liquid cooking fats, and
promote fats rich in
vegetable oils.
ALA and limit fats rich
in myristic, lauric and
palmitic fatty acids
Sugar-sweetened beverages
Cold beverages with added sugars (sucrose, fructose or glucose), including fruit/vegetable juices/ nectars, soft drinks, ice teas, other drinks with added sugars
A maximum of 500 millilitres
Limit consumption
Limit consumption
Limit consumption.
Maximum 500 millilitres a week
a week, including soft drinks,
A maximum of one
juice and energy drinks
portion of fruit juice a
day, corresponding to
150 millilitres a day

Denmark

4
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Maximum 5 grams a day

A maximum of 20 grams of
alcohol a day, but avoid
daily consumption

Czech Republic

Not specified

In controlled quantities

Italy

Not specified

Not included, because
considered as not good for
health

France

Maximum 6 grams a day

Maximum one serving a day
0 grams ethanol a day

Reference values
for cross-country comparison

Ministry of Food Agriculture and Fisheries (2013). "The official dietary guidelines (Danish: De officielle kostråd)."
Czech Society for Nutrition (2012). "Nutrition recommendations for
-NUT) (2003). "Guidelines for healthy Italian food habits, 2003 (Italian: Linee guida per una sana
alimentazione italiana. Revisione 2003)."
Programme National Nutrition Santé (PNNS) (2016). "La Santé vient en mangeant Le guide alimentaire pour tous."

Alcoholic beverages
Not in food-based dietary
guidelines, but a separate
guideline: a maximum of
14 glasses a week,
corresponding to 20 grams
a day, for men, and a
maximum of 7 glasses a
week, corresponding to 10
grams a day, for women,
with a maximum of 5
glasses per occasion.
Salt
Maximum 6 grams a day

Denmark

Supplementary Table 1 Percentage of under- and over-reporters as identified by
Goldberg/Black equation, and percentage of dietary supplementation use in four European
populations, aged 18 years.
%under-reporters

%over-reporters

%supplement users

Total

Men

Women

Total

Men

Women

Total

Men

Denmark

17.7%

18.2%

17.3%

1.4%

1.3%

1.5%

60.5%

55.0%

65.9%

Czech Republic

12.9%

7.0%

18.1%

3.6%

5.6%

1.9%

29.7%

23.3%

35.4%

Italy

11.0%

12.3%

9.9%

1.1%

0.9%

1.3%

4.5%

3.0%

5.8%

1.2%

12.4%

6.1%

16.8%

France

23.7%

22.9%

24.3%

1.6%

2.0%

Women
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ABSTRACT
Effective food policies in Europe require insight into the environmental impact of
consumers’ diet to contribute to global nutrition security in an environmentally
sustainable way. The present study therefore aimed to assess the
environmental impact associated with dietary intake across four European
countries, and to explain sources of variations in environmental impact by
energy intake, demographics and diet composition. Individual-level dietary
intake data were obtained from nationally-representative dietary surveys, by
using two non-consecutive days of a 24-hour recall or a diet record, from
Denmark (DK, n=1,710), Czech Republic (CZ, n=1,666), Italy (IT, n=2,184), and
France (FR, n=2,246). Dietary intake data were linked to a newly developed
pan-European environmental sustainability indicator database that contains
greenhouse gas emissions (GHGE) and land use (LU) values for ~900 foods.
To explain the variation in environmental impact of diets, multilevel regression
models with random intercept and random slopes were fitted according to two
levels: adults (level 1, n=7,806) and country (level 2, n=4). In the models, dietrelated GHGE or LU was the dependent variable, and the parameter of interest,
i.e. either total energy intake or demographics or food groups, the exploratory
variables. A 200-kcal higher total energy intake was associated with a 9% and
a 10% higher daily GHGE and LU. Expressed per 2,000 kcal, mean GHGE
ranged from 4.4 (CZ) to 6.3 kgCO2eq/2,000 kcal (FR), and LU ranged from 5.7
(CZ) to 8.0 m2*year/2000kcal (FR). Dietary choices explained most of the
variation between countries. A 5 energy percent (50g/2,000 kcal) higher meat
intake was associated with a 10% and a 14% higher GHGE and LU density, with
ruminant meat being the main contributor to environmental footprints. In
conclusion, intake of energy, total meat and the proportion of ruminant meat
explained most of the variation in GHGE and LU of European diets.
Contributions of food groups to environmental footprints however varied
between countries, suggesting that cultural preferences play an important role
in environmental footprints of consumers. In particular, Findings from the
present study will be relevant for national-specific food policy measures towards
a more environmentally-friendly diet.
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INTRODUCTION
Current food production and consumption patterns in Europe are held
responsible for more than 25% of anthropogenic greenhouse gas emissions
(GHGE) and more than 80% of arable land globally [1, 2] with animal-sourced
foods being the major contributors [3]. In line with the framework of the Lancet
EAT Commission [4], studies on food patterns compared theoreticallyconstructed diets with national average diets [5-7] and showed that current diets
high in animal-sourced foods, in particular red meat and dairy, have a higher
environmental impact. Effective policies for food system transformation in
Europe require insight into the environmental impact of consumers’ usual diet
and detailed information on food consumption over a wide range of dietary
patterns.
Initially, environmental impact of diets was assessed using national
averages derived from per capita food availability statistics collected at the
national level [5]
of individual daily consumption have been used [8, 9]. The method of dietary
assessment is however likely to affect the estimated environmental impact.
Food availability statistics typically disaggregate and quantify food consumption
in about 25 primary agricultural commodities, whereas individual-based food
frequency questionnaires typically include 50-150 food items, and it may range
up to ~1,000 food items for individual-based survey data using 24-hour recalls
or diet records [10]. These individual-level dietary data reflect a wide variety of
realistic food choices in the consumer domain, and therefore allow for studying
the variability in diet-related footprints of individual’ diets across population
(sub)groups.
A number of studies have assessed the environmental impact of food
intake using individual-level data [11-16]. As these studies were conducted
within single European countries, a European comparison of diet-related
environmental impact is hampered, as these national averages may be biased
by the ecological fallacy, lack of comparability of dietary assessment methods
[17] and systematic differences in life cycle assessment (LCA) databases [18,
19]. Comparable individual-level intake data and LCA databases allow to
evaluate environmental impact at the level of consumers’ food choices and allow
to explain variation between- and within countries, between population
(sub)groups and between subjects.
The aim of this study was to analyse diet-related GHGE and LU using
reported food intake data obtained from national dietary surveys from four
European countries that reflect heterogeneity of diets in different European
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by Rockström [26], i.e. biodiversity loss, nitrogen cycle disruption, carbon cycle
disruption, and land use change, as discussed by Aiking [27].
Environmental impact was assessed using attributional LCA, an
internationally accepted standardised methodology in accordance with
ISO14040 and 14044:2006, with the aim to gain insight into the environmental
impact of foods within the current food production practices [28]. To construct
the database, we identified a total of 182 primary products relevant to the
selected four European countries, using various publicly accessible data
sources, e.g.: Agri-footprint (Europe) [29, 30], Ecoinvent (Global, Swiss
Confederation) [31], and primary production reports [32-39], combined with
European production, trade and transport data (FAOstat, BACI World Trade
Database, and GTAP). Starting from these 182 primary products, estimates
were obtained for GHGE and LU for 944 FoodEx2 codes in the diet surveys
other ingredients, such as food
additives, vitamin supplements, condiments, etc. For each food item, the LCA
contained the whole product’s life cycle [40, 41], from cultivations of (feed) crop
to consumption at home, i.e. including primary production, use of primary
packaging, transport, food losses and waste, and food preparations (such as
boiling, frying, oven backing, roasting and microwaving). Due to limited
availability of data, we excluded the contributions of industrial food processing
(such as grinding, cutting, centrifuging and washing), storage, and transport
these phases have been estimated to contribute up to 32%
to the environmental impact measures for highly processed foods such as pizza
[42]. To divide environmental impacts between a product and its co-products,
economic allocation was used for all foods, except for animal-sourced foods
where nitrogen allocation was used because the nitrogen content serves as an
indicator of the physical and causal relationship between products and
emissions [43]. GHGE and LU of products derived from milk, such as cream,
cheese and butter, were estimated by their mass fractions using the technical
conversion factors of the FAO [44], and those of processed foods by their
ingredient composition using recipes from the Dutch food composition table [45].
GHGE and LU data were adjusted to reflect the foods as eaten to be comparable
with the national dietary survey data by using appropriate conversion factors for
edible portion, cooking losses and gains, and food losses and waste [46, 47].
For each FoodEx2-code, total GHGE per kg of food as eaten was
calculated by multiplying the life cycle inventory data by appropriate conversions
factors to reflect amount as consumed, i.e. conversion factors for production,
edible portion, cooking losses and gains during preparation, and food losses
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and waste at production and consumption phase, and then adding impacts from
packaging, transport and home preparation, and total LU per kg of food as eaten
by multiplying the life cycle inventory data by appropriate conversions factors.
Calculated GHGE (in kgCO2equivalents per kg food as eaten) covers carbon
dioxide (CO2) emissions through the use of fossil fuels, methane (CH4) released
during rearing of the cattle and cultivations of certain crops, and nitrous oxide
(N2O) released from fertilizers, manure and ploughing of grassland where 1 kg
CH4 equals 25 kg CO2 and 1 kg N2O equals 298 kg CO2 [48]. Calculated LU
covers the surface needed for the production of food accounting for conventional
agricultural practices (m²*year per kg food as eaten). Under the assumption of
a homogeneous European market, we assigned one value for GHGE and LU to
each food item, and this value was applied to the food intake data of the four
countries under study.

E
For the selected two days of each subject, the intake of foods and drinks (in
g/day) and total energy intake (in kcal/day) were obtained from the national
dietary survey data. Using the above-mentioned SHARP-ID, GHGE and LU
were calculated, both per day (GHGE in kgCO2-eq/day and LU in m2*year/day)
and as densities, i.e. relative to reported daily energy intake [49]. Densities of
food group intake, and of GHGE and LU were expressed per 2,000 kcal and for
energy as the percentage of total energy contributed by that food group. The
density method preserves the relative consumption quantities of the foods and
systematic errors that are specific for the dietary assessment methods in the
four countries as well as for individual-level non-differential over- or
underestimation of food intake. In this way, it accounts for observed differences
in food intake between big and small eaters with similar dietary patterns, and it
allows to disentangle diet composition from reported energy intake in further
analyses.

Data were collected on age (years), gender, educational level (low: primary or
university or post-university degree), body weight (kg) and height (m) by means
of questionnaires. Age was categorised in three categories (18-34 years, 35-49
years and 50-64 years), and overweight was defined as Body Mass Index (BMI)
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25 kg/m2, calculated as body weight (kg) divided by height squared (m2). In
statistical analyses, subjects with missing data for educational level (n=134)
and/or overweight status (n=56) were excluded, leaving 7,806 adults for
analysis.

To remove within-subject variation and obtain usual energy intake and usual
diet-related GHGE or LU, either per day or for densities, we used the NCImethod [50, 51] (Table 1, 2 and 3, Figure 2 and 3). The distribution of intake at
food level however did not allow to use the NCI-method, therefore we used the
average of the two selected days to describe diets in terms of foods by country
using food groups (Figure 3) and to explain densities by diet composition (Table
4 and 5, Figure 4).
Stratified analysis was used to obtain country- and gender-specific
associations of dietresults are plotted for country- and gender-specific quintiles (Figure 2). Usual
GHGE and LU densities were also used to describe environmental impact of the
diet by energy intake (quintiles derived from continuous analysis) and by
individual-level demographics in a univariate way (Figure 3).
Multilevel regression models with random intercept and random slopes
were used to explain variations in GHGE and LU by country, and by energy
intake (continuously, Table 2), individual-level demographics (using categories,
Table 3), and diet composition (using the percentage of energy contributed by
food groups continuously, Table 5). These models used either environmental
impact for a daily diet or for a 2,000 kcal diet (densities) (see Figure 1), and were
fitted according to two levels of variance: individuals (level 1, n=7,806), and
country (level 2, n=4).
In the multilevel analyses on diet composition, the percentage of energy
contributed by a food group was included as an explanatory variable if that food
and LU density in the four
countries in a univariate model, or if that food group had specific reasons of
interest. To enhance the interpretation of the results, however, the percentage
of energy was translated into an approximation of grams per 2,000 kca
calculated by dividing the average amount of grams/2,000 kcal by the average
percentage of energy multiplied by the unit as used in the regression coefficient
of that food group, and this averaged for the four countries. For coffee and tea,
gram per 2,000 kcal was used instead, as they barely contribute to total energy
intake. Furthermore, if interested in the role of food choices within the main food
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group, we entered both the main food group and one of its subgroups in the
model, the latter as a proportion of that subgroup to the main food group
implies that the regression coefficient for the subgroup reflects the impact of the
subgroup as part of the main food group.

Figure 1 Flowchart of the multilevel regression models to explain variations in diet-related
environmental impact.
Dotted lines refer to multilevel regression models using environmental impact of daily diets as the dependent
variable, and the dashed lines refer to multilevel regression models using densities of environmental impact, i.e.
environmental impact expressed per 2,000 kcal, as the dependent variable. In the null model, diet-related
environmental impact was the dependent variable and a random intercept for country was included. In the full
models, diet-related environmental impact was the dependent variable, and the parameter of interest, i.e. either
reported energy intake (Full model 1), individual-level demographics (Full model 2), or diet composition (Full model
3), the explanatory variables.

To quantify the variation between countries, we fitted a null model that
by country (either daily or as densities) was calculated as the intercept variance
divided by total variance. For the full model, explanatory variables and
interactions were successively added, first as fixed effects and next with random
the full multilevel model was calculated as the squared correlation coefficient
between observed and predicted values obtained from the full model. The
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variation explained by one of the explanatory variables was calculated by
subtracting the squared correlation coefficient between observed and predicted
values obtained from the full model without the explanatory variable of interest
from that obtained from the full model, while the variation explained by country
in the full model was calculated by subtracting the squared correlation coefficient
between observed and predicted values obtained from a full fixed effect model
from that obtained from the full multilevel model.
To assess the strength of associations, fixed and, if applicable, random
effects for the explanatory variables were represented by the regression
Wald tests and a two-sided P-value below 0.05 was considered as statistically
significant. Model fit was examined by Akaike Information Criterion (AIC) and
Bayesian Information Criterion (BIC). All statistical analyses were performed
using SAS version 9.3 (SAS Institute Inc.).

RESULTS

Table 1 shows the usual reported energy intake and usual GHGE and LU in four
European populations, aged 18-64 years. Reported average energy intake
varied from 1960 (FR) to 2572 kcal/d (CZ), whereas estimated average energy
requirements varied from 2358 (FR) to 2497 kcal/d (DK), with a variance
explained by country of 11% for reported energy intake and of 3% for estimated
energy requirement.
Average GHGE of a daily diet ranged from 5.2 (IT) to 6.0 kgCO2eq/d (DK),
and average LU of a daily diet ranged from 6.8 (IT) to 7.6 m2*year/d (FR).
According to the null model of multilevel analyses, the variation explained by
country was less than 5% for GHGE and LU. Country-specific daily GHGE and
LU varied around the overall mean with a standard deviation (SD) of 0.08 and
0.10, and a coefficient of variation (CV) of 1.4% and 1.4%, respectively.
When diet composition was addressed by accounting for differences in
reported energy intake by using densities of GHGE and LU, the average density
of GHGE ranged from 4.4 (CZ) to 6.4 kgCO2eq/2,000 kcal (FR), and of LU the
density ranged from 5.7 (CZ) to 8.0 m2*year/2,000 kcal (FR), whereby the
variation explained by country was 49% and 45%, respectively. Country-specific
densities of GHGE and LU varied around the overall mean with an SD of 0.7
and 1.0, and a CV of 9.5% and 13.8%, respectively.
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2497

5.0

Density, /2,000kcal c

6.3

Density, /2,000kcal c

explained 10.6% of

(27.8%)
(36.8%)
(35.4%)
(44.7%)
(14.2%)
(54.1%)
(31.5%)
(43.2%)f

484
639
616
777
248
943
548
739

N (%)

6.3

6.7

4.9

5.2

2404

2153

24.4

P50

5.7

7.4

4.4

5.6

2487

2572

25.6

Mean

345
1,194
127
864

517
479
670
793
(20.7%)
(71.7%)
(7.6%)
(51.9%)

(31.0%)
(28.8%)
(40.2%)
(47.6%)

N (%)

5.7

7.1

4.4

5.4

2389

2491

25.2

P50

(n = 1,666)

6.3

6.8

4.9

5.2

2368

2149

24.2 g

Mean

Italy

692
985
507
828

699
815
799
1,068

(31.7%)
(45.1%)
(23.2%)
(35.8%)g

(30.2%)
(35.2%)
(34.6%)
(46.2%)

N (%)

6.2

6.6

4.9

5.1

2286

2106

23.7

P50

(n = 2,313)

d

8.0

7.6

6.4

6.0

2358

1960

24.6 h

Mean

France

1,039
495
737
871

689
837
750
936

(45.8%)
(21.8%)
(32.4%)
(38.7%)h

(30.3%)
(36.8%)
(32.9%)
(41.1%)

N (%)

7.8

7.3

6.2

5.9

2273

1917

23.8

P50

(n = 2,276)

e

n in GHGE of a daily diet
y (null model of the multilevel analyses with random intercept for country
only). b Energy needs calculated using the formula of Harris and Benedict based on gender, age, weight, height assuming a PAL of 1.55. c Densities calculated as daily values/daily
energy x 2000 kcal. d Data were available for 2,184 subjects (129 missing). e Data were available for 2,271 subjects (5 missing). f Data were available for 1,710 subjects (29
missing). g Data were available for 2,312 subjects (1 missing). h Data were available for 2,250 subjects (26 missing)

a Country

- 18 – 34 y
- 35 – 49 y
- 50 – 64 y
Gender, men
Educational level
- Low
- Intermediate
- High
Overweight,BMI 25kg/m2

Age

6.9

Daily, /day

Usual LU, m2*year a

5.4

Daily, /day

Usual GHGE, kgCO2eq a

2201

Requirements, /day b

25.1 f

Mean

Usual daily intake, /day

Energy, kcal a

BMI, kg/m2

Czech Republic

Denmark
(n = 1,739)

Table 1 Diet-related greenhouse gas emissions (GHGE) and land use (LU), and general characteristics of the study sample, aged 18-64 years
(Mean, median and interquartile range, number and percentage).

Regarding the demographic factors, age and gender distributions were
comparable between countries, while distributions of educational level varied
markedly with a low proportion of low educated subjects in DK (14%) and a high
oportion of high educated subjects being the
lowest in CZ (8%). Overweight was the most prevalent in CZ (52%) and the least
in Italy (36%).

Figure 2 shows the GHGE and LU of a daily diet according to usual daily
reported energy intake, stratified by country and gender. There was a positive
association between reported usual energy intake and usual daily GHGE and
LU in all four countries, with gender differences mainly attributable to energy
intake. Furthermore, at the same level of energy intake, daily GHGE and LU
differed between countries, suggesting variation in diet composition between
countries, this was already visible in GHGE and LU densities (Table 1):
multilevel analyses of daily GHGE and LU with energy intake showed that
country explained 8% and 3% of the total variation in GHGE and LU
respectively. Energy intake explained 41% of the variation in daily GHGE, and
33% of the variation in daily LU, given country and gender (Table 2). Per 200
kcal difference in energy intake, daily environmental impact significantly differed
by 9% for GHGE (0.50 kgCO2
m2
however varied slightly between countries, as shown by the country-specific
regression coefficients (random effects in the multivariate multilevel models (in
line with Figure 2)). In addition, energy intake showed interaction with gender,
indicating that for women daily environmental impact increased a little less
steeply per 200 kcal, i.e. 8.8% for GHGE and 9.4% for LU. As shown in Figure
3 and Supplementary Table 1, the strong correlation between reported usual
energy intake, GHGE and LU disappeared when they were expressed as
densities: GHGE and LU densities within countries were similar across quintiles
of energy intake, and did not differ per 200 kcal difference in energy intake.
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2A: Greenhouse gas emissions
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2B: Land use
Figure 2 Mean usual daily greenhouse gas emissions (GHGE, in kgCO2eq/d) (2A) and land
use (LU, in m2*year/d) (2B) of men and women in four European countries according to usual
reported energy intake of their diets. Dots are the mean observed values of the usual GHGE
and LU of a daily diet, for the mean of quintiles for mean usual reported energy intake

142

DIETARY CHOICES AND ENVIRONMENTAL IMPACT

IN FOUR EUROPEAN COUNTRIES

1.9%
3.3%
0.0%
33.0%
0.1%

0.0%
41.1%
0.1%

3.4%

-0.05 (-

0.43

0.50
-0.01 (-

5.58
5.58

0.80)
-

0.00)

Beta (95%CI)

Fixed regression
coefficients b

-0.08 (-

0.40

-0.03 (-

5.40

-0.04)

-0.01)

Denmark
Beta (95%CI)

-0.05 (-

0.44

0.44
-0.01 (-

5.49

-

-

(-

0.19
0.51
0.00 (-

Country-specific regression coefficients
Czech Republic
Italy
Beta (95%CI)
Beta (95%CI)
c

-

-

0.50

0.58

5.84

(-

(-

-

France
Beta (95%CI)

Best fitted multilevel model for daily GHGE and LU with reported energy intake and gender as explanatory variables using a random intercept for country and random slopes
for explanatory variables gender and energy intake, if necessary, to allow for variat
daily GHGE and 48.4% of the variation in daily LU. Grand mean for all four countries was 5.58 (SD 1.58) kgCO
*year for daily LU.
b
Fixed regression coefficients represents the difference in diet-

a

Daily GHGE
Country (null model) d
Country (full model)
Gender, women vs men
Reported energy intake,
Women*reported energy intake
Daily LU
Country (null model) d
Country (full model)
Gender, women vs men
Reported energy intake,
Women*reported energy intake

Explained
variation

Table 2 Usual reported GHGE and LU of a daily diet as related to usual reported energy intake a.
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Individual
Apart from quintiles for energy, Figure 3 shows univariate associations of GHGE
and LU densities with demographics, stratified by country. GHGE density
increased with age in DK and FR. Diets of women had a higher GHGE density
in CZ and FR. GHGE density increased with educational level in CZ, however
decreased with educational level in FR. Subjects with overweight had a higher
GHGE density in DK and FR. For LU, there were no clear differences between
the age groups, except for DK where LU density increased with age. LU density
was also higher among men in DK and CZ, among the lower educated subjects
in DK and FR, and among the subjects with overweight in DK and FR.
When the demographic variables were combined in a multilevel model,
this explained a total of 47% and 42% of the variation in usual diet-related GHGE
and LU densities, respectively, with country explaining most of the variation
(41% and 36%, Table 3). Direction and/or magnitude of the association with
demographics varied between countries, as shown by the country-specific
regression coefficients (random effects in the multivariate multilevel models).
Fixed effects did not exceed 5% of the mean GHGE density (coefficient 0.23 for
age 50-64y) and 4% of the LU density (coefficient -0.22 for high educated).
Taken together, fixed and random effects of demographic variables were
trivial, explained variation of the individual demographics was less than 1.5% for
the individual variables, and expressed relative to the mean densities,
regression coefficients were less than 5% for fixed effects, as mentioned before,
and varied randomly though not significantly up to more than 10% for countryspecific effects (random coefficient 0.48 for age 50-64y and GHGE density in
DK, and -0.55 for women and LU density in CZ).
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5
3A: Greenhouse gas emissions

3B: Land use
Figure 3 Density of usual greenhouse gas emissions (GHGE, in
kgCO2eq/2,000kcal) (3A) and of usual land use (LU, in m2*year/2,000kcal) (3B).
Depicted is total density for each of the four countries, and stratified by energy intake (in genderspecific quintiles), and by demographic variables (age, gender, educational level, and overweight
status). Colours refer to the contributions of major food groups to total GHGE and LU density (see
legenda). Horizontal line refers to the average impact of the four countries.
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1.2%
1.0%

44.7%
36.4%
0.3%

0.4%
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49.1%
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0.44)

Denmark
Beta (95%CI)

5.24
5.24

Beta (95%CI)

