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a b s t r a c t

In the context of the increasingly damaging impact of agro-food systems on human health and the
environment, this study aimed to evaluate the sustainability of current dietary patterns using multi-
criteria analysis to characterize consumers with different dietary patterns. In a sample of 29,413 par-
ticipants of the NutriNet-Sant�e Study, total and organic food intakes of 264 items gathered in 17 food
groups were evaluated using a food frequency questionnaire. Eight sustainability indicators were
assessed individually. To identify combinations of food groups explaining the maximum variation in the
sustainability indicators, we applied reduced rank regression with food groups as predictors and sus-
tainability indicators as response variables. Then, the first two RRR-derived factors were used to classify
participants using an ascending hierarchical classification. Six clusters were identified, among then one
cluster (N ¼ 23.07%) presented a good compromise between all the sustainable dimensions. Indeed, their
diets emitted on average 36% less greenhouses gas, included 30% more organic food and exhibited a close
level of affordability compared to the average. The dietary composition in this group, were characterized
by �58% of red meat, �37% of white meat, �25% of cheese but þ15% of fruits, þ15% of vegetable and a
similar contribution of fish and starches, compared to the sample average. Finally, this study showed that
in the current food system context, the observed diets rarely meet all sustainability criteria. Oppositions
between healthy, eco-friendly and affordability often remain. However, we observed some diets with
high compatibility with all sustainable indicators selected for the study. Thus sustainable diets are
emerging and should be promoted. However, it would be relevant to conduct additional research in other
population to estimate acceptability.
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1. Introduction

Concern about the ability of the overall agricultural system to
sustainably feed the world's population is growing (Birt et al.,
2017). In this context, the number of studies identifying sustain-
able diets has concomitantly increased (Perignon et al., 2017;
Aleksandrowicz et al., 2016; Hallstr€om et al., 2015; Auestad and
Fulgoni, 2015; Jones et al., 2016). Indeed, substantial adoption of
sustainable diets (as defined by the FAO)may help to respond to the
forthcoming challenges of population growth, climate mitigation,
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Abbreviations:

ANOVA Analysis of Variance
ANCOVA Analysis of Covariance
BMI Body Mass Index
CED Cumulative Energy Demand
CI Confidence Interval
FAO Food and Agriculture Organization
FFQ Semi-Quantitative Frequency Questionnaire
GHGEs Greenhouse Gas Emissions
IPAQ International Physical Activity Questionnaires
Org-FFQ Organic Food Semi-Quantitative Frequency

Questionnaire
PANDiet: Diet Quality Index Based on the Probability of

Adequate Nutrient Intake
RRR Reduced Rank Regression
nutritional transition, and global food security (Birt et al., 2017;
Sustainable diets and Biodiversity - Directions and solutions for
policy, 2016; Springmann et al., 2016). In recent years, there has
been growing interest in both identifying levers to make a diet
more sustainable and also in comparing more sustainable diets
identified in the general population.

The first approach was based on modelling and aimed at iden-
tifying levers to render the diets more sustainable. Most of these
studies have established that the reduction of meat consumption
and energy intake are primary factors to mitigate the environ-
mental impacts and improve the sustainability of diets (Perignon
et al., 2017). However, modelling is based on a predefined hy-
pothesis, which inherently determines the results. For example, in
linear programming methods, constraints on items intake are
sometimes added to minimize the deviation of the observed diets
to ensure acceptable solutions, which are more similar to current
diets (Darmon et al., 2002; van Dooren et al., 2015). However, there
has been no reliable evidence showing that the adoption of a sus-
tainable diet does not require profound changes in dietary patterns.
Moreover, it remains difficult to account for all the substitutions
within food group consumption with linear programming
methods.

The second approach have directly compared and analysed the
variability of diets observed in the general population. Some
studies have compared the sustainability indicators of specific di-
ets, such as vegetarian, vegan or Mediterranean diets (Hallstr€om
et al., 2015; Tilman and Clark, 2014; Aston et al., 2012;
Scarborough et al., 2014; Soret et al., 2014; Casta~n�e and Ant�on,
2017; S�aez-Almendros et al., 2013; Pairotti et al., 2015). A reduc-
tion of environmental impacts (Greenhouse Gas Emissions
(GHGEs), land use or energy consumption) could be achieved the
most of the time by shifting to these dietary patterns. However,
recommending a vegan or vegetarian diets for sustainable purpose
in France where meat and cheese are part of the cultural and ter-
ritorial heritage appears difficult. Moreover, the adoption of these
diets could lead to potential nutrients deficiency (vitamin B12 and
D, iron, calcium, EPA, and DHA), which questions consistency with
the sustainability of these diets (Aleksandrowicz et al., 2016;
Casta~n�e and Ant�on, 2017; van Dooren et al., 2014). Others have
compared groups of participants according to a single sustainability
indicator, such as greenhouse gas emissions (Temme et al., 2015),
organic food consumption (Treu et al., 2017; Baudry et al., 2015), or
nutritional quality score (Monsivais et al., 2015). The latter focused
on the nutritional or environmental dimensions, but the afford-
ability and socioeconomic aspects have been rarely investigated
(Perignon et al., 2017; Jones et al., 2016). Nonetheless, the afford-
ability and acceptance of alternative diets are crucial for their
adoption by a significant part of the population. Moreover, the use
of only one environmental indicator (e.g., greenhouse gas emis-
sions or land use) ignores other important features that are
potentially affected by diets (Auestad and Fulgoni, 2015; Jones et al.,
2016).

Thus, despite the growing interest in this topic, the identifica-
tion of more sustainable diets remains challenging because of the
use of few indicators and the numerous a priori hypotheses. The
purpose of this study