Fixed regression
coefficients b

-0.04 (-0.06 (0.07 (-

(0.10 (-0.55 (-

5.77

0.13 (0.32
0.01 (-

0.05 (0.03 (0.16 (-

4.51
4.55

-0.13)

0.35)

-0.11 (-0.01 (-0.02 (-

0.02 (-0.06 (0.01 (-

6.39
6.40

0.06 ((-0.02 (-

0.07 (0.06 (0.14 (-

Country-specific regression coefficients
Czech Republic
Italy
Beta (95%CI)
Beta (95%CI)
c

-0.35 ((0.34

-0.16 (-0.07 (0.05 (-

-0.03 (-0.15 (0.21

0.07 (0.34
0.35

6.42

-0.12)
-0.24)

-0.09)

France
Beta (95%CI)

Best fitted multilevel model for GHGE and LU densities with individual-level demographics as explanatory variables using a random intercept for country and random slopes for
demographics, if necessary, to allow for variation in associations between countr
variation in LU density. Grand mean for all four countries was 5.24 (SD 1.11) kgCO 2eq/2,000kcal for GHGE density and 6.66 (SD 1.41) m2*year/2,000kcal for LU density.
b
Fixed regression coefficients represents the difference in diet-related GHGE or LU density for the demographic factor of interest.
c
Country-specific regression coefficients were calculated from the fixed regression coefficients corrected for the random effect, i.e. the additional change in GHGE or LU density
due to country.
d
Obtained from multilevel model with random intercept for country only

a

GHGE density
Country (null model) d
Country (full model)
Age
35-34y
50-34y
Gender, women vs men
Educational level
Intermediate vs low
High vs low
Overweight status, BMI 25 vs <25
LU density
Country (null model) d
Country (full model)
Age
35-34y
50-34y
Gender, women vs men
Educational level
Intermediate vs low
High vs low
Overweight status, BMI 25 vs <25

Explained
variation

Table 3 Association of usual diet-related GHGE and LU densities (per 2,000 kcal) with individual-level demographics in four European countriesa.

in
Table 4 shows intakes of food groups (as densities, i.e. g/2,000 kcal), and their
contribution to total energy (per 100 kcal, i.e. en%), and diet-related GHGE and
LU (% of daily level, equal to % of density) for each of the four European
countries.
Contributions of animal-sourced foods to GHGE ranged between 63-69%
(CZ, IT), of plant-sourced foods between 19-23% (DK, IT), and of beverages
between 8-17% (IT, DK). In all countries, the main contributor to total GHGE
was meat products with a relative contribution for total meat between 36 and
38%. Other major food groups’ contribution to GHGE differed between
countries: milk products (14%) and coffee/tea (10%) were relatively high in DK,
animal fat, such as butter and lard (11%) and grains (10%) in CZ, cheese (14%)
and grains (10%) in IT, and grains (10%) and cheese (9%) in FR.
The last two columns of Table 4 describe the between-country variation
based on densities for GHGE and LU. As mentioned before, total between
country variation of GHGE was 49%. For the separate food groups, betweencountry variation amounted 12% for animal-sourced foods, 6% for plant-sourced
foods, and 15% for beverages. Meat products explained 5% of the variation in
GHGE density between countries, however the type of meat products varied
between countries with country explaining 10% of the variation for ruminants
and 7% of the variation for non-ruminants. Animal-sourced food groups with an
observed between-country variation in the GHGE density of at least 10% were
animal fat (21%) and milk products (16%), for plant-sourced foods plant fat
(15%) and sugar and sweets (14%) were the most important, and for beverages
it was coffee and tea (14%). GHGE density was explained by country for less
than 5% for poultry, fish, eggs, vegetables, fruit, potatoes, legumes, nuts and
seeds, composite dishes and alcoholic beverages.
For LU, contributions of animal-sourced foods to density ranged between
66-72% (CZ, FR), of plant-sourced foods between 23-28% (FR, CZ), and of
beverages between 2-8% (IT, DK). Main contributors to total LU were meat (4552%) and grain products (13-18%). Other major food groups’ contribution to LU
differed between countries: milk products (11%) and cheese (7%) were
relatively high in DK, animal fat (9%) and cheese (5%) in CZ, cheese (11%) and
plant fat (8%) in IT, and cheese (7%), animal fat (5%) and milk products (5%) in
FR.
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Animal-sourced foods
Meat products
Ruminants b
Non-ruminants
Pork, etc.
Poultry
Fish
Eggs
Dairy products c
Milk products
Cheese
Animal fat d
Plant-sourced foods
Plant fat e
Grain products
Vegetables
Fruit
Potatoes
Legumes
Nuts and seeds
Sugar and sweets
Composite dishes
Miscellaneous
Beverages, excl. milk
Coffee and tea
Alcoholic beverages
Sweet beverages
Drinking water

Weight
493
103
27
77
58
19
17
16
353
321
32
5
752
22
218
161
196
88
21
3
30
1
12
2373
796
230
236
1111

Denmark
%en %GHGE
29.1% 63.7%
10.4% 34.9%
2.6% 18.1%
7.8% 16.1%
6.3% 12.8%
1.5%
3.3%
1.4%
2.3%
1.2%
0.6%
14.5% 22.9%
9.1% 14.3%
5.3%
8.6%
1.7%
3.0%
60.0% 18.9%
8.0%
1.8%
27.8% 6.8%
2.8%
4.2%
7.1%
2.7%
4.7%
0.9%
0.3%
0.2%
0.8%
0.1%
6.8%
1.5%
0.0%
0.2%
1.8%
0.5%
11.0% 17.4%
0.3%
9.7%
6.4%
3.7%
4.2%
3.3%
0.0%
0.8%

Czech Republic
%LU Weight %en %GHGE
66.9% 302 29.2% 63.1%
45.6% 116 13.5% 35.8%
25.3%
11
0.8%
9.0%
20.6% 105 12.7% 27.0%
16.3%
81
10.5% 22.2%
4.3%
24
2.2%
4.8%
0.3%
14
1.1%
3.1%
1.5%
14
1.0%
0.6%
17.2% 143
7.5% 13.1%
10.5% 120
4.4%
6.2%
6.7%
23
3.1%
6.9%
2.4%
16
6.2% 10.5%
24.7% 605 61.7% 20.8%
4.5%
16
6.5%
1.4%
12.7% 243 38.5% 9.7%
1.2%
95
1.3%
3.9%
1.6%
117
3.8%
2.0%
0.6%
78
3.8%
1.1%
0.4%
8
1.1%
0.1%
0.4%
3
0.8%
0.1%
1.7%
17
3.4%
0.6%
0.2%
12
1.2%
1.5%
1.4%
15
1.3%
0.3%
8.4% 1443 9.1% 16.1%
4.4%
566
0.8%
8.3%
2.0%
273
5.9%
3.3%
2.0%
111
2.4%
1.9%
0.0%
493
0.0%
2.7%

Italy
%LU Weight %en %GHGE
65.7% 339 26.7% 69.2%
45.4%
91
9.4% 37.0%
10.6%
46
2.3% 32.2%
33.5%
63
6.2% 14.1%
27.2%
44
4.2% 10.7%
6.3%
19
2.0%
3.4%
0.5%
40
2.1%
9.2%
1.4%
19
1.3%
0.8%
9.8%
186 12.8% 20.4%
4.5%
132
4.7%
6.1%
5.3%
54
8.1% 14.3%
8.6%
3
1.0%
1.8%
28.3% 914 69.3% 23.1%
4.0%
35
15.7% 2.6%
17.5% 349 38.2% 10.0%
0.6%
231
2.5%
5.5%
1.0%
190
4.7%
2.4%
0.8%
45
2.1%
0.5%
0.3%
30
0.7%
0.5%
0.5%
1
0.3%
0.0%
0.7%
19
3.7%
0.4%
2.1%
8
1.0%
1.0%
0.8%
6
0.4%
0.1%
6.1%
963
4.0%
7.8%
2.2%
140
0.3%
2.1%
2.8%
94
3.0%
2.0%
1.1%
52
0.7%
0.9%
0.0%
678
0.0%
2.7%

France
%LU Weight %en %GHGE
68.5% 438 36.6% 68.5%
48.9% 130 13.7% 38.4%
42.5%
45
4.5% 23.8%
17.3%
85
9.2% 14.3%
12.9%
52
6.0%
9.8%
4.4%
33
3.2%
4.5%
0.9%
34
2.5%
6.9%
1.8%
17
1.1%
0.6%
15.6% 244 14.7% 15.9%
4.5%
208
8.4%
7.3%
11.2%
36
6.3%
8.5%
1.4%
13
4.6%
6.7%
29.1% 732 55.7% 19.9%
7.7%
22
9.3%
1.7%
15.1% 254 31.1% 10.5%
1.5%
183
2.6%
3.7%
1.5%
148
5.2%
1.9%
0.3%
66
2.7%
0.6%
0.9%
16
0.7%
0.2%
0.1%
2
0.5%
0.1%
0.5%
14
2.8%
0.2%
1.1%
9
0.1%
1.0%
0.3%
17
0.8%
0.1%
2.4% 1673 7.7% 11.5%
1.1%
457
1.0%
5.8%
0.8%
105
3.8%
2.0%
0.5%
133
2.9%
1.7%
0.0%
978
0.0%
2.1%

%LU
71.9%
51.9%
33.1%
19.1%
13.1%
6.0%
1.1%
1.3%
12.2%
5.3%
6.9%
5.4%
23.4%
4.2%
13.6%
1.6%
1.0%
0.4%
0.4%
0.2%
0.2%
1.4%
0.3%
4.7%
2.9%
0.8%
1.0%
0.0%

Table 4 Contribution of the different food groups in daily diet weight per 2,000 kcal and in percent contribution to energy intake and environmental
impact for four European countries, and the variability in diet composition explained by country.
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%en
13.3%
6.2%
9.2%
9.7%
8.5%
2.2%
2.9%
0.3%
12.8%
11.3%
10.1%
23.7%
16.8%
29.0%
14.9%
6.0%
5.4%
6.9%
1.5%
1.2%
11.9%
4.4%
6.0%
9.8%
3.5%
4.3%
7.9%
0.3%

GHGE/ 2,000kcal
11.8%
4.5%
9.6%
6.9%
9.4%
2.0%
4.8%
0.7%
11.3%
16.2%
9.0%
20.9%
6.3%
14.5%
5.6%
2.4%
2.0%
4.4%
2.8%
0.6%
14.4%
1.9%
7.8%
14.9%
14.0%
2.4%
6.7%
5.7%

Between country variation
LU/ 2,000kcal
7.9%
4.9%
9.6%
6.7%
9.4%
2.0%
2.2%
0.6%
11.2%
16.2%
9.2%
21.0%
4.2%
21.0%
2.9%
5.6%
3.9%
2.8%
1.6%
0.9%
15.5%
2.3%
7.9%
20.0%
12.6%
8.0%
7.1%
n.a.

Between-country variation in diet composition was obtained from the null model of the multilevel analyses with random intercept for country only and using densities of the
different food groups, i.e. for each food group weight (gram per 2,000 kcal), energy (per 100 kcal, i.e. percentage of energy contributed by the food group) and diet-related GHGE
and LU both per 2,000 kcal, as outcome variable. b Ruminant meat includes meat from beef, goat, sheep, deer, etc. c Dairy excludes butter d Animal fat includes butter and lard
e Plant fat includes vegetables oils and margarines

a

Animal-sourced foods
Meat products
Ruminants b
Non-ruminants
Pork, etc.
Poultry
Fish
Eggs
Dairy products c
Milk products
Cheese
Animal fat d
Plant-sourced foods
Plant fat e
Grain products
Vegetables
Fruit
Potatoes
Legumes
Nuts and seeds
Sugar and sweets
Composite dishes
Miscellaneous
Beverages, excl. milk
Coffee and tea
Alcoholic beverages
Sweet beverages
Drinking water

Weight
14.2%
4.8%
9.6%
5.8%
8.5%
2.0%
5.5%
0.5%
15.4%
15.9%
9.7%
23.8%
15.9%
21.6%
20.3%
11.1%
3.5%
4.3%
2.6%
0.8%
9.3%
2.2%
2.1%.
19.9%
18.2%
7.9%
8.3%
7.4%

5

The between-country variation of total LU density was 45%. For the food
groups separately, the between country variation was 8% for animal-sourced
foods, 4% for plant-sourced foods, and 20% for beverages. Food groups with
an observed between-country variation in LU density of at least 10% were
similar as for GHGE, i.e. animal and plant fat (each 21%), milk products, sugar
and sweets (each 16%), and coffee and tea (13%). Food groups with a betweencountry variation in their contribution to total LU of less than 5% were also similar
as for GHGE, and additionally included grain products (4%), but did not include
alcoholic beverages (8%).

Per 2,000 kcal, the percentage of energy from ruminant meat explained most of
the variation in GHGE and LU density, 33% and 54% respectively (results of the
univariate multilevel models not shown). For GHGE, the next food groups were
total meat (12%), grain products (7%), coffee and tea (4.5%), with other food
groups explaining < 2.5%. Apart from ruminant meat, variation in LU density was
explained by total meat (26%), fish and grain products (each 4%), with other
food groups explaining < 2.5% (results of the univariate multilevel models not
shown). In this univariate multilevel model, dairy products explained less than
2% of the GHGE and LU density. We however extended the multivariate
multilevel model with dairy products and with the percentage of milk consumed
as dairy, as the role of dairy products is often debated. Total fat and the
percentage of fat consumed as animal fat were also added to the multivariate
model, as animal and plant fat showed the most between-country variation
(Table 4).
Inclusion of diet composition variables in the multilevel model resulted in
a decrease in the variation in diet-related GHGE and LU densities explained by
country (from 20.5 to 5.9%, and from 13.3 to 4.4%, respectively, Table 5). These
multivariate multilevel analyses of GHGE and LU density with diet composition
showed that meat products and the proportion ruminant to total meat explained
most of the variation in GHGE and LU density, i.e. 11% and 17%, and 19% and
24%, respectively given country, gender, observed energy intake and the other
dietary factors included. Observed energy intake was included to cancel out any
residual confounding by energy intake, and – as expected – had a minor residual
contribution to the observed variation.
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For meat, the environmental impact significantly differed by 39% for
GHGE density (2.08 kgCO2
LU density (3.92 m2

and CZ, meat contributed on averag

-specific

country-specific energy intake. Moreover, the country-specific regression

-specific mean LU density, respectively.

83%

-mix of that country, i.e.
proportion of energy from ruminant to en

holding the proportion ruminant to total meat constant.
rence in the proportion ruminant to total meat, the daily
environmental impact significantly differed by 34% for GHGE density (1.84
kgCO2
m2
-country random
effects, as also seen in Figure 4. This heterogeneity of the country-specific

gr

therefore result in a high
absolute consumption amounts.
For fish products, the daily environmental impact significantly differed by
kgCO2
significantly by 2% for LU density (-0.14 m2
-
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GHGE density
Country (null model) d
Country (full model)
Gender, women vs men
Observed energy intake
Meat products
Fish products
Dairy products
Fats and oils
Grain products
Coffee and tea
Ruminant/total meat
Milk/total dairy
Animal fat/total fat
LU density
Country (null model) d
Country (full model)
Gender, women vs men
Observed energy intake
Meat products
Fish products
Dairy products
Fats and oils
Grain products
Coffee and tea
Ruminant/total meat
Milk/total dairy
Animal fat/ total fat
6.84
6.84
0.01 (-0.02 (3.92
-0.14 (0.69
0.44
0.09 (0.30
3.25
(0.30

13.3%
4.4%
0.0%
0.2%
18.5%
0.2%
0.6%
0.3%
0.1%
0.3%
24.3%
0.1%
0.2%

200kcal
5vs25en%
0vs4en%
5vs25en%
5vs20en%
20vs50en%
100vs1100ml

10vs95%
0vs55%

10vs95%
0vs55%

200kcal
5vs25en%
0vs4en%
5vs25en%
5vs20en%
20vs50en%
100vs1100ml

0.49)

3.65)

0.48)

-0.05)

5.44)

Beta (95%CI)

Fixed regression
coefficients b

5.40
5.40
0.04 (-0.03 (2.08
0.36
0.84
0.14 (-0.26 (0.65
1.84
-0.16 (0.40

Explained
variation
20.5%
5.9%
0.0%
0.5%
11.1%
2.3%
2.1%
0.1%
0.2%
2.6%
16.5%
0.1%
0.8%

Unit e

0.21 (0.43
3.59
-0.24 (0.24 (-

-0.01 (5.21
(-

-0.08 ((3.33
-0.10 (0.23 (-

0.01 (2.55
-0.12 (-

5.81

1.85
-0.13 (0.32

1.82
-0.15 (0.41
6.59

-0.02 (1.36
0.29 (0.84
0.29 (-0.34 (-

4.56
5.30

0.18)

-0.11 (0.30 (3.29
-0.02 (0.33

-0.02 (4.50
-0.22 (-

6.46
6.43

1.85
-0.08 (0.43

-0.03 (2.44
0.56
0.95
0.18 (-0.31 (-

5.05
4.94

Country-specific regression coefficients c
Czech Republic
Italy
Beta (95%CI)
Beta (95%CI)

-0.02 (2.41
0.22 (0.92
-0.03 (-0.18 (-

5.19
4.85

Denmark
Beta (95%CI)

Table 5 Association of diet-related GHGE and LU density (per 2,000 kcal) with diet composition in four European countries a.

-0.33 (0.35

0.28 (0.34 (-

(4.22
-0.14 (-

-

8.49

1.85
-0.26 (0.46

0.66
0.10 (-0.20 (-

-0.06 (2.12

6.80
6.50
-0.01)

France
Beta (95%CI)

e

d

c

b

Unit was based on the mean of quintile 5 minus quintile 1, and for fish based on consumers versus non-

Fixed regression coefficients represent the change in diet-specific regression coefficients were calculated from the fixed regression coefficients corrected for the random effe

Best fitted multilevel model for GHGE and LU densities with the percentage of energy from the food groups as explanatory variables using a random intercept for country and
random slope for the food groups, if necessary, to allow for variation between coun

a

5
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For dairy products, a 20 energy percent difference (about 375g/2,000
kcal) was associated with a significant 16% difference in GHGE density (0.84
kgCO2
2
density
-significant 3%
difference in GHGE density (-0.16 kgCO2
2
a non-significant 2% differ
-

For fats and oils, a 15 energy percent difference (about 35g/2,000 kcal)
was associated with a non-significant 3% difference in GHGE density (0.14
kgCO2
2

in GHGE density (0.40 kgCO2
but significant 4%

2

*

For grain products, a 30 energy percent (about 210g/2,000 kcal)
difference was associated with a significant 5% difference in GHGE density (-0.05) and a non-significant 1%
0.26 kgCO2
2
*year/2,000
countrysignificant.
kgCO2eq/2,000
2
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Left figure shows the observed values, second and third figure the modelled results from the full model.
Dots represent the mean GHGE and LU density for the mean of quintiles on the X-axis, i.e. the percentage of energy from meat, and mean percentage
ruminant of total meat.

Figure 4 Greenhouse gas emissions (GHGE density, in kgCO2eq/2,000kcal) and land use per 2,000 kcal (LU density, in
m2*year/2,000kcal) associated with the diets of men and women in four European countries according to percentage of energy
from meat and percentage ruminant to total meat.

LU (m 2 *year/2,000kcal)
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DISCUSSION
This paper shows the added value of individual level food intake data to study
environmental impact of diets at the detailed level of foods and across subjects,
population (sub)groups and countries. Our analysis of survey data from four
European countries shows that GHGE and LU footprints are proportionally
related to energy intake, i.e. the amount of food consumed, and to diet
composition, i.e. relative consumption quantities and the type of foods chosen
within a food group. Of animal-sourced foods, variation in total meat, and in
particular the proportion of ruminant meat, was the most important, while
variation in fish products, dairy products, and the proportion of animal to total
fats explained hardly any variation in environmental footprints. For plantsourced foods, higher consumption of grains was associated with a reduction in
environmental footprints, but that of coffee and tea with an increase. As
compared to energy intake and dietary choices, the demographic factors age,
gender, educational level and overweight status were of minor importance to
explain environmental impact for a 2,000 kcal diet.
Cross-country comparison of dietary intake data is a challenge as dietary
surveys in the four countries had different survey characteristics and dietary
assessment methods which may have influenced the comparability of the
results. Therefore, we used a common food classification system,
harmonisation of recipe disaggregation, the same number of days, and
standardisation to a 2,000 kcal diet using densities as attempts for dietary data
harmonisation in this study [52]. The number of food items reported reflects a
difference in coding-details and/or range of foods available in that country.
However, this does not influence the results as the product-specific footprint
values were based on similarities in primary product, type of food, production
system and ingredient composition. Intra-class correlation coefficients for the
two assessment days of dietary survey ranged from 0.26 (IT) to 0.51 (FR) for
reported energy intake, from 0.16 (DK) to 0.31 (CZ/FR) for daily GHGE, and
from 0.14 (DK) to 0.35 (CZ) for daily LU, hereby indicating no clear influence of
the different dietary assessment methods regarding the time span between the
two days included. Removing the within-subject variation using the NCI-method
resulted – as expected – in a higher variation explained by country (Table 1, 2,
and 3) than when using the average of observed values of GHGE and LU
density (Table 5).
Reported energy intake varied much more than estimated energy
requirement, which is in line with poor reliability of estimating energy intake [53,
54] and known differences between dietary assessment methods [55]. Relative
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estimates of calculated nutrient intakes are however known to perform better
[49]. Therefore, we expressed the diet-related GHGE and LU as densities
(standardised to a 2,000 kcal diet), and we also expressed the food groups
relative to energy by expressing them as energy percentages. This allows to
study potential reduction in GHGE and LU by changing diet composition,
independently of total energy intake.
Our mean estimate of diet-related GHGE ranged from 5.2 to 6.0
kgCO2eq/d for the four European countries, which is 17% higher than those
previously reported for DK (4.6 kgCO2eq/d) [56], 53% higher for IT (3.4
kgCO2eq/d) [14], and 46% higher for FR (4.1 kgCO2eq/d) [12]. Such a direct
comparison of daily footprints to other studies is, however, hampered because
of differences in the underlying LCA-methodology. First, we used the same
standardised method to derive GHGE and LU values in all countries, but they
may differ between countries because of intensive versus extensive animal
production systems, greenhouse versus open-field (animal feed, crop growth
methods), supply chain (use of side products, domestic versus foreign
production, modes and distances of transportation, packaging and preparation
methods), food losses and waste, etc. [18]. The choices related to the inventory
data used, including system boundaries and management practices, and to
transport distances and modes, food packaging and food preparation, are key
to explain the inherent relevant variability in food-item LCA data [19]. Yet, the
greatest environmental burden in food production originates for most food items
from the primary production phase, i.e. the agricultural phase that involves all
activities related to crop production and animal breeding, and this burden is
highly related to management practices, spatial and temporal circumstances
[57]. Conventional management practices were only captured in the present
study, however they do not necessarily underperform organic practices [58-60].
Accounting for eating seasonal, for example, is expected to lower footprints of
plant production, but reduction potentials are only minor on an absolute scale
[61]. Second, our higher estimates could result from using the same primary
product but different methods to derive product-specific footprint values at a
detailed level, e.g. by the use of other standards for production and conversion
factors to adjust for foods as eaten. Yet, the contribution of food groups for daily
footprints ranked similarly as in previous studies [11, 12, 14, 56], which is in line
with the assumption that diet composition can be assessed more robustly than
daily footprints. Thus, our analysis precludes comparison of national food supply
systems, however it allows for direct comparison of dietary patterns, as
differences in national environmental footprints of the diets exclusively originate
from energy intake and diet composition. Further work is required to understand
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the variation originating from the nationally different agricultural systems. In
particular, standardised refinement of LCA values to national food systems [19]
and addition of e.g. fresh water use, nitrogen and phosphorus flows, biodiversity
loss and land-system change to our SHARP-ID, would give a more balanced
picture of environmental footprints in different countries.
Reducing energy intake and modifying dietary choices are the corner
stones of public health policies. A reduction in energy intake, in particular
tackling overconsumption, is needed to improve health [62]. A prolonged pattern
of overconsumption leads to a positive energy balance, hence a higher body
weight that in turn results in a higher energy requirement. When overweight
subjects would re-match their energy intake with an energy requirement for a
10-15% lower body weight, they could lower their energy intake by on average
6-9% (150 - 230 kcal), and thereby decrease their daily GHGE and LU up to 69%. A similar reduction would be obtained when the total population would
reduce their average energy intake by 200 kcal, as shown in Table 2. Because
of the positive relationship between reported energy intake and environmental
impact (Figure 2), and no clear relationship with the densities (per 2,000 kcal,
Figure 3), our results suggest that lowering energy intake without changing diet
composition, i.e. proportionally lowering intake from each food group, would be
one strategy for reducing GHGE and LU of the daily diet. This is conceptually in
line with strategies that target to reduce portion sizes [63].
In addition to lowering body weight and energy requirements,
environmental impact of the diet can be reduced by modifying diet composition,
i.e. by iso-caloric substitution that underlies diet modelling studies that keep
energy intake constant [64]. In line with literature [65], our results show that dairy
products contribute substantially less to the variation in environmental footprints
than meat products. This suggests that dairy products can be part of an
environmentally-friendly diet, and that reducing meat products has by far the
largest potential for reducing the environmental impact of the diet, as often
applied in theoretical replacement scenarios [7, 10]. A reduction of 5 energy
percent in meat intake, i.e. corresponding to match food-based dietary
guidelines for meat (71 g/day), with an iso-caloric increase in grain products
decreased GHGE density and LU density by 10% and 15%, respectively. This
reduction in meat consumption is however highly related to the origin of meat
products chosen, as the regression coefficient for the proportion of ruminant
meat to total meat is nearly as large as that for total meat.
Moreover, our results on current dietary practices in the four European
countries suggests that other small, but feasible, efforts to reduce daily footprints
are related to changes within a food group. For example, in a theoretical
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replacement scenario, replacing all animal fat by plant fat would on a population
level have the largest reduction potential in CZ (9% and 5% for GHGE and LU
decrease in DK and IT where their current mean intake of animal fat was low
(Table 4). Replacing two cups of coffee or tea by tap water will decrease GHGE
and LU density by on average 6 and 2%. A caveat to such replacements is
however that they are based on attributional LCAs, describing the potential
impact of diet composition on GHGE and LU under the current architecture of
the food system, probably applicable for 10-25 years depending on changes in
food markets [40]. Thus, to assess long term impact of dietary changes,
theoretical replacement scenarios should be evaluated using consequential
LCA or food systems models, that account for potential changes in
environmental flows resulting from adaptation of the food system, i.e.
production, processing, waste streams, and consumers’ demand [66]. Recent
studies demonstrate, for example, that diets containing a small amount of animal
products from livestock raised under a circular economy concept, would use
less arable land compared to a vegan diet [67]. In this food systems study,
livestock is not fed with human-edible biomass, such as grains, but convert
leftovers from arable land and grass resources into food, something which is not
accounted for in LCA that are based on current food production systems.
Lowering footprints via dietary changes is likely to influence nutritional
quality of the diet. Our analyses quantified food intakes as contributions to
energy. Among the plant-sourced foods, fruit, vegetables, potatoes, legumes,
and nuts and seeds did not appear as relevant predictors of environmental
footprints, because of their low observed energy contribution and low GHGE
and LU values. This implies that increasing these food groups, as recommended
by food-based dietary guidelines [68], would improve nutritional quality of the
diet without substantially compromising environmental sustainability. Including
these food groups in our multivariate multilevel analyses on diet composition
enabled us to simulate influences of dietary shifts, like an x% replacement of
energy from meat either by grains or by fruit, vegetables, legumes and nuts. In
our analyses, a replacement of 50% (i.e. 6 energy percent of meat) was
predicted to decrease environmental footprints by 12% for GHGE and 16% for
LU, with minor improvements in nutritional quality, i.e. an increase of 1% in the
nutrient density of the diet as quantified by the Nutrient Rich Diet 15.3 score
(NRD15.3)
using fruit, vegetables, legumes and nuts as replacement instead of grain
products (Supplementary Table 2). Moreover, simulating more rigorous
changes in diet composition, e.g. by using the healthy reference diet proposed
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by the EAT-Lancet Commission [4], predicted a substantial 26% decrease in
environmental footprints and 12% increase in NRD15.3. A more detailed
analyses of nutritional quality is however warranted, as summary indicators fail
to point out specific nutrient improvements and/or deficiencies. In our data,
simple replacements of meat by fruit, vegetables, legumes and nuts and in
particular the reference diet alleviated the nutritional inadequacy of fibre,
potassium, magnesium and vitamin E, whereas for nutrients vitamin B2 and
vitamin B12 substantial decreases were observed, of which the latter might
become a nutrient of concern, in particular in the EAT-lancet reference diet.
Thus, strategies that target environmental impact by shifts in diet composition
need to focus on an increase in nutrient-dense foods, like fruit, vegetables,
legumes and nuts and seeds, while decreasing animal-sourced foods but not
eliminating them.
In our analyses of environmental footprints of the diet, demographic
subgroups did not explain appreciable variation once energy and country were
taken into account. In line with our earlier paper on dietary quality [52], we
observed that the contributions of food groups to GHGE and LU did vary across
population subgroups (Figure 3, Table 4). Higher intakes of fruit and vegetables,
along with lower intakes of red and processed meat, were observed among
women and subjects with a higher educational level. Diet composition is
however influenced by much more determinants than only demographics
factors, as outlined in the Determinants Of Nutrition and Eating (DONE)
framework that mapped a total 441 determinants of food choice, eating
behaviours and dietary intake in the individual and interpersonal domain, and in
the food environmental and policy domain [69]. Moreover, a recent report from
the SUSFANS project showed that willingness to change meat consumption as
a way of improving environmentally-friendliness of the diet highly depends on
consumers’ psychographics (e.g.: knowledge, attitude, social and personal
norms, perceived effectiveness), next to consumers’ demographics [70].
Although long-term trends in food consumption show that major dietary changes
have occurred in Europe, food policy measures towards a more
environmentally-friendly diet should also account for consumers’ attitude and
provide options that are incremental to national diets, affordable and widely
accessible.
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CONCLUSION
In conclusion, observed variation in daily footprints of consumers’ diets was
mainly explained by the amount of energy consumed, which suggests that
fighting obesity and reducing environmental footprints could go hand in hand.
Once energy intake was accounted for, of our set of demographics, only country
explained variation in footprints, which could not be unravelled into
characteristics of the national food supply chains due to limitations of our
standardised database of GHGE and LU values. Contributions of food groups
to footprints however varied between countries, suggesting that the national
food system is a likely determinant of dietary choices of consumers. Once
country and reported energy intake were accounted for, total meat – especially
ruminant meat –, explained most of the variation in environmental footprints,
while variation by other animal-sourced foods, such as fish, dairy products and
animal fats, were less prominent.
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GHGE density and 40.3% of the variation in LU density. Grand mean for all four countries was 5.24 (SD 1.11) kgCO 2eq/2,000kcal for GHGE density and 6.66 (SD 1.41)
m2*year/2,000kcal for LU density. b Fixed regression coefficients represents the difference in diet-related GHGE or LU density for women and per 200kcal increase in energy
intake. c Country-specific regression coefficients were calculated from the fixed regression coefficients corrected for the random country effect, i.e. the additional difference in
daily GHGE or LU due to country. d Obtained from multilevel model with random intercept for country only.
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Supplementary Table 1 Usual GHGE and LU densities (per 2,000kcal) as related to usual reported energy intake a.
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Environmental impact was evaluated using the current impact as reference. Nutritional health impact was evaluated using percentage daily values for nutrients to encourage
and percentage maximum recommended values for nutrients to limit. Daily nutrient intakes were averaged for the four European countries, reference values of EFSA were used,
i.e. Average Requirement (AR) and Adequate Intake if AR cannot be set, and maximum references values of World Health Organisation.
b
Calculations were based on predicted values using the regression model for the association with dietary quality as specified under Table 5 extended by food groups as mentioned
by the EAT-LANCET commission [1], such as potatoes, vegetables, fruit, eggs, legumes, nuts, and sugars, i.e. the sum of sugar and sweets and sweet beverages, and using
observed values in this regression model for the current scenario, i.e. 33.8%energy from total grains, 3.2%energy from potatoes, 2.3%energy from vegetables, 5.2%energy from
fruits, 12.6%energy from dairy with a proportion milk to total dairy of 52.7%, 11.8%energy from meat with a proportion ruminant to total meat of 24.6%, 1.1%energy from eggs,
1.8%energy from fish, 0.7%energy from legumes, 0.6%energy from nuts, 13.5%energy from fats and oils with a proportion animal fat to total fat of 24.6%, and 6.5%energy from
sugars that included sugar and sweets and sweet beverages. These food groups covered 93.1% of the total energy intake, as the consumption of the food groups alcoholic
beverages (4.6%energy), miscellaneous (1.6%energy) and composite dishes (0.6%energy) were excluded.
c In the meat replacement scenarios, we modelled that energy from total meat were reduced by x% and replaced by grains or by fruit, vegetables, legumes and nuts and seeds.
d For the EAT-LANCET healthy diet, we modelled 32.4%energy from total grains, 1.6%energy from potatoes, 3.1%energy from vegetables, 5.0%energy from fruits, 6.1%energy
from dairy, 3.7%energy from meat including beef, lamb, pork and poultry with a proportion ruminant to total meat of 16%, 0.8%energy from eggs, 1.6%energy from fish,
11.3%energy from legumes, 11.6%energy from nuts, 17.9%energy from fats and oils with a proportion animal fat to total fat of 21%, and 4.8%energy from sugars that included
sugar and sweets and sweet beverages [1].
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Supplementary Table 2 Evaluation of the environmental and the nutritional health impact under the current scenario and under more
environmentally sustainable scenarios for the four European countries under study ab.
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NRD was based on the principles of the Nutrient Rich Food Index, NRF [2, 3], that is the unweighted sum of percentage daily references values (DRVs) for nutrients to encourage
minus the sum of percentage maximum recommended values (MRV) for nutrients to limit, calculated per 100 kcal and capped at 100%DRV. We expressed nutrient intakes
relative to a daily energy intake of 2,500 kcal for men and of 2,000 kcal for women to obtain a daily nutrient density score. NRD9.3 included nine nutrients for which intake should
be promoted (protein, dietary fibre, calcium, iron, potassium, magnesium, vitamin A, C and E) and three nutrients for which intake should be limited (saturated fatty acids, added
sugar and sodium), while NRD15.3 additionally included mono-unsaturated fatty acids, zinc, vitamin D and B-vitamin B1, B2, B12 and folate, but excluded magnesium. DRVs are
defined using reference values from European Federation of Safety Authority (EFSA) [4], i.e. average requirement (AR) and adequate intake (AI) if AR cannot be set, and MRVs
using references values of World Health Organisation [5, 6] and Food and Agriculture Organisation [7]. The final score resulted in an overall theoretical score range from 0
(minimal adequacy) to 900 or 1500, respectively (maximal adequacy).
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ABSTRACT
To initiate the achievement of an European-wide applicable public database for
indicators of environmental sustainability of the diet, we developed the SHARP
Indicators Database (SHARP-ID). A comprehensive description of the
development of the SHARP-ID is provided in this article. In the SHARP-ID,
environmental impact assessment was based on attributional life cycle analyses
using environmental indicators greenhouse gas emission (GHGE) and land use
(LU). Life cycle inventory data of 182 primary products were combined with data
on production, trade and transport, and adjusted for consumption amount using
conversions factors for production, edible portion, cooking losses and gains, and
for food losses and waste in order to derive estimates of GHGE and LU for the
foods as eaten. Extrapolations based on similarities in type of food, production
system and ingredient composition were made to obtain estimates of GHGE and
LU per kg of food as eaten for 944 food items coded with a unique FoodEx2code of EFSA and consumed in four European countries, i.e. Denmark, Czech
Republic, Italy and France. This LCA-food-item database can be linked to food
intake data collected at the individual level in order to calculate the
environmental impact of individual’s diets. The application of this database to
European survey data is described in an original research article entitled
“Dietary choices and environmental impact in four European countries” [1].
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SPECIFICATIONS TABLE
Subject area

Nutrition sciences

More specific subject area Diet-related environmental sustainability
Type of data

Figures and tables

How data was acquired

Raw data on the environmental impact of all the food’s
life cycle stages were extracted from existing public
databases and from recent publications.
Life cycle inventory data of Agri-footprint and Ecoinvent
were accessed using the software program SimaPro
(Multi-user version 8.4.0.0).
Raw data on the environmental impact of all the food’s
life cycle stages were compiled to calculate
environmental impact of the food as consumed using
Microsoft Excel.

Data format

Raw processed and analysed data, descriptive
statistics
The raw data are available on a data repository.

Experimental factors

Data taken from published sources were processed to
provide estimates of GHGE and LU for assessing the
environmental impact of an individual diet.

Experimental features
were based on published data.
Data source location

Foods included in the SHARP-ID were based on the
reported food intake of the four European countries
included in the SUSFANS project, i.e. Denmark, Czech
Republic, Italy and France, resulting in a list of 944
food items coded with a unique FoodEx2-code.

Data accessibility

Estimates of environmental impact for a food, as coded
by the FoodEx2, are available on a data repository with
the following doi https://doi.org/10.17026/dans-xvhx9wz. The associated file that includes all the
calculations is available upon request for scientific
applications. Contact point for further use is prof Pieter
van ‘t Veer at the Division of Human Nutrition and
Health, Wageningen University
(pieter.vantveer@wur.nl). Reproduction and translation
for non-commercial purposes are authorised, provided
the source is acknowledged and the publisher is given
prior notice and sent a copy.
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VALUE OF THE DATA
The data serve to quantify the environmental impact of the diet in the
consumer domain using highly-disaggregated food consumption data
collected at the individual level. Using this consumption-oriented
approach allows studying environmental impact of the diet with other dietrelated aspects, like dietary quality, food preferences, food affordability,
etc.
The data permit comparisons of environmental impact of individual’s diets
within and between populations, if using comparable dietary assessment
methods.
The data provide a basis for new research undertakings that are directed
to broadening the understanding of the interrelationships between
environment, food, and health.

DATA
The SHARP-Indicators Database (SHARP-ID) presented here constitute the
basis for quantifying the environmental impact of an individual’s diet. This
database provides for each single food item an estimate on greenhouse gas
emissions (GHGE) and land use (LU) per kg of food as eaten. Food items
included in the SHARP-ID were based on the reported food intake of the four
European countries included in the SUSFANS project [2], i.e. Denmark, Czech
Republic, Italy and France. Intake data of these four countries were coded using
FoodEx2 Exposure Hierarchy of the European Food Safety Authority (EFSA) [3,
4], resulting in a list of 944 food items coded with a unique FoodEx2-code for
which environmental footprint of the food product’s life cycle was assessed
using attributional life cycle analyses (LCA). Table 1 shows the summary
descriptive statistics of GHGE (in kgCO2eq/kg food as eaten) and LU (in
m2*year/kg food as eaten) for different food groups. Starting from life cycle
inventory data on primary products, estimates were obtained for GHGE and LU
per kg of food as eaten by using appropriate conversions factors to reflect
amount as consumed and including impacts from packaging, transport and
home preparation. Life cycle inventory data were retrieved from Agri-Footprint
2.0 [5, 6] , Ecoinvent 3.3 [7], CAPRI [8], and supplemented by recent literature
and technical reports (Figure 1 and Table 2). Impacts of composite foods were
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estimated using the ingredients/primary products that make up the foods using
recipes from the Dutch food composition table [9] or the first hit on internet.
Conversion factors for production were taken from Bowman [10, 11] and FAO
[12], for edible part and for weight gain or losses during preparation from Bognar
[13] and the Health Council of Belgium [14], and for food losses and waste from
Broekema and Kuling, as documented in [15]. Impacts from packaging were
retrieved from Ecoinvent 3.3 [7], using the most common packaging format, as
reported by [16] (Table 3). Impacts from transport were retrieved from RVO [17],
using information on trade and transport from FAOstat, BACI World Trade
Database, GTAP and Geodis. Impacts from home preparation in energy use
(MJ) were based on Foster [18] and Carlsson-Kanyama [19] (Table 4), and
recalculated into GHGE (CO2eq) using the methods of H Mombarg and A Kool
[20].

5
Table 1 Average GHGE (in kgCO2/kg food as eaten) and average LU (in m2*year/kg food as
eaten) for 17 food groups according to level 1 of the FoodEx2 Exposure Hierarchy. Values are
means with their standard deviations.
Food groups according to level 1
of the FoodEx2 Exposure Hierarchy

Number of
food items

GHGE

LU

Mean (SD)

Mean (SD)
5.8 (6.0)

Grains and grain-based products

139

3.9 (5.9)

Vegetable and vegetable products

109

1.8 (3.7)

0.8 (1.9)

Starchy root or tubers and products

14

0.8 (0.4)

0.8 (0.6)

Legumes, nuts and oilseeds

43

2.1 (1.9)

7.9 (13.6)

Fruit and fruit products

90

0.9 (0.6)

0.8 (0.7)

Meat and meat products

113

17.1 (9.5)

28.5 (17.4)

Fish and fish products

96

15.2 (16.7)

2.1 (4.3)

Milk and dairy products

111

11.5 (6.6)

11.5 (7.0)

Eggs and egg products

13

5.3 (5.3)

16.1 (17.0)

Sugar and confectionary

30

2.6 (2.7)

3.7 (3.6)

Animal and vegetable fats and oils

29

7.1 (9.1)

16.9 (13.8

Fruit and vegetable juices

27

1.2 (0.5)

1.0 (0.9)

Water and water-based beverages

27

0.4 (0.1)

0.3 (0.2)

Alcoholic beverages

33

1.1 (0.3)

0.7 (0.2)

Coffee, cocoa, tea

30

1.5 (3.4)

1.6 (4.7)

Composite dishes

20

4.8 (2.5)

7.5 (4.2)

Miscellaneous

20

2.2 (1.2)

6.3 (6.9)
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EXPERIMENTAL DESIGN, MATERIALS, AND METHODS

Life cycle inventory data of Agri-Footprint 2.0 [5, 6], Ecoinvent 3.3 [7] and CAPRI
[8] were used as an input for the SHARP-ID and provided information on
greenhouse gas emissions (GHGE) and land use (LU) of primary food products,
i.e. environmental impacts until the farm gate. GHGE was expressed in kilogram
CO2equivalents (kgCO2eq) per kg primary product, with 1 kgCH4 equal to 25
kgCO2, and 1 kgN2O equal to 298 kgCO2 (IPCC 2007). LU was expressed in
m2*year per kg primary product, and was calculated as 10000/yield. With
SimaPro (Multi-user version 8.4.0.0), life cycle inventory data of Agri-footprint
and Ecoinvent were accessed. Agri-footprint was used as a first data source,
and was where needed supplemented by Ecoinvent and other data sources. For
livestock products, i.e. all meat, milk and egg products, we used data from
CAPRI, as these data cover an European average for these animal-sourced
foods. Relevant recent literature and technical reports were used to fill data
gaps, for example for fish products. For the FoodEx2-codes where no primary
product data were available, extrapolations were made based similarities in
cultivation and production method, and the producing country. Impacts between
products and co-products were based on economic allocation for all foods,
except for animal-sourced foods where nitrogen allocation was used because
the nitrogen content serves as an indicator of the physical and causal
relationship between products and emissions [8].
For composite foods, a break-down into their ingredients is needed before
linking these to their corresponding primary products. Food items consisting of
two or more primary products, for example grain-based products like bread,
cookies and cakes, composite dishes like pizza, hamburger, goulash, soups and
salads, and milk desserts like pudding and milkshake, etc. are regarded as a
hether they are prepared at home or
manufactured. To calculate the environmental impact of a composite food,
recipes taken from the Dutch food composition table [9] or the first hit on internet
were used to break-down composite foods into its ingredients. Using the mass
balance and the environmental impact of the ingredients, a weighted impact of
the composite dish was calculated. In total, we used 42 different recipes, and a
recipe was also used as a proxy for composite foods with comparable ingredient
composition. All recipes for composite foods were assumed to be homogenous
across Europe.
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Figure 1 shows the process of mapping food to primary products from
different life cycle inventory data sources, and table 2 shows for each food group
of the FoodEx2-classification (at Level 1) their corresponding life cycle inventory
data source used for quantifying environmental impact.

Direct mapping to primary products:
Agri-footprint 2.0 (2015):
142 FoodEx2Ecoinvent 3.3 (2016):
105 FoodEx2CAPRI (Weiss & Leip (2012)):
198 FoodEx2Other LCA publications:
68 FoodEx2Direct mapping to primary products using recipes: 81 FoodEx2-codes

5

Proxy value for primary products:
Agri-footprint 2.0 (2015):
Ecoinvent 3.3 (2016):
CAPRI (Weiss & Leip (2012)):
Other LCA publications:
Proxy value for recipes:

73 FoodEx284 FoodEx230 FoodEx265 FoodEx298 FoodEx2-codes

Figure 1 Mapping foods to primary products from different life cycle inventory data sources.
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Table 2 Food groups of the foodEx2-classification (at Level 1) and their corresponding life
cycle inventory data source used for quantifying environmental impact.
Level 1 food groups of the
FoodEx2-classification
system

Number of foods
Total

via
direct
mapping

via
proxy

via
recipes

via
proxy
recipes

Grains and grain-based
products

137

48

9

25

55

Agri-footprint

Vegetable and vegetable
products

109

44

65

-

-

Agri-footprint,
Ecoinvent

Starch roots or tubers and
products thereof

9

9

-

-

-

Agri-footprint

Legumes, nuts and oilseeds

42

25

17

-

-

Agri-footprint,
Other publications

Fruit and fruit products

90

35

45

8

2

Ecoinvent

Meat and meat products

107

81

26

-

-

CAPRI,
Other publications

Main data sources

Fish and fish products

93

41

52

-

-

Other publications

Milk and dairy products

110

102

3

3

2

CAPRI,
Other publications

Eggs and egg products

12

12

-

-

-

CAPRI,
Other publications

Sugar and confectionary

30

7

10

6

7

Agri-footprint

Animal and vegetables fats

29

17

6

2

4

Agri-footprint,
Ecoinvent,
CAPRI

Fruit and vegetable juices

27

13

14

-

Ecoinvent,
Agri-footprint

Water and water-based
beverages

27

9

1

17

-

Agri-footprint

Alcoholic beverages

34

21

-

1

12

Agri-footprint,
Ecoinvent

Coffee, cocoa, tea

30

27

-

3

-

Ecoinvent,
Agri-footprint,
Other publications

Composite dishes

38

10

2

13

13

Agri-footprint,
CAPRI,
Other publications

Miscellaneous, including
food products for young
population, non-standard
diets, seasoning and sauces

20

13

1

3

3

Ecoinvent,
Agri-footprint
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Conversion factors to reflect amount as consumed
To calculate the environmental impact for foods as consumed, we applied
conversion factors for production, for edible part, for weight gain or losses during
preparation, and for food losses and waste at production and at consumption
phase.
A production factor was applied for primary products that undergo further
production processing to extend shelf life, to render palatability, edibility, safety,
etc. Examples of this kind of products are wheat that is milled into flour, grapes
that are dried to render raisins, fruits that are squeezed to render fruit juice. This
kind of processing results in a mass change of the primary product (the
production amount is not the same as the amount of retail), hence the need for
a production factor. This production factor
magnitude depending on the primary product and its undergoing production
process. Production factors, as documented by Bowman [10], were applied to
herby only accounting for mass differences [11]. Technical production factors
for products derived from milk, such as cream, cheese and butter, were taken
from FAO [12]
vary between countries, as these are highly dependent on the composition of
the raw milk, for example cheese yield is related to casein and fat content of the
milk. None of the production factors accounted for water and energy consumed,
however the latter was taken into account in a later stage by adding preparation
at home to the GHGE of that food item.
Conversion factors for consumption refuse (e.g.: skin, peel, core, pits,
trimming), weight losses and gains during preparation were applied for products
where the amount bought at retail differs from the amount of consumed.
Examples of this kind of conversion factors are the adjustment of bananas for
its peel (using a factor for edible portion), cooked vegetables for their raw
amount (using a factor for weight loss during cooking), cooked rice for
uncooked rice (using a factor for weight gain during cooking). Conversion factors
were taken from Bognar [13] and from the Health Council of Belgium [14]. For
processed foods, these kind of conversion factors were already included in the
production factor.
Percentage of food losses and waste, estimated by Broekema et al.
(2015) and Kuling et al. (2015), as documented in [15], were applied to further
adjust consumption amount to production amount. Food losses included losses
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during storage, processing, packaging and transport, and losses at the
supermarket and at home (i.e. losses of the edible parts of the food, i.e. waste).
Percentage of food losses were estimated at the level of food groups, and food
groups not included were assumed to have an average food loss percentage.
Environmental impact of packaging
For the packaging of food products, we included primary packaging (Table 3),
but excluded secondary and tertiary packaging, such as carton boxes and
pallets. The main reason for only including primary packaging was that this has
the highest impact on the environment. Data on packaging were retrieved from
m, as
reported by [16].
Table 3. Packaging and their associated foods.
Packaging material

Foods

Average of glass bottle and can (for 0.3L drinks)

Beer

Average of glass bottle and can (for 0.3L drinks), and
PET bottle (for 1L drinks)

Soft drinks, fruit juices and water

Glass bottle (for 150g jam)

Jam, peanut butter, chestnut puree, honey

Average of glass bottle (for 500g dressing) and
HDPE container (for 1L ketchup)

All kind of sauces, dressing and syrups

Average of HDPE container and glass bottle (for
500mL oil)

Oils

Glass bottle (for 500mL oil)

All kind of alcoholic beverages other than beer

PE bag (for 500g of pasta)

Pasta, rice, bread, coffee, tea, milk powder

PP bag (for 400g of cereals)

Cornflakes, candies

Drink carton (for 1L milk)

Milk, plant-based alternative for milk

HDPE container (for 1L ice cream)

Ice cream, sorbet, composite dishes like
soups, goulash

HDPE container(for 400g margarine)

Margarine, spreadable cheese, composite
salad dishes

PS container (for 2dL yoghurt)

Yoghurt, quark, dairy desserts, soft cheeses

PS container (for 500g meat)

Meat, fish, tofu, hard cheese, nuts

Pulp tray (for 10 eggs)

Eggs, composite pizza-like dishes like

PS bag (for fruit, vegetables, potatoes)

Fruit, vegetables, potatoes

Average of aluminium and tin can (for 500g food)

Canned fruit and vegetables

Average of aluminium and tin can (for 150g food)

Canned meat and fish, condensed milk

Abbreviations: PET, PolyEthylene Terephthalate, HDPE, High-
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Environmental Impact of transport
Trade and transport data were obtained from FAOstat, BACI World Trade

land). Distances between trading countries were obtained from Geodist.

RVO [17].
assumed for all dair

5

Environmental impact of food preparation
[18]
on Carlsson-Kanyama [19]
, and

2

ages, animal and

alternat
tomato sauce, confectionary and water-based
-
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Table 4. Environmental impact of home preparation.
Way of home preparation

Foods

Boiling water

Coffee, tea, cocoa beverages

Boiling potatoes

Potatoes, soups, grains, vegetables, jams and juices, legumes, puddings

Frying

Fried dishes

Microwaving

Oat porridge

Oven baking

Bread products and cookies, dried eggs and dried vegetables

Roasting

Meat and fish products

ID
For each FoodEx2-code, total GHGE and LU per kg of food as eaten were
calculated using the following formula, respectively:
GHGE = GHGE at farm gate x production factor x (1/edible factor) x
(1/shrinkage, swelling factor) x (1/losses, waste factor) + packaging + transport
+ preparation at home
LU = LU at farm gate x production factor x (1/edible factor) x (1/shrinkage,
swelling factor) x (1/losses, waste factor)
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PART III

Identification of dietary
improvement options for European
consumers that integrate health,
environmental sustainability and
dietary preferences

CHAPTER 6

A brief introduction to the
benchmark diet model

Elly Mertens
Argyris Kanellopoulos
Anneleen Kuijsten
Marianne Geleijnse
Pieter van ’t Veer

RATIONALE
Composing healthy diets is quite complex, as each food has a different mixture
of nutrients, non-nutrients and bio-actives, but also differently affects noncommunicable disease risk. Current dietary practices fail to meet guidelines for
a healthy diet, hereby contributing to the triple burden of malnutrition, including
undernutrition, obesity and non-communicable diseases. Apart from that, they
also have a major impact on the environment, affecting greenhouse gas
emissions, biodiversity, land and freshwater use, and nitrogen and phosphorous
cycles. The key challenge is therefore to design future diets that not only meet
guidelines for a healthy diet, but also reduce environmental impact of the diet.
Previous research has addressed this problem of designing improved
diets by using food-based mathematical diet optimisation models [1]. Such diet
models construct linear combinations of foods, in which the total nutrient intake
and environmental impact meets a priori defined criteria for a healthy diet at
minimum environmental impact. The weights of the various foods then reflect
an optimised dietary pattern. As these improved diets are just linear
combinations of foods, they ignore intrinsic interdependencies in the diet
pattern, unless additional a priori criteria on food habits are added to the model.
Defining these food-habit criteria, however, involves expert judgements on basic
food interrelationships, realistic food quantities and dietary preferences of
consumers. There is thus a need for a diet model that implicitly accounts for
these aspects without specifying these as additional subjective constraints on
foods or dietary preferences.
A benchmarking diet model does not calculate optimal diets as linear
combination of foods, but as linear combinations of whole diets, and
consequently preserves many of the intrinsic interdependencies between foods
[2]. It therefore contributes to the literature by composing diets that are not only
healthy and environmentally sustainable, but also implicitly account for dietary
preferences. In a benchmarking diet model, starting from a set of observed diets,
those diets that perform better than others are identified and are used to improve
the diet of others. In this way, improved diets are assumed to be realistic and
feasible for each consumer in the population as they are within the range of
observed diets and preserve intrinsic interdependencies between foods.
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THE METHOD OF BENCHMARKING DIETS
The benchmarking diet model builds on a Data Envelopment Analysis (DEA)
model. Briefly, starting from all observed diets within a population sample, the
DEA-model identifies efficient diets, and subsequently uses this set of existing
efficient diets to generate linear combinations in order to arrive at a healthier
diet for others. Unlike the food-based diet optimisation models, the
benchmarking approach does not necessarily imply that the modelled diets do
fully comply with the a priori defined criteria, but modelled diets are closer to this
set of criteria than observed diets, and thus they move in the proper direction.

The identification of efficient diets starts with a set of existing diets (or day
menus) as observed in the population, for example obtained from dietary survey
data collected at the individual level. In our model, observed diets are
standardised for energy using the density method in order to allow for a fair
comparison of the diet quality between the diets [3].
While benchmarking diets for health, the identification of existing efficient
diets is based on a comparison of each observed diet with all other diets
regarding a priori defined criteria for a healthy diet. A diet is identified as efficient
when this diet has the most “dietary components to increase” for the least
“dietary components to decrease”, as compared to the other diets, or vice versa.
Criteria for a healthy diet should thus enclose both “dietary components to
increase” and “to decrease”. Staring from the observed diet, the “dietary
components to increase” represent the additions to the diet for arriving at a
heathier diet, and the “to decrease” the sacrifices.
Using the criteria for a healthy diet, the set of existing efficient diets
creates a ‘solution space’ (an ‘envelop’) to arrive at healthier diets for the others,
hence the term Data Envelopment Analysis. This implies that the included
criteria for a healthy diet and the set of existing efficient diets are the starting
point to set the direction for dietary improvement. The rationale for selecting
criteria for a healthy diet is therefore of crucial importance, while the set of
efficient diets determines the range of dietary improvement options to arrive at
realistic and feasible healthier diets.
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In the benchmarking diet model, for each observed inefficient diet, options for a
healthier diet are sought within the range of observed diets in the population
under study. These healthier diet options are defined by the so-called efficient
frontier (see Figure). The efficient frontier includes all efficient diets, as identified
by the DEA-model, and is used to generate healthier diets as linear
combinations (weighted averages) of those efficient diets. For each inefficient
diet, options for healthier diets are calculated by minimising the distance to the
efficient frontier, i.e. either by increasing “the components to increase” for the
same level of “to decrease” or analogously decreasing “the components to
decrease” for the same level of “to increase”. Similar to food-based diet
optimisation models, to increase the likelihood of adopting the modelled diets,
the benchmarking diet model also aims to minimise some measure of distance
between the modelled and observed diets. Such measures of distance still
require expert evaluation. Nevertheless, the benchmarking diet model builds on
empirical diets as a way to implicitly account for dietary preferences. The
assumption underlying this is that peer resemblance is one of the most important
determinants to affect consumer diets.

The benchmarking diet model derives
options for dietary improvements within
the range of observed diets (ellipse, #1),
but not necessarily in the normative
domain for a healthy diet (upper-left
rectangle, #2). In the diet benchmark, a
diet that performs better than others with
regard to the ratio of “dietary components
to increase” to “to decrease” (Y and Xaxis respectively, #3) is identified as an
efficient diet. All those efficient diets lie
on the efficient frontier, and they
Figure A benchmarking diet model derives determine the “envelop” for dietary
options for dietary improvement within the
improvements (#4).
range of observed diets.
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The model enables to study trade-offs between different objectives for dietary
change, related to e.g. dietary preferences, healthiness or environmental
sustainability. Within the envelop for dietary improvement, these options for
healthier diets can be explored by taking different linear combinations of the
existing efficient diets on the efficient frontier. In our model, trade-offs between
pairs of objectives were studied as a weighted sum objective function to
calculate a set of so-called pareto optima solutions [3]. In our case, objective
functions were a measure of absolute deviations from the observed diet for
dietary preferences, a nutrient-based diet score for healthiness in terms of
nutrient quality, and diet-related greenhouse gas emissions for environmental
sustainability. After normalising these objective functions, a set of pareto optima
solutions were calculated by giving full weight to one objective (e.g. dietary
preferences), followed by stepwise increasing the weight for another objective
(e.g. healthiness), and calculating the alternative diet after each step until full
weight was given to that second objective. In particular, in our model, trade-offs
of dietary preferences against nutrient quality and against environmental
sustainability were studied, and this resulted in three dietary improvement
options, i.e. modelled diets that (a) remain close to the observed diet, (b) have
a high nutrient quality or (c) have a low environmental impact [3].

CONCLUSION
A benchmarking diet model allows for the identification of existing better diets
and provides a framework for improvement of diets and making trade-offs
between different objectives. As compared to the food-based diet optimisation
model, the advantage of benchmarking diets is that the improved diets are a
combination of existing diets, and thus they implicitly account for intrinsic
relationships between foods in the diet. Benchmarked diets that are frequently
used for dietary improvements can provide guidance for defining policy goals to
improve human health and to protect the environment. In addition, using the
efficient frontier of existing healthier diets enables to model diets that offer
policymakers and consumers options to improve the diet by giving weights to
their public or personal priorities. Thus, by using peer resemblance, the
benchmarking diet model provides different solutions for an improved diet within
the range of observed diets.
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SUPPLEMENTARY MATERIALS

As described by Kanellopoulos et al. [2], the DEA-model can be used as an
alternative for designing options for dietary improvement by benchmarking diets.
The DEA-model identifies efficient diets in two stages [4]. The first stage
which is the relative
efficiency score of the evaluated diet. T
, the higher the
efficiency of the evaluated diet, and an efficient diet receives the value of 1. The
efficiency score is obtained as follows:

Subject to:

k is the decision variables and the weight of diet k in the efficient alternative of
the evaluated diet,
is the slack decision variable for the decreasing dietary
component and captures the deviation between the amount of decreasing dietary
component i of the improved diet and that of the observed diet,
is the slack decision

variable for the increasing dietary components and captures the deviation between the
amount of the increasing dietary component j of the improved diet and that of the
observed diet, is a marginal positive number, xik and yjk are the amounts of the dietary
components to decrease i and to increase j respectively of the observed diet k, , and
and

are the amounts of the decreasing dietary components i and increasing

dietary components j in the evaluated diet. In the first stage, is set to a very small
number, which effectively negates the contributions from the slack terms
and
and the second stage maximises the total slack.
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ABSTRACT
Background: Dietary practices have a major impact on non-communicable
disease risk and the environment. To facilitate the transition to healthy and
environmentally sustainable diets, future food and nutrition policies need to
respect the environment and dietary preferences. The present study aimed to
identify diets with improved nutrient quality and environmental sustainability,
within the boundaries of dietary practices in four European countries.
Methods: Based on national dietary surveys, we used Data Envelopment
Analysis (DEA) to benchmark diets from Denmark, Czech Republic, Italy, and
France (~6,500 adults) for improved adherence to food-based dietary guidelines
(FBDGs). We then optimised these diets for dietary preferences, nutrient quality,
and environmental sustainability. Diets were evaluated using the Nutrient Rich
Diet score (NRD15.3), diet-related greenhouse gas emission (GHGE), and a
diet similarity index that quantified the proportion of food intake that remained
similar as compared to the observed diet.
Results: When dietary preferences were prioritised, NRD15.3 was ~6% higher
GHGE was ~4% lower and ~85% of food intake remained similar to the
s, vegetables and whole
grains than observed. When nutrient quality was prioritised, NRD15.3 was ~16%
higher, GHGE was ~3% lower, and ~72% of food intake remained simila
diet had even higher amounts of fruit, vegetables, legumes and fish, and lower
amounts of sweet and alcoholic beverages. When environmental sustainability
was prioritised, NRD15.3 was ~9% higher, GHGE was ~21% lower, and ~73%
of food intake remaine
higher amount of animal-sourced
foods but protein sources shifted from red and processed meat to either eggs,
fish or dairy. Modelled diets had a similar proportion of animal- and plantsourced foods as the observed diet, but energy density was lower.
Conclusion: Benchmark modelling can generate alternative diets with
improved nutrient quality and environmental sustainability within the range of
common dietary practices. While improving adherence to FBDGs, consumers
may improve their nutrient quality up to 16% and reduce GHGE up to 20%, but
these objectives cannot be achieved simultaneously. For larger improvements
in nutrient quality or environmental sustainability, complementary policy
measures or larger dietary changes are required.
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BACKGROUND
Unhealthy diets, including overconsumption, contribute to a substantial rise in
the incidence of obesity and non-communicable diseases, including coronary
heart disease, type 2 diabetes and cancer, in Europe [1]. Diets not only impact
human health, but also the environment [2-4], hence an urgent need to shift
towards more healthy and environmentally sustainable diets. Such diets would
fulfil nutritional requirements, reduce overall disease risk, and can be produced
within planetary boundaries. To find the best balance between the health and
environmental dimension of a diet, mathematical modelling and optimisation
techniques are used [5, 6].
In recent years, various models have been developed to optimise diets
using individual-level data from specified countries and with objectives for health
and the environment [7, 8]. Usually, these diet models have taken the form of
linear programming (LP) and started from a set of food items from dietary
surveys, with the goal to compose a total diet that satisfies a predefined set of
norms for nutritional requirements and environmental footprints. As these
models are based on single and unrelated food items, additional constraints are
needed to account for cultural acceptance and dietary preferences of the
optimised diet [6, 9]. Examples are minimum and maximum amount of foods
foods in meals, such as cereals and
the observed average diet [10].
Recently, Kanellopoulos et al. (2019) [11] presented Data Envelopment
Analysis (DEA) as a benchmark approach that models new diets as a linear
combination of observed diets, which implicitly keeps basic interrelationships
between food items in the diet of the study population intact. This allows to
model diets from different countries in a comparable way, and to account for
cultural acceptance and dietary preferences without specifying additional
constraints for each country. The present study applies this benchmarking
approach to individual-level food consumption data from four European
countries, i.e. Denmark, Czech Republic, Italy and France. For men and women
in each country, trade-offs are addressed between nutrient quality,
environmental impact and dietary preferences. By providing solutions within the
range of existing diets, such benchmark models could be useful to guide policies
towards healthy and environmentally sustainable diets that are culturally
acceptable for each country and that contribute to health and environmental
sustainability goals at the national and European level.
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METHODS

Food consumption data for the adult population, aged 18-64 years, were
obtained from nationally-representative dietary surveys in four countries, i.e.
DANSDA (2005-2008) in Denmark, based on seven-day diet records on
consecutive days [12]
-2004) in Czech Republic, based on two
24-hour recalls spaced over three to five months
-2006)
-day diet records on consecutive days [14]
-2
Study (2006-2007) in France, based on seven-day diet record on consecutive
days [15]. For each country, we sampled two non-consecutive days [16].
Food intakes were classified for each country according the FoodEx2
classification developed by the European Food Safety Authority (EFSA) [17, 18].
Nutrient composition of the consumed foods was estimated using countryspecific food composition databases [19-25]. Estimates of greenhouse gas
emission (GHGE, in kgCO2equivalents (kgCO2eq)/kg food as eaten) were
assigned to each of the 944 FoodEx2-codes that were consumed in the four
countries, obtained from a standardised life-cycle-assessment (LCA) database
[26]).
Quantities of foods were calculated for each individual from the mean of
two days, and were expressed per 2500 kcal for men and per 2000 kcal for
women [27].
foods consumed for different levels of reported energy intake, while composition
of the diet is maintained. Under- and over-reporters were excluded from the
analysis using the Goldberg equation [28] as adopted by Black [29], i.e. cut-off
analyses were conducted on a

As described by Kanellopoulos et al [11]., the DEA-model can be used as an
alternative for modelling healthier diets based on a nutritional benchmarking that
starts from the observed diets in a population sample. We used the DEA-model
to identify efficient diets, i.e. diets that perform better with respect to an a priori
defined set of FBDGs specified as dietary components to in- or decrease in
ally, a diet performs better
if the ratio of “dietary components to increase” to “dietary components to
decrease” is higher. This identification of efficient diets was solved in two stages

200

IMPROVING HEALTH AND ENVIRONMENTAL SUSTAINABILITY

following [11, 30], using Xpress-IVE release 1.24. Subsequently, for each of the
observed inefficient diets, this set of observed efficient diets was used to
calculate healthier diets as a linear combination of existing efficient diets. In this
study, the DEA-model was used to generate linear combinations that remain as
close as possible to the observed diet, are the most healthy or the most
environmentally sustainable. Diets were modelled for each country, and for men
and women separately.

Table 1 Dietary components to identify existing healthier diets while benchmarking diets,
including capping values if necessary a.
Dietary component to increase

Dietary component to decrease

Consolidated knowledge on diet and health, based on food-based dietary guidelines [31, 32]
Fruit (200g/2000kcal)

Red and processed meat

Vegetables (200g/2000kcal)

Sweet beverages

Legumes

Alcoholic beverages (ethanol)

Nuts and seeds

Refined grains

Fish (21g/2000kcal)b

Saturated fatty acids

7

Whole grains
Unsaturated fatty acids (20E%)
Nutrients to increase, to safeguard nutrient quality in the eight population subgroupsc
Calcium (750mg/d)
Zinc (7.5m

mg/g for women)

Vitamin B2 (1.3 mg/d)
Vitamin B12 (4.0 g/d)
a

Capping values for food groups were based on an inventory of current food-based dietary guidelines of European
countries
, for nutrients were obtained from EFSA using average requirement (AR), and adequate intake, if AR
cannot be set [33].
b Amount of fish consumed on an intake day cannot be representative for a usual day due to toxicological risks [34],
-zero intake divided by two
to put high intakes at a disadvantage while benchmarking diets.
c
Nutrients to be safeguarded, i.e. nutrients were to be safeguarded when modelled nutrient intake, as calculated
using the DEA-model based on food-based dietary guidelines variables, was lower than the observed intake and
less than 125% of the reference value for that nutrient. This criterion was added because of the data on Czech

The energy-standardised survey data were used as the set of observed diets
from which efficient diets were identified. For the variable selection, foods were
classified into food groups that correspond to health-based food-based dietary
guidelines (FBDGs) based on the scientific evidence for diets to reduce non-
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communicable disease risk (factors) in the four countries [16]
included unsaturated fats (to increase) and saturated fats (to decrease), for
-

modelled mean

model compares and weighs the multidimensional ratio of “dietary components
to increase” to “dietary components to decrease”. As this decision variable is
based on ratios, zero
intakes of food
-zero intake of
[35]
[36, 37]

han this level
-

diets
more
nutrien

(MaxH, for the healthiest diet), or t

[11],
-
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overall similarity between observed and alternative healthier diet. For each
individual, this diet similarity index was calculated as the summed amount of
each food group that remains the same in the modelled diet as compared to the
observed diet divided by total diet weight of the observed diet. To characterise
nutrient quality and environmental sustainability of the diet, we used NRD15.3
[36, 37] and GHGE respectively. NRD15.3 is the unweighted sum of percentage
daily values for fifteen nutrients to encourage (protein, mono-unsaturated fatty
acids, dietary fibre, calcium, iron, potassium, zinc, vitamin A, D, E, C, B1, B2,
B12, and folate) minus the sum of percentage maximum recommended values
for three nutrients to limit (saturated fat, added sugar and sodium), calculated
per 2500 kcal for men and 2000 kcal for women and capped at 100% of the
dietary value. Because of slight between-country differences in the definition of
sodium and added sugar, the NRD15.3 was not entirely comparable between
the countries. Therefore, we expressed the results relative to the observed diet,
in strata of country and gender, and calculated averages by country. The tradeoffs were done by first giving full weight to dietary preferences in the MaxP
model (i.e. minimum deviation form observed diet), followed by stepwise
increasing the weight for either nutrient quality or environmental sustainability
by 10%, and calculating the alternative diet after each step until full weight was
given to either nutrient quality (MaxH) or environmental sustainability (MaxS).

RESULTS

Table 2 shows the general characteristics of subjects in the study sample and
those with efficient diets. The proportion of subjects with an efficient diet varied
from 23% (Italian women) to 45% (Czech women). General characteristics were
similar to the overall sample for age, educational level and overweight.
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12%

In efficient diets

29%

32%

10%

11%

58%

58%

16%

21%

43%

44%

19%

22%

Czech Republic
(n = 1386)
Men
Women
(n=671)
(n=715)
258 (39%)
324 (45%)

47%

45%

22%

31% b

26%

24%

28%

24% b

54)

Italy
(n = 1978)
Men
Women
(n=898)
(n=1080)
272 (28%)
245 (23%)

45%

45%

44%

45% c

26%

28%

42%

41% c

France
(n = 1713)
Men
Women
(n=713)
(n=1000)
270 (38%)
281 (28%)

are median and interquartile range, and percentage. b Data available for 851 men and 1028 women. c Data available for 711 men and 999 women.

44%

In efficient diets

a Values

50%

In total

Overweight,BMI 25kg/m2

15%

In total

Low educational level

In efficient diets

In total

Age, years

N efficient diets

Denmark
(n = 1385)
Men
Women
(n=619)
(n=766)
229 (37%)
240 (31%)

Table 2 General characteristics of the study sample and of the subjects with an identified healthier diet a

Trade
Figure 1 shows the trade-off of dietary preferences against nutrient quality (1A)
and environmental sustainability of the diet (1B), for all four countries, averaged
for men and women. Of course, the MaxP diet remained closest to the observed
diet (diet similarity index on average 85%) as compared to the MaxH diet and
the MaxS diet (diet similarity index on average 72 and 73% respectively).
Because of the FBDG-based modelling, the MaxP diet had already a 4-9%
higher NRD15.3, whereas GHGE was only 0.5-5% lower than the observed
country-specific diets. For the maxH diet, nutrient quality was increased at the
expense of diet similarity and the NRD15.3 became 11-20% higher (Figure 1A).
The GHGE of this diet was not sensitive to this trade-off except in Denmark
where this lowered to about 10%. For the trade-off of environmental
sustainability against dietary preferences (Figure 1B), the MaxS diet had a 1328% lower GHGE, and the NRD15.3 appeared sensitive to this trade-off and
became 6-12% higher. The shape of the trade-off curves for nutrient quality and
environmental sustainability shows that the largest gains occurred in the first
part of the curve, and were attenuated thereafter. Moreover, the maxH diet did
only marginally affect GHGE and the maxS diet did reach only half the maximum
for nutrient quality, indicating a trade-off between these objectives.
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MaxH

% of observed value

120

Nutrient quality: NRD15.3

MaxP

100 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Observed
Environmental sustainability: GHGE

80

90%
(~160g)

80%
(~320g)

70%
(~480g)

% similar to observed diet
(g difference, excluding water, coffee and tea)

1A: Trade-off between dietary preferences and nutrient quality

% of observed value

120
Nutrient quality: NRD15.3

MaxP
100 - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Observed
Environmental sustainability: GHGE

80
MaxS

90%
(~160g)

80%
(~320g)

70%
(~480g)

% similar to observed diet
(g difference, excluding water, coffee and tea)

1B: Trade-off between dietary preferences and environmental sustainability
Figure 1 Trade-offs of dietary preferencesa against nutrient qualityb (3A) and
environmental sustainability of the dietc (3B).
a

Dietary preferences were expressed as the diet similarity index, i.e. weight of foods in the
modelled diet that corresponds to the observed diet, as a percentage of the latter. Total
observed food weight (excluding water, coffee and tea) was around 1800g/2500kcal for men
and around 1450g/2000kcal for women, respectively.
b Nutrient quality was calculated as NRD15.3 and expressed relative to its observed value for
each pop
observed NRD15.3 was 938 for Denmark, 812 for Czech Republic, 977 for Italy, and
831 for France.
c Environmental sustainability of the diet used GHGE as indicator and is expressed relative to its observed value
bserved GHGE in kgCO2eq/2,000kcal was 4.85 for Denmark, 4.42 for Czech Republic, 4.88 for Italy, and
6.08 for France.
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Figure 2 presents the total weight of the diet and the amounts consumed for
each main food group, for the observed and modelled diets
In all countries, and for both genders, total weight of foods in the diet
(including dairy, excluding coffee, tea, water, sweet and alcoholic beverages)
was higher for the modelled diets. For the MaxP diet, this amounted to a higher
diet weight of 65-130g/2500kcal (6-9% increase) for men and of 60140g/2000kcal (6-11%) for women, followed by the MaxS diet where diet weight
was around 122-288g/2500kcal (11-20%) higher for men and 106248g/2000kcal (11-21%) higher for women, as compared to observed. The
MaxH diet had the highest amount of foods, which was around 240310g/2500kcal (18-24%) higher for men and 211-380g/2000kcal (20-29%)
higher for women, as compared with the observed diet. For drinks (excluding
water, coffee and tea), all models showed that alcoholic beverages and sweet
drinks had to be substantially reduced, especially for the maxH and maxS diets
among men (43 to 52% reduction).
Despite the higher food consumption, for all modelled diets the proportion
of animal-sourced foods remained similar to the observed diets, i.e.
approximately 35% of total weight (including dairy, excluding water, coffee and
tea), but there were shifts within the animal and plant sourced food groups. Most
marked were differences for the food groups that were incorporated in the
model. The total amount of animal-sourced foods was higher in most modelled
diets, except for MaxH in Danish men and MaxS in Danish women (Figure 3).
The amount of meat from beef and pork was, however, lower in all modelled
diets. The amount of poultry remained roughly similar, but amounts of fish, eggs
and total dairy were higher in most of the modelled diets. Total dairy products
(including cheese) were not entered in the model, and amounts slightly either
de/increased (-8% to +74%) depending on the model and population subgroup.
Taken together, for the MaxP diet, animal-sourced foods were on average 25g
higher for men (+5%) and 40g higher for women (+8%) as compared with
animal-sourced foods in the observed diet. Amounts were even higher for the
diet for Czech and French women (up to 79g (+21%)).
The total amount of plant-sourced food was also higher in all modelled
diets (11%-36%). Especially, vegetables (+36%), fruits (+49%), legumes
(+91%), and whole grains (+103%) increased, whereas refined grains
decreased (-16%), and was the most clearly seen for the MaxH diet and the
MaxS diet. The amount of nuts and seeds was only slightly higher than
observed.
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2B: Women
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Observed

All modelled diets improved on the dietary components mentioned in Table 1. MaxP is the most preferred diet based on minimal deviation
from the observed diet, MaxH the most healthy diet based on NRD15.3 for nutrient quality, and MaxS the most environmentally sustainable diet
based on GHGE. b Information on amount of coffee, tea and water in the diets is not included in the graph.
c Amounts in grams see also Supplementary Table 1 and 2.

a

Figure 2 Mean quantities for main food groups in the observed and modelled diets a,b, c.
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a All modelled diets improved on the dietary components mentioned in Table 1. MaxP is the most preferred diet based on minimal deviation from the observed
diet, MaxH the most healthy diet based on NRD15.3 for nutrient quality, and MaxS the most environmentally sustainable diet based on GHGE.
b Amounts in grams see also Supplementary Table 1 and 2.

Figure 3 Mean quantities for main animal-sourced food groups in the observed and modelled diets a,b.
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Results of the modelled diets differed by country and gender and were
dependent on the trade-offs between dietary preferences, nutrient quality and
environmental sustainability. For most population groups, the MaxH diet had the
highest amount of fruit (+60%, except for Italian men), vegetables (+75%, except
for Italy), legumes (+132%), and fish (+124%), and the lowest amount of sweet
beverages (-60%, except for Czech women), as compared to the other diets.
The amount of red and processed meat was lowest for the MaxS diet (-45%),
followed by the MaxH diet (-36%), and closest to observed diets for the MaxP
diet (-20%) (see Supplementary Table 1 and 2).
Nutrient
In the detail for the nutrient quality, the nutrient improvements and/or
deficiencies for each nutrient included in the NRD15.3, i.e. a summary measure
for nutrient quality, are shown in Supplementary Table 3 and 4. In our data, the
three modelled diets alleviated the nutrient inadequacies, but for dietary fibre,
potassium, magnesium, vitamin E and vitamin D, the average intakes remained
below recommended intake levels, although differences by modelled diet,
country and gender. Nutrient inadequacies showed the most improvement for a
MaxH diet, and the least for a MaxP diet. Next to nutrient to encourage, the
NRD15.3 included three nutrients to limit. Compared to the observed diet,
intakes in the modelled diets were improved (i.e. lower) for saturated fat in all
four countries, and for added sugar in Denmark and Czech Republic, while
intakes remained roughly the same for sodium in all four countries, and for
added sugar in Italy and France. A note of caution is due here since sodium and
added sugar were differently assessed in the countries. For example, in Italy,
only the sodium intake from raw foods is included, which resulted in a sodium
intake that is much closer to or even lower than the maximum reference value.
In Italy and France, total sugar is assessed which resulted in less change as
compared to added sugar that excludes sugars naturally occurring in fruit,
vegetables and dairy.
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DISCUSSION
This application of the DEA-model to dietary survey data from four European
countries (Denmark, Czech Republic, Italy and France) showed that the most
preferred diet had a larger impact on nutrient quality (on average 6% higher)
than on GHGE (on average 4% lower). The diet with the highest nutrient quality
(on average 16% higher NRD15.3), however, did not result in a lower GHGE,
whereas the most environmentally sustainable diet (on average 21% less
GHGE) had a higher nutrient quality (on average 9% higher NRD15.3) as
compared with the observed diet. Although results differed by country and
gender, the modelled diets had higher amounts of both plant-sourced and
animal-sourced foods, but their relative amounts remained similar. Plantsourced foods were highest in the diet with the highest nutrient quality, and red
and processed meat was lowest in the most environmentally sustainable diet.
The modelled diets account for prevailing dietary preferences in the study
populations. This is because the DEA-model preserves the existing
interrelationships between food groups as it uses (linear combinations of)
observed diets as benchmarks. These observed diets implicitly account for
sensory preferences and culinary practices as well as availability, acceptability,
and affordability of foods. We stratified our analyses for country and gender
under the assumption that subjects in these strata share many unspecified
variables, including educational level, overweight status and determinants of
food choice. Indeed, the descriptive variables of the efficient diets compared
well to the population segments they represent (Table 2). In our data, nutrient
quality but not environmental impact of the diet was associated with gender and
educational level [16, 38]. Future analyses might, however, also account for
educational level or include indicators such as sensory profiles [39, 40] or food
prices [41]. Such analyses in a more homogeneous population subgroup could
identify solutions for dietary improvement that fit even better with subgroupspecific dietary practices and preferences. This way, DEA keeps the proposed
diet realistic as they stay in the range of observed national diets.
To derive the most preferred diet, the DEA-model minimised the absolute
value of the deviation between between the modelled and observed food intake,
summed over all food groups. Our results suggest that a partial shift to poultry,
fish and increased intake of legumes would be more preferred than a sole focus
on reducing red and processed meat. Although the algorithm of minimal
deviation might improve by using relative or squared differences instead, it is
important to consider algorithms that can suggest likely steps to improve the
diet, for example based on food replacements within meals and recipes instead
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of day menus. Although improvements in modelling would be possible, the DEAmodel provides a first step to arrive at likely and realistic changes that could
guide national policies towards improved dietary quality and environmental
sustainability.
Data comparability between the countries was a challenge because food
consumption data were obtained from different national dietary surveys. To
enhance comparability, we expressed nutrients and GHGE relative to energy
intake [16, 26] and used the NRD15.3 as a summary measure for nutrient
quality. When the NRD15.3 is used to maximise nutrient quality, then it might be
possible that the protein-rich foods, such as fish, eggs, dairy, legumes, and nuts
and seeds, are chosen as a meat-replacement, because of the inclusion of
protein, vitamins B1, B2 and B12, iron and zinc as nutrients to encourage in the
NRD15.3. However, as sodium and added sugar are part of nutrients to limit in
the NRD15.3, cross-country comparisons are hampered as they were differently
assessed in the countries. We therefore expressed our results relative to the
observed diet in each of the strata. For example, in Italy and France, total sugar
is assessed which biases the NRD15.3 downwards as compared to Denmark or
Czech Republic where added sugar is assessed. This may partially explain that
in Italy intakes of fruit, vegetables and whole grains were not the highest for the
diet that maximised NRD15.3. In Italy, only sodium intake from raw foods is
assessed which biased the NRD15.3 upwards as compared to Denmark, Czech
Republic and France where discretionary salt is assessed as well. Furthermore,
environmental impact only included GHGE data averaged for the European
context, and further refinement to national food systems is needed to
incorporate differences between agricultural systems, including the influence of
locally produced food and seasonality [42]. Moreover, pan-European
standardised indicators of land and fresh water use, nitrogen and phosphorous
flows and biodiversity could give a more balanced picture of environmental
impact of the diet. Because of these imperfections in comparability of survey
data and incompleteness of indicators, the observed and modelled diets differed
by country, but the general pattern was similar, both in men and women,
suggesting robustness of the findings.
The food consumption data were derived from national dietary surveys,
and we used the average of two non-consecutive days for each individual which
slightly reduces day-to-day variability [43]. The use of two averaged days for the
benchmark diets exploits within- and between-subject variation within the
demographic strata and creates a larger window of opportunity for improving
diets than time-integrated long term dietary habits. Because part of the diets that
is already efficient cannot be improved further, the modelled range of food and
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nutrient intake and GHGE was slightly lower than in the observed diets.
Nevertheless, the range of solutions remained in the same order of magnitude
(data not shown), which suggests that the results from the three models are
realistic steps for dietary shifts at the population level. At the same time, the use
of only two days raises questions on occasionally consumed foods, like fish,
nuts and seeds, and legumes. Fish was of particular concern because its
recommended consumption frequency is around one to two portions a week to
avoid toxicological risks because of contaminants like (methyl)mercury [44].
Using this occasionally consumed high portion size of fish as a benchmark for
an average diet, would allow the whole population to shift to these high intakes
that are not representative for an usual day. This was tackled by capping fish
intake at 1/7th of one portion, and by replacing upper intake levels by a lowest
nonrmer was to not favour higher intakes than
recommended, and to latter to put extreme upper intakes at a disadvantage,
while benchmarking diets. Because of their small portion sizes and infrequent
consumption, legumes, and nuts and seeds did not increase substantially in our
diets. In other studies, food-based linear programming approaches have shown
that these food groups can contribute to healthy and environmentally
sustainable diet [45-47], as is also suggested by the healthy reference diet
presented by the EAT-Lancet Commission [48]. Targeted efforts and/or product
development would therefore be warranted to increase consumption of some
foods beyond current national eating habits.
Results of our analyses depend on the choice of variables included in the
model. In our modelling strategy, we aimed for diets that would increase
adherence to FBDGs that are considered relevant to non-communicable
disease risk (factor). After all, a healthy diet not only implies meeting food-based
dietary guidelines, but also includes nutrient requirements, non-nutrients, bioactives and direct physiological effects on hunger, digestion and satiation.
Because of the underlying nutritional rationale, we replaced the guideline “use
oils instead of hard fats” by unsaturated and saturated fats as “to increase” and
“to decrease”, respectively. In all population groups the modelled diets
performed the same or better for all nutrients, except in women from the Czech
Republic. In these women, a substantial decrease in animal-sourced foods
occurred which lowered intake of calcium, zinc, vitamin B2 and vitamin B12
(results not shown). To safeguard the intake of these nutrients, they were added
to the DEA-model. Nevertheless, it must be realised that the modelled diets are
based on calculated nutrient intake from dietary surveys, that do not account for
bioavailability. We observed that the proportion of animal-sourced foods and the
daily protein intake in modelled diets was essentially similar to observed diets.
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However, bioavailability of protein and some minerals from plant-sourced foods
is less than from animal-sourced foods, warranting physiological research into
nutrients that can become critical for vulnerable population groups. For example,
some plant compounds can inhibit the absorption of minerals, such as calcium,
zinc and non-haem iron [49, 50], whereas vitamin C may increase the
bioavailability from iron from plant foods [49].
In line with previous studies [47, 51-55], changing to a healthier diet
implies higher amounts of fruits, vegetables and whole grains, whereas an
environmentally sustainable diet implies an emphasis on lowering red and
essentially remained in the diet, although results differed slightly by country and
gender. Nevertheless the proportion of animal- and plant-sourced food in the

for the modelled diets, most for the healthiest diet, and thus the overall energy
density for these food groups decreased accordingly. At the same time, we
observed that the modelled more healthy and environmentally sustainable diets
had lower amounts of swe
might be implicated in improved weight control [56]. Earlier we have shown that
– independent of nutrient quality –
. As overconsumption is a
major driver of obesity
, these results suggest that the modelled diets not
only help to improve nutrient quality and environmental sustainability, but also
reduce energy density and contribute to a healthier body weight. These results
show that at the national level important first steps can be made in nutritional
policy, but the priorities will differently affect nutrient quality and environmental
sustainability. However, on average, the proposed diets do not achieve the
proposed global targets for healthy and environmentally sustainable diets and
additional policy measures are warranted.
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CONCLUSION
The DEA benchmarking diet model shows that generally accepted FBDGs and
nutrient requirements can be used to model more healthy and environmentally
sustainable diets based on dietary surveys from a set of diverse European diets.
While improving the adherence to FBDGs, the most environmentally sustainable
diet resulted in a win-win for both health and the environment, but did not reach
larger improvements in nutrient quality or environmental sustainability, larger
dietary changes and/or complementary measures in agricultural production and
processing [59] food loss and waste management, as well as an equitable
distribution via the food supply chain [60] are required.
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Solid foods
Whole grains
Refined grains
Potatoes
Vegetables
Fruit
Legumes, nuts, seeds
Legumes
Nuts and seeds
Total dairy
Dairy
Cheese
Meat/Fish/Eggs
Meat
Red, processed meat
Beef
Pork
Other meat
Poultry
Fish
Eggs
Fats and oils
Soft fats and oils
Hard fats and butter
Miscellaneous
Drinks
Coffee, tea and water
Sweet beverages
Alcoholic beverages
Total

1388
77
186
114
142
157
25
23
3
377
337
40
181
143
121
33
85
2
22
19
19
36
3
34
68
2397
1727
253
417
3760

Obs

1515
98
158
121
175
206
36
31
5
394
358
36
181
132
98
24
73
2
34
28
22
34
3
31
76
2486
1908
210
368
3964

MaxP
1643
150
138
106
216
332
39
34
5
364
329
35
167
106
87
21
65
1
19
33
28
23
3
21
70
2277
1895
98
284
3881

MaxH

Denmark
1616
159
142
89
196
279
36
32
4
414
384
30
166
100
80
15
65
1
20
34
32
31
4
27
70
2113
1758
136
219
3693

MaxS
1094
7
302
81
101
80
11
8
4
140
112
27
219
190
160
15
113
10
25
12
17
37
17
20
104
1620
913
130
578
2702

Obs
1169
13
270
90
121
103
22
14
7
166
134
32
213
176
146
13
107
11
21
15
22
37
21
16
112
1612
986
94
531
2758

MaxP
1359
28
265
118
202
117
21
15
6
243
199
43
206
136
82
11
58
6
32
30
40
43
29
14
95
1752
1413
63
276
3090

MaxH

Czech Republic
1235
20
284
95
142
111
21
14
8
192
156
36
186
139
94
6
75
12
26
17
30
40
27
13
123
1472
1082
63
327
2686

MaxS
1480
55
355
55
255
193
36
35
1
198
130
69
181
112
90
42
45
6
19
43
26
45
41
4
72
1066
830
64
172
2510

Obs
1629
80
322
55
308
245
55
52
2
210
140
71
184
94
65
30
36
5
24
59
31
47
45
2
69
1098
924
47
127
2672

MaxP
1832
91
333
67
340
263
102
100
2
183
134
49
244
95
60
30
30
3
32
110
39
57
54
3
52
1103
983
22
99
2833

MaxH

Italy
1797
119
311
40
372
320
64
62
1
217
166
51
183
65
45
15
31
3
16
62
56
49
48
1
58
1236
1101
32
103
2970

MaxS

Supplementary Table 1 Amount of foods by food group for the observed and modelled diets in men (g/2500kcal)

1324
37
223
78
178
144
24
21
3
248
200
48
216
163
123
47
64
15
38
35
18
40
19
21
111
1635
1243
163
229
2935

Obs
1448
58
193
78
217
182
38
33
5
273
226
47
214
143
97
38
53
9
43
48
23
44
23
20
116
1699
1390
126
183
3110

1674
107
155
135
270
240
67
64
4
279
247
32
229
117
88
26
56
7
28
92
21
42
25
17
83
2307
2102
64
141
3914

MaxH

France
MaxP

1536
95
189
62
264
205
34
30
4
299
255
45
189
107
66
18
41
7
40
43
39
44
24
20
121
1582
1367
102
113
3084

MaxS
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Solid foods
Whole grains
Refined grains
Potatoes
Vegetables
Fruit
Legumes, nuts, seeds
Legumes
Nuts and seeds
Total dairy
Dairy
Cheese
Meat/Fish/Eggs
Meat
Red, processed meat
Beef
Pork
Other meat
Poultry
Fish
Eggs
Fats and oils
Soft fats and oils
Hard fats and butter
Miscellaneous
Drinks
Coffee, tea and water
Sweet beverages
Alcoholic beverages
Total

1325
67
140
71
180
235
27
24
4
369
336
33
122
88
70
22
47
2
18
17
16
26
2
24
61
2394
1994
231
169
3691

Obs

1480
88
117
72
226
290
41
34
7
396
364
32
126
79
55
16
37
1
24
28
20
23
3
20
60
2528
2178
201
149
3967

MaxP
1725
87
110
51
281
477
66
54
12
386
363
23
128
77
41
10
24
7
36
32
19
22
3
19
52
2604
2363
127
114
4264

MaxH

Denmark
1565
88
112
60
252
391
60
52
8
345
319
26
108
61
37
9
27
1
24
32
15
23
4
19
64
2526
2295
125
106
4030

MaxS
1018
12
215
71
107
147
12
9
3
167
140
27
138
109
81
10
58
5
26
14
16
35
16
19
102
1465
1229
124
111
2471

Obs
1084
20
198
78
125
170
18
14
4
191
156
35
136
98
70
7
51
5
28
21
17
34
19
15
98
1645
1446
103
96
2711

MaxP
1232
23
194
82
168
224
15
12
3
253
217
36
137
88
54
8
35
10
30
34
16
38
22
16
83
1844
1694
83
67
3062

MaxH

Czech Republic
Obs
1327
42
276
46
238
208
31
30
1
208
153
55
145
85
66
35
30
4
16
40
19
38
35
3
64
977
864
52
61
2273

MaxS
1132
24
191
77
123
176
20
14
6
242
213
30
120
79
57
4
43
5
23
18
23
36
21
15
103
1430
1283
74
74
2543

1477
68
232
49
266
270
52
48
4
246
190
57
145
71
51
29
22
3
17
48
26
38
36
2
61
995
930
30
35
2421

MaxP
1758
107
244
68
293
366
81
79
3
294
242
51
154
57
41
30
13
1
14
71
26
38
35
3
33
908
880
14
14
2585

MaxH

Italy
1581
99
221
59
310
284
73
72
1
242
195
47
122
40
21
9
15
1
16
46
37
38
37
1
59
867
825
24
18
2374

MaxS
1202
31
149
64
186
168
16
14
2
259
223
36
167
115
85
37
40
10
29
35
17
38
19
19
108
1604
1403
128
73
2789

Obs

Supplementary Table 2 Amount of foods by food group for the observed and modelled diets in women (g/2000kcal)
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1349
49
119
63
227
218
29
26
3
283
245
38
183
106
63
26
33
9
37
50
28
40
22
18
109
1907
1780
79
47
3227

1497
68
121
50
258
300
53
21
3
268
238
30
233
118
49
23
24
29
42
83
32
42
22
20
80
1834
1762
31
40
3306

MaxH

France
MaxP

1486
87
102
44
254
226
24
49
3
344
315
30
179
74
48
11
36
4
23
58
47
41
22
19
133
1642
1563
52
27
3075

MaxS

88

80

MaxH

MaxS

97

94

85

100

95

95

75

100

97

100

79

MaxP

MaxH

MaxS

Italy
Observed

MaxP

MaxH

MaxS

France
Observed

MaxP

MaxH

MaxS

100

95

Czech Republic
Observed

100

MaxP

GHGE

Denmark
Observed

NRD15.3 a

106

114

106

100

106

115

105

100

116

124

111

100

111

115

107

100

MUFA

136

127

130

134

180

191

175

176

148

152

149

151

120

123

128

128

Protein
220

243

228

223

211

237

219

215

197

208

194

186

194

197

199

195

89

Dietary fibre
92

109

84

76

105

103

94

82

85

90

79

72

125

128

103

Calcium
151

160

145

132

126

122

123

112

128

152

111

94

159

158

152

148

Iron
262

303

261

252

242

253

240

221

223

245

225

209

205

209

197

192

Potassium
95

111

97

93

111

112

104

96

81

90

80

73

111

117

113

106

Vitamin A
241

260

222

226

215

200

233

166

189

231

179

132

280

294

258

233

Vitamin C
118

129

109

102

192

200

183

151

88

117

93

81

129

137

126

113

Vitamin E
115

121

109

86

133

138

123

110

141

150

122

105

78

78

69

59

Vitamin D
24

27

21

18

23

39

22

18

35

51

29

24

31

34

28

24

Zinc
149

159

162

165

167

190

182

177

123

135

126

118

162

164

162

163

Vitamin B1
215

225

193

188

155

215

175

162

192

190

196

182

203

201

193

191

Vitamin B2
177

173

165

161

140

144

141

125

110

123

110

98

143

137

143

139

Vitamin B12
167

255

166

162

157

193

198

174

156

171

179

146

174

161

165

156

Folates
153

178

135

121

202

190

180

155

119

142

110

95

160

165

149

133

97

117

98

92

101

99

97

91

108

119

105

97

130

129

120

112

71

76

69

66

102

105

95

90

86

85

80

75

81

84

72

69

SFA

3 nutrients to limit

65 b

70 b

68 b

70 b

102 b

115 b

105

b

107 b

47 b

47 b

45 b

45 b

66 b

64 b

61 b

61 b

Sodium

15 nutrients to encourage as included in the NRD15.3 (+ magnesium)
Magnesium
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56 c

64 c

59 c

61 c

65 c

78 c

66 c

70 c

168 c

221 c

164 c

151 c

129 c

208 c

134 c

117 c

Added
sugar
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97

91

80

MaxH

MaxS

100

95

100

70

MaxH

MaxS

90

MaxS

MaxP

109

MaxH

Observed

102

MaxP

100

98

97

79

Observed

MaxP

MaxH

MaxS

France

Italy

100

Observed

Czech Republic

100

MaxP

GHGE

Observed

Denmark

NRD15.3 a

110

119

109

100

108

112

107

100

115

121

114

100

116

120

111

100

MUFA

143

141

140

140

170

163

174

180

150

142

148

148

117

121

119

119

Protein
211

244

207

206

204

224

212

202

176

186

182

172

194

197

193

180

85

Dietary fibre
84

95

76

67

103

107

87

73

73

79

70

65

119

123

100

Calcium
147

138

144

124

113

125

116

102

118

125

114

97

159

165

157

145

Iron
172

224

186

177

196

225

194

160

169

191

173

156

150

152

143

134

93

Potassium
90

97

89

81

101

114

96

85

76

82

75

69

113

117

103

Vitamin A
287

346

304

248

216

235

200

181

311

476

271

156

217

243

233

208

Vitamin C
137

176

140

125

253

299

204

165

135

174

133

114

205

231

172

150

21
31
54
41
20
26
37
23
17
19
40
18
18
24
44
24

Vitamin E
69
91
123
136
114
132
143
140
117
127
139
133
104
130
149
131

Zinc
151

164

162

160

188

211

170

179

112

120

117

111

162

162

162

156

Vitamin B1
241

227

220

202

189

212

188

177

189

182

189

179

220

217

207

191

Vitamin B2
159

160

156

144

133

155

133

113

114

127

106

87

118

127

127

116

Vitamin B12
159

219

175

139

149

153

158

145

148

215

151

104

121

134

132

112

Folates
139

163

133

114

206

220

179

141

114

133

111

91

240

211

164

130

104

115

106

94

115

127

102

89

104

113

106

97

141

145

126

112

SFA
69

69

66

63

106

104

95

88

75

73

73

69

86

87

78

72

89 b

92 b

88 b

89 b

139 b

152 b

141 b

145 b

61 b

58 b

58 b

58 b

84 b

87 b

77 b

79 b

Sodium

3 nutrients to limit

a,b

51 c

59 c

51 c

52 c

57 c

58 c

58 c

61 c

143 c

174 c

143 c

119 c

151 c

189 c

141 c

110 c

Added sugar

15 nutrients to encourage as included in the NRD15.3 (+ magnesium)
Magnesium
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NRD15.3 - based on the principles of the Nutrient Rich Food Index, NRF [1, 2] - is the unweighted sum of percentage DRV for nutrients to encourage minus the sum of
percentage MRV for nutrients to limit, calculated for a 2500-kcal diet for men and a 2000-kcal diet for women and capped at 100%DRV using percentage daily references values
(DRV) for nutrients to encourage and percentage maximum recommended values (MRV) for nutrients to limit using DRVs of European Federation of Safety Authority (EFSA) [3],
i.e. average requirement (AR) and adequate intake (AI) if AR cannot be set, and MRVs of World Health Organisation [4, 5] and Food and Agriculture Organisation [6].
. NRD15.3 included fifteen nutrients for which intake should be promoted (mono-unsaturated fatty acids (MUFA), protein, dietary fibre, calcium, iron, potassium, zinc, vitamin A,
C, E, and D, B1, B2, B12, folates) and three nutrients for which intake should be limited (saturated fatty acids, added sugar and sodium).
b
In Czech Republic, sodium intake included sodium intake from raw foods and discretionary salt, while in Italy discretionary salt was excluded, and in Denmark and France
discretionary salt added at the table was excluded but discretionary salt added during cooking was included when a recipe was reported.
c
In Denmark and Czech Republic, added sugar intake was calculated as total sugar intake minus the naturally occurring sugars from fruit, vegetables and dairy, while because
of data availability total mono-and-disaccharides were used in Italy and France.

a
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CHAPTER 8

General discussion

This thesis focussed on healthy and environmentally sustainable diets for
European consumers. The main aim of this thesis was to develop a
methodology for designing the first steps towards more healthy and
environmentally sustainable diets that are acceptable for European consumers.
First, methodologies for assessing health and environmental sustainability were
operationalised (Chapter 2 and Chapter 3). After that, the current status of
European diets was assessed in terms of health (Chapter 4) and environmental
sustainability (Chapter 5). Finally, options for dietary improvement for European
diets that integrate health, environmental sustainability and dietary preferences
were identified using a benchmarking diet model (Chapter 6 and Chapter 7).

MAIN FINDINGS

Table 1 gives an overview of the main findings for the three objectives
addressed in this thesis.

Objective 1: To operationalise the methodology for assessing health and
environmental sustainability of European diets.
Results from the literature review showed that the method of dietary assessment
plays a key role in integrating both health and environmental sustainability
aspects of the diet (Chapter 2). When using national-level food supply data, the
health aspect of the diet usually covers total energy and protein only. This is
because the diet is described in a limited number of primary commodities that
are available for human consumption. Individual-level dietary data reflect a wide
variety of food choices in the consumer domain. These data allow studying diet
in relation to health in terms of food groups and nutrient intakes, without directly
hampering the linkage with environment impact indicators, using foods as
common denominator.
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Diet-related environmental impact was assessed using greenhouse gas
emissions (GHGE) and/or land use (LU) in most studies (Chapter 2). As for
assessment of nutrient and food intakes, environmental impact of the consumer
diet was underestimated when using a food frequency questionnaire (FFQ)
compared to 24-hour recalls (Chapter 3). In addition, calibration of the FFQ to
24-hour recalls increased the strength of the association with dietary quality.
However, independent of the method of dietary assessment, associations
between the healthiness and environmental impact of the diet appeared to be
dependent on the definition of a healthy diet. In particular, the environmental
impact of the diet was lower when adhering to food-based dietary guidelines,
but not necessarily when complying with nutrient recommendations (Chapter 3).
This highlights the need for an approach in which both foods and nutrients are
taken into account to ensure both non-communicable disease risk reduction and
nutrient adequacy. In addition, this is in line with the observation in the applied
the food-based dietary guidelines, the diet solutions were still different
depending on whether nutrient quality or environmental sustainability was
maximised.
The complexity of a healthy and environmentally sustainable diet comprises
both the amounts of food, energy consumed and the diet composition, i.e.
energy-adjusted food and nutrient intakes, and environmental impact. For
designing alternative diets, this may be captured in a reproducible and valid way
using a diet model (Chapter 2). Such a diet model aims to compose a diet that
satisfies objective criteria for a healthy diet, environmental impact and dietary
preferences.
As an avenue for future research in designing alternative diets, Chapter 2
proposed the concept of a SHARP diet. This diet not only improves
environmental Sustainability and nutritional Health, but also fits with existing
food cultures, as reflected in the terms of Affordability, Reliability and
Preferences.

GENERAL DISCUSSION

229

8

230

GENERAL DISCUSSION

Study design

Main findings

Comments

Literature review

Diet-

-based diet
-based diet score were inconsistent.

The FFQ underestimates environmental impact when compared to the 24-hour
recall.

-

Five approaches to operationalise the health aspect of the diet were identified: (i)

49 studies that combined the health and environmental aspects of consumer diets.

4

Descriptive

Descriptive

A 200-

Ruminant meat as a proportion of red and processed meat was the lowest in

OBJECTIVE 2: HEALTH AND ENVIRONMENTAL SUSTAINABILITY OF EUROPEAN DIETS a

3

2

-specific LCA
balanced picture of environmental
impact in different countries.

Addition of e

reference values for health.

standardisati

It is possible to assess diet-related
health and environmental

Both foods and nutrients need to be
taken into account to ensure both noncommunicable disease risk reduction

basic interrelationship between foods
intact.

current approaches lack to account for
di

OBJECTIVE 1: METHODOLOGICAL ASPECTS OF ASSESSING HEALTH AND ENVIRONMENTAL SUSTAINABILITY OF DIETS

Chapter

Table 1 Main findings of this thesis “Towards healthy and environmentally sustainable diets for European consumers”.

GENERAL DISCUSSION

Study design

Main findings

Diet modelling

7

When environmental sustainability was prioritised, NRD15.3 was ~9% higher,
GHGE was ~21% lower, and ~73% of food group intake remained similar.

When nutrient quality was prioritised, NRD15.3 was ~16% higher, GHGE was
~3% lower, and ~72% of food group intake remained similar.

Maximum solutions for health and
environmental sustainability cannot be
achieved simultaneously by dietary
choices alone.

As compared to the food-based diet
optimisation model, the advantage of
benchmarking diets is that the
improved diets are a combination of
existing diets, and thus they implicitly
account for intrinsic relationships
between foods in the diet.

A benchmarking diet model allows for
the identification of existing better
diets and provides a framework for the
improvement of diets.

Comments

-2004), based on two 24-hour recalls spaced over
-2 Study (2006-2007), based on seven-day

When dietary preferences were prioritised, NRD15.3 was ~6% higher, GHGE was
~4% lower than observed and ~85% of food group intake remained similar to the
observed diets.

The benchmarking diet model thus provides different solutions for an improved
diet within the range of observed diets by using peer resemblance. In this way,
modelled diets are first steps for dietary improvement and they are assumed to be
realistic and feasible for the population under study.

A benchmarking diet model starts from all observed diets within a population
sample and identifies efficient diets, i.e. diets that have the most “dietary
components to increase” for the least “dietary components to decrease” as
compared to the other diets, or vice versa. Subsequently, this set of existing
efficient diets is used to generate linear combinations of diets for dietary
improvement of others.

Abbreviations: FFQ food frequenc
a Denmark: DANSDA (2005-2008), based on seven-day diet records on consecutive days [1]
three to five months [2]
-SCAI (2005-2006), based on three-day diet records on consecutive days [3]
diet record on consecutive days [4]. For each country, we sampled two non-consecutive days.

Description

6
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Objective 2: To assess European diets in terms of health and environmental
sustainability
The assessment of the current status of European diets was based on available
individual-level dietary survey data from four European countries, i.e. Denmark,
Czech Republic, Italy and France. To enable cross-country comparison, dietary
data were harmonised using the FoodEx2 classification system of the European
Food Safety Authority (EFSA), and standardised for the number of days and
reported energy intakes. Moreover, to assess adherence to food-based dietary
guidelines, a common set was constructed using existing guidelines from
European countries as a reference (Chapter 4). To assess GHGE and LU of the
diet, the SHARP-Indicator Database (SHARP-ID) was constructed, i.e. a
standardised life cycle assessment (LCA) database for each food consumed, as
coded by FoodEx2 (Chapter 5, Appendix).
Results showed that cultural and individual dietary preferences play an
important role in dietary choice, resulting in substantial variation among
consumers in both nutritional health (Chapter 4) and diet-related environmental
impact (Chapter 5). Within countries, the healthiness of a diet varied by age,
gender and educational level, but not by overweight status (Chapter 4). These
demographics were of minor importance for explaining the environmental
impact of the diet across countries (Chapter 5).
One-quarter to half of the populations of the four selected countries were
overweight (i.e. BMI 25 kg/m2) (Chapter 4). Moreover, the observed variation
in daily environmental impact of a consumer diet was mainly explained by the
amount of energy consumed (~35%) (Chapter 5). It was estimated that if these
overweight subjects would be able to reduce body weight (to a mean BMI of
22.5 kg/m2) and adapt their energy intake accordingly, then they could reduce
their daily GHGE and LU by about 12%.
For food groups, adherence to food-based dietary guidelines was in general low
at the population level in all four countries (Chapter 4). Intakes of fruit and
vegetables showed considerable geographical variation. Intake of dairy,
excluding cheese and butter, was relatively high in Denmark, as was the case
for sweet and alcoholic beverages. Italy and France had the highest intake of
fish. In all countries, however, intakes were low for legumes, and nuts and
seeds. Intake of red and processed meat was high in all countries (84-94g/day).
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Intake of red and processed meat contributed to 70-80% of the total meat intake
(Chapter 4), comprising mainly of meat from pork in Denmark and Czech
Republic, and from beef in Italy and France (Chapter 5). In addition, of all food
groups, the intake of total meat – especially the proportion of ruminant meat –
explained most of the variation (~15 and 20%, respectively) in the environmental
impact of consumer diets (Chapter 5).
For nutrients, inadequate intake of dietary fibre was highly prevalent in all four
countries (Chapter 4). Intakes of potassium and folate were the most inadequate
in Czech Republic, magnesium in Italy, and vitamin E in Denmark When
changing diet composition for improving environmental sustainability, the food
group meat, and in particular the proportion of ruminant meat, was the most
important. Milk was relatively neutral, while grain products were associated with
a lower environmental impact. However, a theoretical shift from meat to plant
products resulted in lower intakes of vitamin B2 and B12 (Chapter 5).

Objective 3: To identify dietary improvement options in Europe that integrate
health, environmental sustainability and dietary preferences
Dietary improvement options that integrate health and environmental
sustainability were identified using a benchmarking diet model (Chapter 6).
When benchmarking diets, part of the observed diets were identified as efficient
diets, and they were not improved further by the model, but were used as
examples for improving the diets of others. In Chapter 7, diets were compared
with each other based on an a priori defined set of food-based dietary
guidelines, and basically they were efficient if the ratio of “dietary components
to increase” to “dietary components to decrease” was higher. Modelled diets by
definition were more in line with the food-based dietary guidelines and either
had the least deviation from the observed diet (Max P, for the most preferred
diet), the highest nutrient quality (Max H, for the healthiest diet), or the lowest
environmental impact (Max S, for the most environmentally sustainable diet).
An important aspect of the benchmarking diet model is that improved diets are
a combination of other existing diets as observed in the population under study,
hence population-specific options for dietary improvement. As a visual
representation of the results in Chapter 7, Figure 1 summarises the relative
improvement on nutrient quality and environmental sustainability for the
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modelled diets as compared to the observed gender- and country-specific diets.
The modelled diets were compared with the observed diet and each other with
respect to healthiness (Yal sustainability (X-

ty of the observed

countries

on

their

maximal

feasible

improvement

for

environmental
-

This high reduction potential of Italy was related to a steep decrease in the

general based on partial replacement of food groups. In
diets showed substantially higher levels of fruit

the healthier
alleviated

from red and processed meat to

healthier diet (Max P diet

was prioritised (the Max H
the improved diet had
even highe
fish and legumes
er amounts
of sweet and alcoholic beverages.
hen environmental
sustainability was prioritised (the Max S
the improved diet had still a similar
proportion of animal- to plant-sou
within the group of animalMax H
Max S diet did still

diet. This indicates a tradedietary preferences.
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Figure 1 Evaluation of the nutrient quality and the environmental sustainability of the modelled
diets according to a benchmarking diet model ab
a
All modelled diets have an improved adherence to food-based dietary guidelines. Max P is the most preferred diet
based on minimal deviation from the observed diet, Max H the most healthy diet based on NRD15.3 for nutrient
quality, and Max S the most environmentally sustainable diet based on GHGE.
b Dots represent the averages from the analyses reported in Chapter 7, and the country-specific results are
presented by a check mark for the Max P diet, a heart for the Max H diet, and a leaf for the Max S diet.
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METHODOLOGICAL AND CONCEPTUAL CONSIDERATIONS

Methods of dietary assessment
Findings described in Chapter 4, Chapter 5 and Chapter 7 apply to consumer
diets in Europe using national dietary surveys carried out at the individual level.
This thesis makes use of survey data from Denmark (2005-2008), Czech
Republic (2003-2004), Italy (2005-2006), and France (2006-2007). Because of
differences in survey methodologies, available dietary data were harmonised
and standardised to enable comparisons between countries.

Harmonisation of the food classification and food group categorisation
EFSA has developed the FoodEx2 classification [5], and data providers code all
foods and beverages in their national dietary survey accordingly [6]. The total
number of foods reported in these surveys differed between the countries,
possibly reflecting differences in the variety of foods available in these countries
and/or a level of detail for reporting of foods in the different surveys. This,
however, did not influence the results, as foods were categorised into food
groups. Foods within a health-based food group are – roughly – comparable for
health, but not necessarily for environmental sustainability. This in particular
explains why the categorisation for meat products, and fats and oils was
different for assessing health (in Chapter 4) and environmental sustainability of
the diet (in Chapter 5). For health, these foods were categorised based on their
non-communicable disease risk (factor) reduction, i.e. for meat a categorisation
into red, processed and white meat, and for fats and oils a categorisation based
on fatty acid composition. For environmental sustainability, categorisation was
based on food source, i.e. meat from beef, pork or poultry, and fats and oils from
animal or plant sources. The use of one common food classification system, as
applied in the present thesis, was therefore an important step in the alignment
of dietary surveys, increasing the comparability of food group categorisation
between countries. To maintain comparability in a diet model, the deviations
from observed diets were also quantified at the level of food groups (Chapter 7).
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Furthermore, both the health and environmental evaluations (Chapter 4 and
Chapter 5) and the diet models (Chapter 7) are dependent on how well the
method of dietary assessment can describe the diet. In this thesis, for example,
for food group adherence, the level of detail in the dietary surveys did not allow
for a differentiation between sugar- and artificially-sweetened beverages and
therefore the intake of ‘sweet beverages’ was reported instead of ‘sugarsweetened beverages’ for the four countries. However, given the increasing
trend of consuming artificially-sweetened beverages, this differentiation
becomes more important for future research [7, 8]. Other sources of dietary data
uncertainties in this thesis are the intake of whole grain products and salt. Issues
for the quantification of whole grains (and types of dietary fibre) and salt relate
to the high variability in nutrient content of foods between the countries and this
is not accurately captured in the national food composition tables. In particular
for salt, a better assessment of sodium from discretionary sources and
processed foods and/or population-wide assessment of 24-hour urinary sodium
excretion is warranted in diet surveys to better inform public health and provide
dietary advice on the modelled diets [9]. In this thesis, the design of healthy,
environmentally sustainable diets for European consumers is therefore
hampered by inaccurate data on the consumption of sugar-sweetened
beverages (added sugar intake), whole grains (dietary fibre) and salt, and this
has probably led to an underestimation of their impact on health and
environmental sustainability.
Sugar, dietary fibre and salt are major determinants of taste and texture of
foods, and therefore their influence on dietary preferences of consumers
should not be ignored when designing more healthy and environmentally
sustainable diets.
Dietary habits are different in each country, depending on food availability and
dietary preferences. This accounts for part of the difference in nutrient intakes
and environmental impacts of the diet across the countries (Chapter 4 and
Chapter 5). The use of a country-specific versus standardised database for food
composition and environmental indicators would also influence estimations of
nutrient intakes and environmental impacts from foods, respectively. In the
present thesis, nutrient intakes were estimated using a country-specific
database (Chapter 4), and diet-related environmental impacts using a
standardised database for Europe (Chapter 5). The advantage of using countryspecific databases is that the variables of interest are more accurately estimated
for that particular country, while a standardised database ignores any country-
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specific differences in food composition and/or food supply systems. Both have
thus their own advantages, i.e. a country-specific database provides a better
match to national food habits and survey methods, whereas a standardised
database is more readily available and could suffice for conclusion at the EUlevel, but lacks specificity for the national food production system. The relevance
of our analyses for national food policy might be improved if the LCA-data would
account for the national mix of food production systems [10].

Standardisation for energy intake
To ensure a fair comparison of diets in this thesis, diets were standardised for
energy intake using the density method [11]. Densities of intakes maintain the
relative consumption quantities of foods in the diet, and permit disentangling diet
composition from systematic errors in reporting the overall quantity of food and
energy intake.
In this thesis, diets were standardised for energy intake using the density
method. Using densities is very useful to describe dietary patterns in a
comparable way, and densities of intake can easily be translated to dietary
advice in a public health setting. However, the use of energy-standardised
diets disregards the impact of overconsumption on health and the
environment.
Dietary changes by individuals and populations may be considered as isocaloric, provided that body weight and physical activity remains constant. This
highlights the need to keep energy constant when comparing diets between
groups. Consistent with the literature [12-14], Chapter 3 found that using energyadjusted values resulted in a higher group mean bias and a lower correlation
between FFQ and 24-hour recall, but there was less attenuation. As
measurement errors in the assessment of the quantity of food are strongly
correlated with errors in the measurement of total energy intake, the same is
expected to hold when comparing 24-hour recalls with diet records. Replicates
of a 24-hour recall in general show higher intakes of total energy as compared
to diet records [15-17], as also seen in Chapter 4 and Chapter 5, but their groupmean bias is expected to be lower as with an FFQ. The reason for this is that
they share a larger amount of correlated errors as compared with an FFQ, since
both are short-term open-ended methods of dietary assessment that allow
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greater specificity for describing foods and food preparation methods [17]. Thus,
24-hour recalls and diet records are both suitable methods to provide more
objective food intake data that also captures day-to-day variation, as will be
explained later on in this discussion.
In addition, using densities is considered as a way to compensate for nondifferential under- or over-estimation of food intakes [11]. When assessing the
healthiness (Chapter 4) and environmental impact of the diet (Chapter 5), we
did not exclude under- and over-reporters, because some of the mis-reporters
may truly be consuming a low- or a high-energy diet on those specific days.
Their intake data were, however, not likely to reflect a representative day of
intake, and because of that they were excluded from the benchmarking diet
model (Chapter 7). After all, the benchmarking diet model is based on the
normal range of variation in dietary habits and not on exceptional days, because
such days should not be ‘copied’ by others. Therefore, the variation should be
in the range of reasonable intakes for each food group. This is certainly not the
case for under-reporters and their (upscaled) energy-standardised intakes
leading to extremely high amounts of any particular food group. Although
excluding mis-reporters limited the internal consistency with the previous
chapters (Chapter 4 and 5), mean intakes on the population level were barely
affected and distributions of intake were only slightly shrunk towards the group
mean.

Standardisation for the number of days
Related to the time integration of dietary exposure, the average of two nonconsecutive days for each individual was used in this thesis. This number of
days was standardised, but not the time span between the two assessment
days, i.e. one day in between for Italy, one to five days for Denmark and France,
and three to five months for Czech Republic. Because of within-subject day-today variation, this raised questions on occasionally consumed foods and the
usual intake distribution.
Statistical methods correcting for the intake distribution for within-subject dayto-day variation require the availability of one or more non-consecutive 24-hour
recalls or diet records. In literature, it has been acknowledged that consecutive
days, including days spaced over a week time-interval, as compared to random
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days spaced over a longer time-period, are more dependent on each other, e.g.:
leftovers and eating more on one day and less the next day [18]. Relying on
nearby days is therefore likely to affect the within-subject day-to-day variation
[19-21]. This phenomenon was, however, not supported in the present thesis
where the intra-class correlation coefficients of the two days were comparable
in the four countries. More research is needed to study the role of time span
between the assessment days on the estimations of the within-subject day-today variation. Moreover, removing this within-subject variation to obtain usual
intake is more difficult in the case of densities, and in particular for densities of
episodically consumed foods where no standard statistical packages are
available. Not removing the within-subject day-to-day variation would not affect
the observed mean intake of the population, but would widen the intake
distribution [22]. This widened intake distribution gave rise to biased estimates
for nutrient inadequacy and food-group adherence (Chapter 4), and attenuated
associations (Table 5 of Chapter 5) (Figure 2). The latter was confirmed in
Chapter 3, showing stronger associations between the healthiness and
environmental impact of the diet after removing within-subject variation.
Nevertheless, using the average of two days is regarded as a simple way to
partly account for within-subject day-to-day variation, and leads to only a partial
shrinkage of the intake distribution as compared to one single day [23].

Figure 2 A widened population intake distribution affects the estimated prevalence of
inadequate intakes a and attenuates the associations with diet-related environmental impact b.
a

Percentage of the population below or above a cut-point was calculated in Chapter 4.
Associations of diet-related environmental impact with diet scores were calculated in Chapter 3 using repeated
24-hour recalls as observed and corrected for within-subject variation, and with diet composition in Chapter 5 using
two assessment days as observed.

b
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Time-integration of dietary exposure in a benchmarking diet model
In the benchmarking diet model, the diet of each individual, as averaged from
the two assessment days, was regarded as an example of an existing daily
menu, whereby some daily menus perform better than others (Chapter 7). A
combination of these better performing daily menus would thus result in a better
weekly menu. However, to obtain a weekly menu in accordance with a healthy
diet, the combination of daily menus must be interpreted with caution, because
for some food groups recommendations are not based on daily but weekly
consumption, such as one portion of fish a week. In the present thesis, this issue
was tackled by capping fish intake at sufficient intake levels, and by replacing
favour higher intakes, and the latter to put upper intakes at a disadvantage while
benchmarking diets. In this way, a combination of different efficient sample daily
menus, i.e. of fish, meat, poultry, legumes, etc. was used to guide dietary
improvement at population level.
In this thesis, the dietary exposure in the benchmarking diet model covered
two assessment days for each individual, as an example of an average daily
menu. The use of these daily menus in the benchmarking diet model created
a larger window of opportunity for dietary improvement than when using
habitual intakes. This is because daily menus capture a substantial amount of
variation in dietary practices to identify the most efficient diets, but warrant
attention for food groups with a recommended weekly consumption.
This issue of weekly consumption instead of daily consumption can also be
accounted for by closer approximating the habitual intake of an individual, e.g.
by using the average of seven days, as representative for a week menu, rather
than using the average of two days or just one day. Improved diets are in this
way a combination of better performing week menus, and thus represent a
better habitual diet. This in turn suggests the use of habitual intakes over a
longer period of time. Habitual intake is the long-term average daily intake that
accounts for both consumption and non-consumption days, and can be
assessed by using a FFQ or repeated individual-level 24-hour recalls and diet
records over a longer period of time. However, as compared to 24-hour recalls
and diet records, a FFQ may introduce a substantial amount of measurement
error, in particular person-specific problems with estimating frequencies and
portion sizes of grouped food items instead of a single food item [24]. This
person-specific bias would cause misreported dietary habits to be used in
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benchmarking. In addition, averaging individual-level 24-hour recalls and diet
records over a longer period of time may reduce benefitting from the betweensubject variation in diets. In the benchmarking diet model, this between-subject
variation is the major factor to inspire dietary improvements and accounts for
implicit associations between food groups for the two assessment days, but not
for long term diet patterns at the level of the individual. Therefore, averaging
over more than two days could lead to improved acceptability when individual
advice is aimed at, but might be less important at the population level.
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Healthy diets
The present thesis made use of energy-standardised diets, and therefore
energy balance, as one of the aspects of a healthy diet, has been separated
from diet composition. For studying diet composition, both food- and nutrientbased approaches were considered to ensure non-communicable disease risk
(factor) reduction and nutrient adequacy. Food-based dietary guidelines and
nutrient recommendations were used for evaluating the diet in Chapter 3 and
Chapter 4, and for the design of dietary improvement in Chapter 7.
This thesis focuses on dietary quality rather than quantity of diets in Europe.
Caloric intake, however, is also important. Energy imbalance, as reflected in
the BMI of individuals and populations, has a major impact on both health and
environmental sustainability, and should be considered in policy scenarios.

Energy balance
Using energy-standardised diets as starting point for the benchmarking diet
model implies that options for dietary improvement only consider an iso-caloric
substitution between food groups, as they are a combination of existing energystandardised diets (Chapter 7). Thus, all improved diets are healthier options
with regard to their diet composition, but they do not tackle overconsumption
and its associated overweight/obesity burden as such. Nevertheless, these
energy-standardised improved diets can be re-scaled to the desired level of
energy intake, according to energy needs. By proportionally lowering or
increasing the intake from each food group, the diet composition, as proposed
by the benchmarking diet model, remains the same for a different level of energy
intake. Next to the health improvement, reducing energy intake is also an
effective strategy for lowering the environmental impact of the diet (Chapter 5).

Dietary variable selection
Population adherence to food-based dietary guidelines for the Netherlands, as
described in Chapter 3, was captured by using a summary measure, i.e. the
Dutch Healthy Diet index 15 [25]. The use of such a summary measure was not
possible in Chapter 4, because food-based dietary guidelines are country or
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region specific. Nutrient adequacy at population level in Chapter 3 and Chapter
4 was captured by using a summary measure, i.e. the Nutrient Rich Diet score
(NRD) 9.3 that includes nine nutrients to encourage and three nutrients to limit
[26, 27], and Chapter 4 additionally included an extended version, i.e. NRD 15.3
that captures more nutrients that are potentially relevant for European
populations switching towards a more plant-based diet. In contrast to the
individual components, summary measures, however, are important information
tools to take diet quality at face value, but interpretation is limited by scorerelated limitations, e.g. the inclusion of a selected number of dietary
components, arbitrary penalties for unmet criteria, and the failure of the overall
score to identify dietary components of public health importance.
For the design of dietary improvements in Chapter 7, the starting point for
identifying healthier diets were the dietary components that serve as a basis for
establishing food-based dietary guidelines in the four countries (Box 1). All
generic key elements of a healthy diet, i.e. food groups and nutrients that have
consolidated knowledge on diet and health, were included as model variables
for the diet comparison in the benchmarking diet model, except sodium because
of known inaccuracy in intake assessment [9]. When modelling on the
quantifiable generic key elements of a healthy diet, a substantial decrease in
animal-sourced foods occurred, and this resulted in a lower intake of several
key nutrients that are mainly derived from animal-sourced foods. This was in
particular of concern in women from Czech Republic, where in the context of
observed diets no appropriate plant-based alternatives could compensate for
this. For the identification of existing efficient healthier diets in Chapter 7, foodbased dietary guidelines were, therefore, complemented by several key
nutrients, i.e. calcium, zinc, vitamin B2 and B12, to ensure nutrient adequacy.
Although food-based dietary guidelines and these key nutrients were used to
identify the set of efficient healthier diets, health implications of dietary
improvements as such were not considered. To improve modelling healthier
diets, population impact fractions for individual dietary risks might therefore
serve as evidence-based weights for the individual dietary components included
in the model to identify efficient existing diets. Adding weights based on public
health impact to the individual dietary components might thus prioritise some
dietary improvements above others.
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Box 1 Dietary components to identify existing healthier diets according to food-based dietary
guidelines, using Data Envelopment Analyses.

* Apart from food-based dietary guidelines, key nutrients are added for safeguarding nutrient quality.

Reference values
In all health evaluations, the chosen reference values play a key role in
assessing food group adherence and nutrient intake adequacy. For food group
adherence, the amounts presented in food-based dietary guidelines give an
indication on how much from a certain food group an individual should include
in the daily menu. Although the food groups were rather similar in the foodbased dietary guidelines of European countries, the reference values differed
between countries [28, 29]. In Chapter 4, the less restrictive reference values
for an individual’s diet was used for assessing adherence at population level
across countries. It might, however, be questioned whether such reference
values are suitable for evaluating adherence to food-based dietary guidelines
on the population level. This issue has been acknowledged for nutrient
evaluations, where several indicators and cut-points of the nutrient level are
available [30, 31]. Although the probability method is considered theoretically
the best choice for evaluating nutrient adequacy [32], the AR cut-point method
was adopted as a feasible and acceptable alternative [32, 33],and applied for
the nutrient evaluation in Chapter 4. There is currently no such framework for
adherence to food-based dietary guidelines. It is unlikely that the assumptions
underlying the AR cut-point method also apply to the skewed intake distribution
therefore be
viewed as comparative descriptors rather than as valid estimates of adherence
for the population.
When designing healthier diets, dietary reference values serve as a guide for
safeguarding diet quality, and they are important for monitoring the nutritional
status of individuals and populations. Most food-based diet optimisation models
rely on dietary reference values that are included in the model as constraints in
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order to compose a healthy diet from all foods available [34]. In contrast, in a
benchmarking diet model, there is no need to specify any dietary reference
value, as the healthiness of a diet is principally determined by the ratio of “dietary
components to increase” to “dietary components to decrease” (Chapter 6 and
Chapter 7).
This thesis shows that improved diets for consumers may be designed by a
benchmarking model that is commonly used in economics. With the
econometric frontier approach – data envelopment analyses (DEA) – diets are
efficiently maximised for their benefits, i.e. “dietary components to increase”,
against minimal costs, i.e. “dietary components to decrease”, without
specifying any dietary reference value.
While benchmarking diets, a diet is thus efficient when the benefit-cost-ratio of
“dietary components to increase” to “dietary components to decrease” is higher.
To allow for fair comparison between the diets, diets were standardised for their
energy intake. In diet planning, the estimated average energy requirement
associated with gender, age, height, weight and physical activity level of the
population can be used as a reference energy intake [31]. The average energy
requirement is estimated to be 2,500 kcal for men and 2,000 kcal for women,
and subsequently in the benchmarking diet model, diets were standardised to
2,500 kcal for men and 2,000 kcal for women (Chapter 7). This, however, limited
the internal consistency for men with Chapter 4 where their diets were
standardised to 2,000 kcal, though a 2,500-kcal diet represents a more realistic
assumption of energy intake for men.
Moreover, in practice, “dietary components to increase” are only beneficial up
to a certain level, whereby intakes higher than this level may not offer additional
health benefit. To account for this while benchmarking diets, a capping value at
the level of the reference intake was applied for each of the dietary components
to increase, except for the infrequently consumed food groups like legumes, and
nuts and seeds (Chapter 7). All diets with an intake at the level of the capping
value or higher are for the diet benchmark considered equivalent for health with
regard to the intake of that particular dietary component. Using capping values
affects the number of efficient diets, leading to a larger set of efficient diets that
not only includes diets with extreme high intakes for a particular food group. This
in turn results in improved diets that are closer to the observed diet, and thus
are assumed to be more realistic and feasible.
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Environmentally sustainable diets

Assessment of environmental impact of consumer diets
Diet-related environmental impacts of consumer diets are commonly assessed
using attributional LCA that describes the environmental impacts throughout all
the stages of a product’s life cycle under the current architecture of the food
system [35]. The assessment of the diet-related environmental impact is,
however, hampered by uncertainties involved in the environmental impact
analyses based on attributional LCA. This results in a large variation in available
LCA data, due to differences in model choice and assumptions underlying the
LCA method. In the present thesis, LCA data used in Chapter 3 (Blonk
Consultants data set version 2016 [36]) differed from those used in Chapter 5
and Chapter 7 (the SHARP-ID constructed in this thesis). The Data provided by
Blonk Consultants are specific for the Dutch context and were used for the
assessment of the environmental impact of diets in the Netherlands in Chapter
3. The data in the SHARP-ID represent a broader European context, and
therefore ignores variation originating from nationally different food supply
systems, and these data were used for the assessment of environmental impact
of diets across Europe (Chapter 5 and Chapter 7). Comparison of both LCAdatabases revealed that although absolute impact values for foods were
different, the contribution by food group and the hierarchy in impact per amount
of food group as consumed was approximately the same [37]. This further
supports the idea that for most foods the largest environmental burden in food
production originates from the primary production phase, involving crop
production and animal breeding [38]. Adding impacts from the other stages of a
product’s life cycle adds thus to the precision of the estimate [10], and any
differences in these stages has until now limited influence on the ranking in the
diet as a whole. Nevertheless, with increasing data availability on LCA and on
dietary practices, such as packaging, home preparation, and food waste at
home, these aspects of food consumption are likely to affect the environmental
impact of a specific food with an food group to a greater extent [10, 39] and to
increase the precision of the estimate. As the aim of Chapter 5 and Chapter 7
was to advance dietary advice for consumers, it could be relevant to separate
out the role of food choice between and within food groups at the consumer
level.
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This thesis makes use of a standardised database for environmental impact
indicators of GHGE and LU, i.e. the SHARP-ID, to assess the environmental
impact of European diets. The SHARP-ID allows for direct comparison of
dietary patterns, but precludes comparison of national food supply systems.
In addition, including environmental impact indicators on fresh water use,
nitrogen and phosphorus flows, biodiversity loss and land-system change
would give a more balanced picture of environmental footprints.

Broad spectrum of environmental impact indicators
In this thesis, GHGE, LU and fossil energy use (FE) were used as indicators for
environmental impact assessment. GHGE is the most commonly used indicator
for environmental impact [40, 41], although a narrow focus on this ignores many
other ecosystems that are affected by diets and agri-food systems. This can be
illustrated by the contribution of food groups to diet-related environmental
impact, which ranks differently per indicator (Chapter 3 and Chapter 5). Foods
like fruit, vegetables and fish have a lower contribution to LU as compared to
GHGE, which implies higher amounts of these foods for an environmentally
sustainable diet when using LU instead of GHGE as an indicator (Chapter 3 and
Chapter 5). On the other hand, instead of GHGE and LU, using FE is likely to
result in an environmentally sustainable diet that includes lower amounts of
vegetables, fruit, fish, grains and beverages, because of their higher contribution
to FE as compared to GHGE and LU (Chapter 3). Impacts thus differ by
environmental domain, and that is why the broad spectrum of environmental
impact indicators should be considered when evaluating and modelling
environmentally sustainable diets. Provided that LCA data are available for a
large number of indicators, summary measures can be used, as applied in
Chapter 3 for the Dutch diet, but not for the diet modelling in Chapter 7.
However, such summary measures limit interpretations, as explained earlier in
the case of diet scores.
Moreover, next to considering trade-offs between the different environmental
impact indicators, it is important to incorporate the supply chain of a food when
modelling environmentally sustainable diets for consumers. This is because of
the production interdependencies between foods, for example when considering
side streams of production, both milk and meat from dairy cattle need to be
included in an environmentally sustainable diet [42]. In Chapter, 7, the modelled
diet high in environmental sustainability therefore needs to be interpreted with
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caution, because of the use of attributional LCA. The food group substitutions
for this modelled diet are based on the fact that under the current production
and consumption practices the consumption of one food is better than that of
another one. In practice, however, it is not that simple, as each change in food
production and consumption is likely to affect the environmental impact of all
foods in the long run. Using consequential LCA or food systems models instead
allows to account for potential changes in environmental flows as a response to
such changes in food production and/or consumption [43].
In addition, options for a diet that minimise the environmental impact of food
production and consumption differ by region. In particular, replacing animalsourced foods with plant-sourced ones would in high-income countries reduce
some environmental impacts, in particular GHGE, but increase fresh water use,
and would additionally increase cropland use, nitrogen and phosphorous
application in low-income countries [44]. In addition, as a result of globalising
food markets, food consumption demands of Europe may put pressure on the
environment elsewhere in the world [45]. Thus, ideally, the broad spectrum of
GHGE, cropland and freshwater use, nitrogen and phosphorous applications,
and biodiversity should be considered from both a country-specific and a global
perspective when evaluating and designing diets.
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Dietary choices

The context of observed diets
This thesis addressed dietary choices in the context of observed diets, and
these observed better dietary choices allow to provide a wide range of
improvement options that are assumed to be realistic and feasible for the
population under study (Chapter 7). The assumption underlying this is that peer
group behaviour may be seen as a key feature of human dietary behaviour [46,
47], whereby valid information about appropriate eating is provided by similar
others or those with whom they affiliate.
In this thesis, the benchmarking diet model aimed for moderate dietary
improvements in the subgroup of the population with inefficient diets. These
dietary improvements were calculated based on the efficient diets in the
population, and thus individuals with an efficient diet act as role models for
dietary improvement. The use of this ‘peer resemblance’ approach provides
options for dietary improvement that are realistic and feasible, as they are
within the boundaries of observed dietary practices.
In addition to peer resemblance, a consumer dietary choice is also dependent
on individual characteristics, such as demographics, taste, convenience, price,
etc. [48, 49]. Therefore, the modelled dietary improvement options can still be
disputed. In one of the models of Chapter 7, the improved diet should stay as
close as possible to the observed diet (the Max P diet). Such a preferred
healthier diet was modelled by minimising the sum of positive and negative
deviations in food group intake. Using these absolute differences in
consumption amount between food groups assumes that each dietary
improvement is equally likely to occur, whereas in practice some are more likely
than others. Previous studies have tried to capture the likelihood of dietary
improvement by using penalty weights that are directionality-dependent and
proportional to food popularity [50]. This algorithm for the likelihood of dietary
improvement assumes that consumers do not like dietary changes, but if
needed, they rather prefer an increase in the amounts of foods consumed than
a decrease or an introduction of foods that were not consumed before [50].
Collecting and including information on individual food preferences and
aversions will therefore obviously enhance the modelling of more realistic and
feasible options for dietary improvement for each consumer. It is, however, hard
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to know how the modelled diets are affected by the different measures of
deviations.
Quantifying how much a modelled diet is in line with dietary preferences is
challenging. Therefore, Chapter 7 introduced a simple description of the overall
similarity between the observed and alternative healthier diet, a so-called diet
similarity index.
In this thesis, a diet similarity index was calculated as the summed amount of
each food group amount that remains the same in the modelled diet as
compared to the observed diet divided by total diet weight of the observed
diet. It is, however, still hard to judge how much diet similarity is needed for a
dietary improvement option that is likely to occur.
This measure of diet similarity assumes that, in the course of dietary
improvement, consumers are willing to increase consumption of a consumed
food without considering this as a change, and if needed they rather partly give
up a consumed food than totally eliminating this from the diet or introducing a
new food. Although the diet similarity index estimates the proportion of food
intake that remains unchanged, it is still hard to say at what order of magnitude
in diet similarity a dietary improvement is more or less likely to occur. There is
thus a need for studying consumer perception, such as food preferences and
aversions, price, taste and texture, personal interest in health or environmental
sustainability etc. on the suggested improvement. If such indicators on
consumer perception become available for each consumer, incorporating them
to the indicators and adding them to the benchmarking diet model will help to
further tailor dietary advice to the individual consumer.
In this context, a previous observational study conducted in five urban regions
across Europe showed that barriers of perceived “lack of willpower”, “time
constraints” and “taste preferences” are strongly related to dietary behaviours in
adults [51]. In particular the barrier of “lack of willpower” and “time constraints”
appeared to be especially important for the consumption of home-cooked meals
and a frequent consumption of breakfast. Accounting for such barriers of dietary
behaviour in the diet model relates to the previous discussion on time integration
of dietary exposure. This implies that a meal-oriented approach rather than a
daily menu-oriented approach might increase the understanding of dietary
choices towards improved diets by means of improved meals.
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Towards healthy and environmentally sustainable diets
Chapter 2 describes two approaches for designing alternative diets, i.e. food
item replacements and diet models. For the design of diets towards improved
health and environmental sustainability, it is particularly important to satisfy
nutrient recommendations and food-based dietary guidelines, and to minimise
environmental impact, while still accounting for dietary preferences.

Food item replacement
Food item replacement is a simple approach for designing alternative diets, and
for the design of environmentally sustainable diets, the main interest is replacing
animal-sourced foods by plant-sourced ones. In the literature review of Chapter
2, it is found that diets with less meat may have a lower environmental impact
up to 50% of the observed impact depending on the amount and type of meat
included in the observed diet and the substitution food [52, 53]. In such
replacement studies, the intake of meat was often stepwise lowered until full
elimination, and was replaced by one food group or a combination of different
food groups, either on a food weight, a protein or an energy basis (Chapter 2).
Chapter 5 introduced a regression-based substitution to simulate a food item
replacement that accounts for total energy intake and the underlying type of
data, i.e. observed dietary practices. In particular, a 50% replacement of the
energy from meat by grains or by fruit, vegetables, legumes and nuts decreased
environmental footprints by 12% for GHGE and 17% for LU. Although these
simple replacement messages are straight-forward, the implementation in
practice may face some challenges. Plant-based alternatives may not fit within
dietary preferences of consumers, because of different taste profiles. i.e. taste
of salt/umami/fat for meat, neutral for bread, vegetables, legumes and nuts, and
sweet/sour taste for fruit [54]. In addition, it has been shown that a more healthy
and environmentally sustainable diet includes lower amounts of foods with a
taste of salt/umami/fat and of bitter, and higher amounts of foods with a neutral
taste [55]. Next to taste differences, a transition towards a more plant-based diet
can also put critical nutrient intake under pressure in the population. Critical
nutrients in this thesis were vitamins B2 and B12 when replacing meat (as found
by the regressionadditionally included
Chapter 7). Such simple food item replacements do thus modify the diet as a
whole, but they do not capture the complexity of the dietary pattern.
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Diet models – in general
Transparent and reproducible integration of health and environmental
sustainability aspects of a diet requires mathematical modelling. Diet models
have been used to design either population or individual diets that are more
optimal according to certain criteria [34, 56]. The usefulness and validity of the
results obtained with diet models is, however, dependent on how well the model
generates realistic and feasible diets, and on the quality of the underlying data.
This thesis shows the application of a benchmarking diet model for the design
of dietary improvement options. The great advantage of using a benchmarking
diet model is that the diet solutions fit in the context of observed diets and that
it implicitly accounts for dietary preferences by keeping the basic relationships
between foods intact.
While common diet optimisation models starts from a set of available foods with
data on food composition and environmental impact, the benchmarking diet
model identifies existing healthier diets within a population and uses them as
example for dietary improvement (Chapter 6). The main difference for dietary
improvements is thus the decision-making unit which is a basket of foods in a
diet optimisation model and a set of observed diets in a benchmarking diet
model. This difference influences the generation of diets in two ways. First, in
diet modelling ensuring realism and acceptability of the modelled diet requires
introducing additional constraints on food associations, such as bread and
butter, oil and green salad, milk and cereals, while there is no need for in a
benchmarking diet model. This is because the resulting diet is a combination of
other existing diets, and thus describes a first step for dietary improvement, or
in other words the maximal feasible solutions for dietary improvement within the
range of observed diets, instead of an optimised diet. Second, an increase in
the amount of infrequently consumed foods, such as nuts and seeds, is
hampered by a benchmarking diet model (Chapter 7), although these foods fit
in a healthy and environmentally sustainable diet, as suggested by food-based
diet optimisation models. Nevertheless, results of the benchmarking diet model
suggest a need for targeted efforts and/or product development to increase
consumption of some foods beyond observed dietary practices. Moreover,
observed individual dietary practices are partly shaped by the food environment
[57, 58] that is, however, subjected to changes, such as the introduction of new
foods on the market and price fluctuations, which in turn can influence dietary
intake. This supports the idea of adding recommendation algorithms that include
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both peer resemblance of the diet as well as product characteristics.
Recommendation algorithms such as “people like you often use this product to
arrive at a healthier and more environmentally sustainable diet” can thus
complement the modelled diets by providing additional suggestions for dietary
improvement. Such suggestions can be seen as a second step that helps to
pave the way for more healthy and environmentally sustainable diets.
This thesis provides examples for the first steps towards improvement of diets
for health and environmental sustainability, within the framework of foodbased dietary guidelines, and with solutions that are close to observed diets
in Europe. Such dietary improvement options, as explored by the
benchmarking diet model, are highly dependent on the dietary variables used
to identify efficient diets and the set of observed diets.

Diet models – assumptions
Several assumptions that underlie most diet models could be questioned,
including the indicators for health, environment and dietary preferences, as
discussed above. In a benchmarking diet model based on data envelopment
analyses (DEA), particularly, the indicators used to identify efficient diets are of
major importance for the direction of dietary improvement. A previous
benchmarking diet model using a nutrient-based approach did not capture the
full spectrum of a healthy diet, since not all modelled food group amounts were
in line with food-based dietary guidelines [59]. This is because in the context of
observed diets, subjects with a higher nutrient quality do not necessarily have a
higher adherence to food-based dietary guidelines. In a cohort of 1,169 Dutch
highly educated adults (NQplus study), for example, only 57% of the population
that scored highly on a nutrient-based diet score had a high food-based diet
score (Chapter 3). This suggests that subjects can cover nutrient intakes without
necessarily fully adhering to food-based dietary guidelines. On the other hand,
food-based dietary guidelines provide a basic framework when planning daily
menus, and are supposed to cover 100% of the nutrient recommendations [60].
That is why in Chapter 7, the identification of efficient diets was based on an a
priori defined set of food-based dietary guidelines. There appeared to be no
need to add nutrients to the DEA-model, except for Czech Republic where no
appropriate plant-based alternatives could compensate for a substantial
decrease in animal-sourced foods and their key nutrients, as discussed above.
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It was therefore important to incorporate several nutrients, next to the foodbased approach to prevent that the healthier diet in the context of observed diets
negatively affects nutrient adequacy of the diets in these populations.
Modelled diets are in general influenced by the order of modelling steps, since
options for dietary improvement are dependent on the set of existing efficient
diets that are identified by the model variables. In the case of Chapter 7,
indicators for a healthy diet were used to identify efficient diets. Options for
dietary improvement are thus in Chapter 7 first of all derived from food-based
dietary guidelines, and after that additional constraints on dietary preferences,
nutrient quality and environment are included. When instead of health, the
environment is the main reason for dietary improvement, the set of existing
efficient diets would be identified by using indicators for environmental
sustainability. Diets with a lower environmental impact are then used as
examples for dietary improvement of others. In this way, such modelled diets
are expected to have a much larger improvement for environmental
sustainability than the Max S diet as found in Chapter 7, but a lower
improvement for health even after adding additional constraints on health. This
implies that the maximum solutions for health and environmental sustainability
cannot be achieved simultaneously by dietary choices alone. This also confirms
the weak associations between healthiness and environmental impact of the
diet (Chapter 3). That is why public health and agri-food policies and research
programmes should be integrated in the design of future consumer diets, and
not as an add-on of each other.
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DISCUSSION OF THE MAIN FINDINGS
Results of the diet model presented in this thesis shows that dietary solutions
that benefit both human health and the environment promote a higher intake of
plant-sourced foods and a lower intake of meat, in particular beef, along with
tackling overconsumption.
Overconsumption
Obesity (i.e. BMI 30 kg/m2) ranks among the leading five risk factors for early
death and disability in Europe [61, 62], and is highly prevalent (10-15%) across
the four countries. Nevertheless, this burden of disease is potentially
preventable. A modest weight loss of 5-10% significantly improves metabolic
and cardiovascular health, with more improvement for greater weight loss [63].
Caloric restriction is one of the key features for achieving weight loss that would
also benefit the environment (Chapter 5). When energy intake was reduced to
meet energy needs for a 5-10% lower body weight, then the diet-related GHGE
and LU would decrease by 3-5%, without changing diet composition.
Diet composition – national benchmarking
Diet-related environmental impact can be further reduced by changing diet
composition. In Chapter 7, improved diets within the framework of food-based
dietary guidelines and in the range of observed diets were identified using a
benchmarking diet model. A total of 6,462 individual diets across Europe were
benchmarked, of these diets 4,344 (67%) could be improved for their adherence
to food-based dietary guidelines by other national diets within a country-andgender-specific context of observed diets. In particular, dietary improvement
was modelled for 66% of the diets in Denmark, 58% of the diets in Czech
Republic, 74% of the diets in Italy, and 68% of the diets in France. In line with
the food group adherence (Chapter 4), the solution space to improve inefficient
diets was the lowest in Czech Republic, followed by Denmark and France, and
the highest in Italy. This is because this solution space is dependent on the
number of efficient diets that in turn is dependent on to what extent individuals
in a population meet food-based dietary guidelines. When a number of
individuals in the population meet only a part of the food-based dietary
guidelines, then many of this number of individuals are included in the set of
efficient diets, hence less improvement on a population level, and vice versa.
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Diet composition - European benchmarking
On top of this, a further improvement of diet composition is possible when using
national benchmarking as applied in Chapter 7. When allowing for one food
market for Europe, and hereby allowing for exchange of dietary habits across
European countries, 5,293 (82%) of the diets could be improved within a
European-gender-specific context. This implies that the dietary practices of the
different countries provide more opportunities to achieve dietary improvements
than the dietary practices of one single country. As expected from the food group
adherence (Chapter 4), it is apparent that the diets from Italy are included most
frequently in the set of efficient diets in a European-wide context (44%), followed
by diets from France (32%) and Denmark (15%), and the least frequently
included are the diets from Czech Republic (9%).

Diet composition – the EAT-Lancet reference diet
In the context of integrating health and the environment, the EAT-Lancet
Commission has proposed the global adoption of a healthy reference diet [64].
This healthy reference diet includes the same food groups as the food-based
dietary guidelines in the European countries, but amounts of some food groups
differ substantially. It is thus regarded as a future diet to strive for rather than a
feasible solution for dietary improvement at this moment.
Figure 3 shows the results on nutrient adequacy and environmental
sustainability for the modelled diets as compared to the observed diet, and
Figure 4 shows the food group composition of the observed and modelled diets.
Modelled diets were based on a country-and-gender-specific context, a
European-gender-specific context, and the EAT-Lancet reference diet.
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This thesis provides examples for the first steps towards further improvement
of diets for health and environmental sustainability, within the framework of
food-based dietary guidelines, and with solutions that are in the range of the
observed diets.
The Max P diet is a modelled diet with improved adherence to foodbased dietary guidelines and is the most preferred, based on minimal
absolute deviation from the observed diet.
The Max H diet is a modelled diet with improved adherence to foodbased dietary guidelines and is the most healthy, based on the NRD
15.3 for nutrient quality.
The Max S diet is a modelled diet with improved adherence to foodbased dietary guidelines and is the most environmentally sustainable,
based on GHGE.

Figure 3 Evaluation of the nutrient quality and the environmental sustainability of the modelled
diets according to a benchmarking diet model ab and the EAT-Lancet diet [64].
a All modelled diets have an improved adherence to food-based dietary guidelines. Max P is the most preferred diet
based on minimal deviation from the observed diet, Max H the most healthy diet based on NRD15.3 for nutrient
quality, and Max S the most environmentally sustainable diet based on GHGE.
b
Using a country-specific versus a Europe-wide benchmarking diet model.
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Improved diet that is the closest to the observed diet – Max P diet
A first step towards healthier diets within specific European countries can be
achieved while preserving on average 85% of the observed diets. When
allowing for exchange of food habits across countries, healthier diets were on
average for 80% similar to the observed diet. In the Europe-wide context, the
improvement in nutrient adequacy was twice as large as in the country-specific
context. For the Max P diet, environmental impact was not improved in the
Europe-wide context, but was on average 4% lower as observed in the countryspecific context. Because of the modelling based on food-based dietary
guidelines, compared to the observed diet, the Max P diet has higher amounts
of whole grains, fruit, vegetables, legumes and fish, and lower amounts of meat,
sweet and alcoholic beverages. In the Europe-wide context, the amount of
sweet beverages was lower for women and that of alcoholic beverages was
lower for men as compared to the Max P diet in the country-specific context.

Improved diet that has the highest nutrient quality – Max H diet
In a next step, nutrient adequacy was prioritised on top of improved adherence
to food-based dietary guidelines. However, prioritising nutrient adequacy
occurred at the expense of dietary preferences, i.e. only 72% of the food group
intake remained similar in the country-specific context and 61% for the Europewide context. In this Europe-wide context, the improvement in nutrient adequacy
was larger than in the country-specific context, i.e. on average 27% versus 16%.
For the Max H diet, environmental impact was on average 11% lower in the
Europe-wide context, with hardly any improvement in the country-specific
context. The Max H diet had even higher amounts of whole grains, fruit,
vegetables, legumes and fish, and lower amounts of sweet and alcoholic
beverages. In the Europe-wide context, the amount of fruit, vegetables, and
legumes was even higher, and the amount of sweet and alcoholic beverages
was even lower as compared to the Max H diet in the country-specific context.

Improved diet that has the highest environmental sustainability – Max S diet
As for nutrient quality, environmental sustainability was prioritised on top of
improved adherence to food-based dietary guidelines. Prioritising environmental
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sustainability also occurred at the expense of dietary preferences, i.e. only 73%
of the food group intake remained similar in the country-specific context and
64% for the Europe-wide context. Again, in this Europe-wide context, the
improvement in nutrient adequacy was twice as large as in the country-specific
context, i.e. on average 19% versus 9%. Environmental impact of the Max S
diet was on average 21% lower in the country-specific context and on average
31% lower in the Europe-wide context. Compared to the observed diet, the Max
S diet in the country-specific context had a higher amount of animal-sourced
foods, but protein sources shifted from red and processed meat to poultry, fish,
eggs and/or dairy. In the Europe-wide context, the amount of meat was even
lower, while dairy was not chosen as a replacement food for meat. This finding
is related to the fact that dietary improvement options are more frequently
derived from Italian diets where dairy intake, excluding cheese and butter, is
relatively low as compared to dairy intake in France and Denmark (Chapter 4).

The EAT-Lancet reference diet
The healthy reference diet, as presented by the EAT-Lancet Commission, is
mainly characterised by relatively low amounts of meat (43g/2,500kcal), and
higher amounts of legumes (75g/2,500kcal), nuts and seeds (50g/2,500kcal)
and whole grains (332g/2,500kcal) [64]. It would require much more changes in
the observed diet than the diets for Europe as modelled in this thesis, as it was
only for 39% similar to the observed diet. Moreover, the EAT-Lancet diet would
have the largest improvement in environmental impact, on average 42%, while
the improvement in nutrient adequacy was on average only 12%.
This thesis shows that dietary improvements for more healthy and
environmentally sustainable diets requires sacrifices in terms of dietary
preferences. Moreover, in the context of observed diets in four European
countries, the maximal solutions for health compromise the maximal solutions
for environmental sustainability in the design of realistic and feasible diets,
and vice versa.
A tailored approach, as applied in the benchmarking diet model, accounts for
the large variation of individual dietary patterns, and thereby performs better
regarding acceptability and realistic dietary improvements. The diets modelled
in this thesis represent the maximal feasible solutions for dietary improvement
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within the range of observed diets, i.e. not the ultimate (better) solutions that can
go beyond observed diets. The national country-specific diet model gives
solutions for realistic and likely short-term directions of dietary improvements,
while long-term directions, which are the exchange of food habits across
countries, are represented by the Europe-wide diet model. To further improve
both modelling approaches, there is a need to not only include the consumer
focus, but also the involvement of supporting (national) policies on consumer
diet and agri-food production systems to strengthen the concept of food system
thinking that encompasses the activities associated with producing, processing,
distributing, purchasing and consuming food.
The EAT-Lancet diet outlines a global average and ranges of food group intakes
that would benefit human health within the safe planetary boundaries for food
production [64]. The EAT-Lancet Commission acknowledged that given the
ranges of intake included, there are possibilities for local interpretation and
adaptation of this diet, with foods and amounts consistent with cultural
preferences and habits [64]. Such a national and regional interpretation and
adaptation will take time, as the EAT-Lancet diet represents an ultimate goal
that goes beyond the current dietary practices and even beyond food-based
dietary guidelines and food-based diet optimisation models. This highlights the
added value of a benchmarking diet model that finds realistic and feasible
solutions for dietary improvement within the context of current dietary practices.
As the dietary practices are likely to change over time, re-applying such a
benchmarking diet model with updated dietary data will provide next steps for
moving towards the ultimate goal of healthy and environmentally sustainable
diets.
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IMPLICATIONS
Research implications
Modelling in this thesis was based on data from four countries from different
European regions, i.e. Denmark (Scandinavia), Czech Republic (Central
Eastern Europe), Italy (Mediterranean region) and France (Western Europe).
Eastern Europe, where a third of all deaths may be caused by unhealthy diets
[65], is not well represented in this thesis. Dietary patterns in several Eastern
European countries may resemble that of Czech Republic. However, outcomes
from this thesis may not merely be extrapolated to the whole of Europe. For
future modelling and an integrated food and health policy in Europe, more
national dietary surveys in the Eastern European region, preferably linked to the
FoodEx2 food classification system [66], are needed. Also for other regions,
regular monitoring of dietary intakes should be guaranteed for evidence-based
food and health policy.
Scenarios used in food and health policy often rely on macroeconomic models
that are based on agricultural commodities and aggregate food consumption
data (e.g. by household, per capita). This thesis emphasises the value of
individual-level dietary data. Observed consumer diets can serve as a starting
point for a demand-driven (rather than production-driven) journey towards
healthier and more environmentally sustainable diets. The benchmarking
approach applied in this thesis can be used within and across European
countries, and even globally, provided that representative national dietary intake
data are available. While the health impact of foods is rather comparable across
different European countries, this is probably not the case for the environmental
impact of foods. The latter depends, amongst others, on local production,
transport and food waste practices by consumers. For a better estimation of
national or regional environmental sustainability of diets, more environmental
impact indicators and country-specific harmonised LCA data for foods are
needed.
Because this thesis relies on observed diets for modelling dietary improvements,
it implicitly accounts for cultural preferences, sensory aspects and culinary
practices, as well as affordability and availability of foods in the different
countries. Nevertheless, a more sophisticated approach to capture dietary
preferences may be considered for future modelling, including the use of food
attributes (e.g. taste, texture, and liking) linked to food composition tables,
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clustering of foods within meals and over time, and prices of foods. Apart from
that, more attention could be paid to the reliability aspect of European diets, e.g.
food safety and the stability of food supply. Ultimately, this may lead to an
extended benchmarking diet model that captures all dimensions of the SHARP
diet, i.e. a diet that is environmentally Sustainable, Healthy, Affordable, Reliable
and Preferred by consumers.
The benchmark diet model targets the design of improved consumer diets, but
not the wide range of interconnected factors related to the food supply chain
and its mutual interaction with food consumption. This highlights the importance
of coupling a diet model, with macro-level agricultural, trade, and environmental
impact analyses for strengthening the achievement of more healthy and
environmentally sustainable diets within a sustainable food system. As explored
in the SUSFANS project [67]), such a toolbox of interrelated models with
harmonised data could become a European wide reference for advancing
evidence-based health and food policy in Europe, and for monitoring and
evaluating food production and consumption practices in a comparable way at
the national level. To ensure comparability at the European level, the diet model
could eventually be used on comparable data across Europe, whereas the
implementation of food-based dietary guidelines could remain in the national
policy remit, as the diet model will provide consumer-oriented dietary guidance
considering regional food cultures and challenges.

Public health implications
‘Benchmarked’ diets, as presented in this thesis, are easier to implement and to
communicate to the public than ‘optimal’ diets. Such optimal diets are (still)
beyond reach for large segments of the population, especially for those with less
health literacy and/or a lower socioeconomic position [68, 69]. To illustrate, this
thesis shows that replacement of ruminant meat with other animal-sourced
foods (e.g. fish, white meat, eggs or dairy) is a valuable first step towards more
healthy and sustainable diets. This message is probably more acceptable to
many European consumers than the commonly conveyed message to replace
animal-sourced with plant-sourced foods. The latter will lead to more health and
environmental gains, but it ignores the dietary preference aspect. When the
public rejects the message of an ‘optimal’ diet, there will ultimately be less health
and environmental gains than when the public accepts a more modest
‘benchmarked’ diet.
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OVERALL CONCLUSION
This thesis provides the methodology and examples for the integration of health,
environmental sustainability and dietary preferences in the design of improved
healthy and environmentally sustainable diets for consumers in Europe.
National dietary surveys carried out at the individual level serve as an evidence
base to assess the healthiness and environmental impact of consumer diets.
Direct cross-country comparison is, however, challenged by the methodological
differences in national dietary surveys collected at the individual level. This
thesis demonstrates that available dietary surveys can be aligned to enable
cross-country comparison. In this way, it is possible to assess diet-related health
and environmental sustainability in a comparable way across countries by using
a common set of reference values for health and a standardised LCA database
for environmental sustainability.
This thesis shows that a benchmarking diet model allows designing healthier
and more environmentally sustainable diets that are close to dietary preferences
of consumers and national dietary practices. This extends the relevance of
national dietary surveys from surveillance to public health and agri-food policies
at the European level. Within the framework of food-based dietary guidelines
and the context of observed diets, dietary solutions presented in this thesis
showed similar proportions of animal- and plant-sourced foods as observed
diets, but with less beef and more fruit and vegetables, that contributes to
nutrient-dense diets with lower energy density. Maximising health and
environmental sustainability, however, comes with a trade-off against current
dietary preferences. To simultaneously achieve maximal improvement in health
and environmental sustainability, current food supply chains need to be
rethought and dietary preferences need to be inspired by the rich diversity of
European diets.
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English summary

In Europe, overconsumption and unhealthy diets cause a massive triple burden
of diseases, including obesity, non-communicable diseases and nutrient
deficiencies. Apart from that, our diet not only impacts health, but also the
environment. Currently, the land area needed to produce an average European
diet is roughly around half a football pitch per person per year. There is thus an
urgent need to transform both food production systems and food consumption
patterns.
This thesis develops a methodology to design the first steps towards more
healthy and environmentally sustainable diets that are acceptable for European
consumers. To achieve this, this thesis operationalised health of the diet using
a food- and a nutrient-based approach, and the environmental sustainability of
the diet was assessed using greenhouse gas emissions (GHGE) and land use
(LU).
We first reviewed how nutritional health was operationalised in published
research on healthy and environmentally sustainable diets (Chapter 2), and we
conducted a validation study on the assessment of diet-related environmental
impact using individual-level dietary data (Chapter 3). Further, the current status
of European diets was described in terms of health (Chapter 4) and
environmental sustainability (Chapter 5) using data from four European
countries, i.e. Denmark, Czech Republic, Italy and France. Subsequently, health
and environment were integrated in a benchmarking diet model (Chapter 6),
which provides more healthy and environmentally sustainable diets that fit within
the dietary preferences of European consumers (Chapter 7). The final chapter
(Chapter 8) discusses the main findings and their implications.

PART I: Methodological aspects of assessing health and environmental
sustainability of diets
In the past decade, various studies have optimised diets for environmental
sustainability. How health aspects were operationalised in those studies was
described a literature review of 49 studies (Chapter 2). Five different approaches
were identified: three following a descriptive outline that compared diets with
each other based on dietary guidelines, dietary quality scores or diet-related
health-impact, and two following an analytical outline for the design of alternative
diets using food item replacement or diet modelling. In particular, for the design
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of alternative diets, the complexity of the diet can be captured in a reproducible
and valid way by using a diet model. Such a diet model aim to compose a diet
that satisfies nutrient recommendations and/or food-based dietary guidelines,
amongst other diet-related factors, such as minimising environmental impact
and maximising dietary preferences. As an avenue for future research in
designing alternative diets, we proposed the concept of a diet that is SHARP:
environmentally Sustainable, Healthy, Affordable, Reliable and Preferred. The
operationalisation of such a diet requires further exploration of mapping all dietrelated dimensions into quantifiable indicators.
Like the assessment of nutrient and food intakes, the assessment of diet-related
environmental impact is dependent on the method of dietary assessment. In a
validation study, the performance of a food frequency questionnaire (FFQ) for
assessing diet-related environmental impact was compared to the 24-hour recall
(24hR). In addition, it was assessed whether the method of dietary assessment
affects the association that is observed with diet quality (Chapter 3). Analyses
were based on 1,169 men and women, who participated in the NQplus study in
the Netherlands, and completed a 216-item FFQ and two replicates of a webbased 24hR. Life cycle assessments of 207 foods taken from Blonk Consultants
were used to assess diet-related GHGE, LU and fossil energy use of a Dutch
diet. After energy-adjustment, the FFQ underestimated diet-related
environmental impact by 7-10% as compared to the reference 24hR. Energyadjustment by the residual method of observed values showed covariateadjusted attenuation coefficients that vary between 0.48-0.60, and the
attenuation was lower for density residuals (with covariate-adjusted attenuation
coefficients varying between 0.57-0.69). Diet-related environmental impact was
inversely associated with a food-based diet score for both FFQ and 24hR, while
associations with a nutrient-based diet score were inconsistent. This implies that
in the context of observed diet, a healthy diet is not necessarily an
environmentally sustainable diet.
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PART II: Health and environmental sustainability of European diets.

European food consumption patterns were described in terms of food groups
and nutrients using national survey data carried out at the individual level in four
countries, i.e. Denmark, Czech Republic, Italy and France (Chapter 4). Intakes
of food groups showed large deviations from food-based dietary guidelines in
all countries, in particular low intakes for legumes (<20g/d), and nuts and seeds
(<5g/d), and high intakes for red and processed meat (>80g/d). Intakes of fruit
and vegetables showed considerable geographical variability. Intake of dairy,
excluding cheese and butter, was relatively high in Denmark, as was the case
for sweet and alcoholic beverages. Italy and France had the highest intake of
fish. For nutrients, intakes were inadequate for dietary fibre in all countries.
Intakes of potassium and folate were the most inadequate in Czech Republic,
magnesium in Italy, and vitamin E in Denmark. Within countries, dietary intakes
also varied by age, gender and educational level, but not by overweight status.
The environmental impact associated with observed consumer diets across four
European countries was assessed (Chapter 5). Dietary intake data from
Denmark, Czech Republic, Italy and France were linked to a newly developed
pan-European environmental sustainability indicator database that contains
GHGE and LU values for ~900 foods. Energy intake explained 41% and 33% of
the variation in daily GHGE and LU, respectively, and a 200-kcal (10%) higher
intake was associated with a 9-10% higher daily GHGE and LU. Expressed per
2,000 kcal, mean GHGE ranged from 4.4 to 6.3 kgCO2eq, and LU ranged from
5.7 to 8.0 m2/year. Country explained 49% and 45% of this variation in GHGE
and LU, respectively, while age, gender, educational level and overweight status
were of minor importance. In all four countries, the main contributors to total
GHGE and LU were meat products with a relative contribution for total meat
varying between 36 and 38 percent for GHGE and between 45 and 52 percent
for LU. Once country and reported energy intake were accounted for, dietary
choices of meat – especially the proportion of ruminant meat to total meat –
explained most of the variation in GHGE, i.e. 11% for meat and 17% for the
proportion of ruminant meat. A 5 energy percent (50g/2,000-kcal) higher meat
intake was associated with a 10% higher GHGE, and a 20% higher proportion
of ruminant to total meat with a 10% higher GHGE. Similar results were found
for LU.
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PART III: Identification of dietary improvement options for European
consumers that integrate health, environmental sustainability and dietary
preferences
To facilitate the transition to healthy and environmentally sustainable diets, the
first steps for dietary improvement needs to be identified. Examples for such first
steps can be provided by a benchmarking diet model (Chapter 6). A
benchmarking diet model composes diets that are not only healthier and more
environmentally sustainable, but also implicitly fit dietary preferences. Dietary
survey data of 6,462 adults from Denmark, Czech Republic, Italy and France
were used for benchmarking diets with respect to adherence to food-based
dietary guidelines (Chapter 7). After that, these diets were optimised for dietary
preferences, nutrient quality and environmental sustainability. When dietary
preferences were prioritised, the nutrient rich diet (NRD) 15.3, i.e. a diet score
for nutrient quality, was ~6% higher GHGE was ~4% lower as compared to the
observed diet, and ~85% of food group intake remained similar to the observed
diets. When nutrient quality was prioritised, NRD15.3 was ~16% higher, GHGE
was ~3% lower, and ~72% of food group intake remained similar. When
environmental sustainability was prioritised, NRD15.3 was ~9% higher, GHGE
was ~21% lower, and ~73% of food group intake remained similar. Thus, the
maximal solutions for nutrient quality and environmental sustainability occurred
at the expense of dietary preferences, and they cannot be achieved
simultaneously. Compared to the observed diet, all improved diets are mainly
characterised by higher amounts of fruit, vegetables, whole grains, fish, and
lower amounts of meat, and sweet and alcoholic beverages. Still, the proportion
of animal- to plant-sourced foods was similar in the observed diet and in the
modelled diets, but animal-sourced foods shifted from red and processed meat
(in particular beef) to fish, poultry, eggs and/or dairy.
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CONCLUSION
In conclusion, as described in Chapter 8, this thesis provides the methodology
and examples for the integration of health, environmental sustainability and
dietary preferences in the design of improved diets for consumers in Europe.
National dietary surveys carried out at the individual level serve as an evidence
base to assess the healthiness and environmental impact of consumer diets.
This thesis demonstrates that available dietary surveys can be aligned to enable
cross-country comparison. In this way, it is possible to assess diet-related health
and environmental sustainability in a comparable way across countries by using
a common set of reference values for health and a standardised LCA database
for environmental sustainability. The addition of indicators for environmental
sustainability and country-specific harmonised LCA data for foods are, however,
needed to obtain a more balanced picture of the diet-related environmental
impact in a particular country.
More importantly, this thesis shows the possibility of designing more healthy and
environmentally sustainable diets that are close to dietary preferences of
consumers and national dietary practices by using a benchmarking diet model.
This extends the relevance of national dietary surveys from surveillance to
public health and agri-food policies at the European level. The benchmarking
diet model proposed here provides examples for the first steps towards
improved diets in the framework of food-based dietary guidelines, including
options that remain as close as possible to the observed diet, are the most
healthy or the most environmentally sustainable. Next steps in the design of
alternative diets are required to explore the full spectrum of the SHARP diet
dimensions, i.e. environmentally Sustainability, Health, Affordability, Reliability
and dietary Preferences.
While improving adherence to food-based dietary guidelines within the range of
observed diets, modelled diets had a similar proportion of animal- and plantsourced foods as the observed diets, but energy density of these diets was
lower. Maximal solutions for health and environment, however, come with a
trade-off against current dietary preferences. To simultaneously achieve
maximal improvement in health and environmental sustainability, current food
supply chains need to be rethought and dietary preferences need to be inspired
by the rich diversity of European diets.
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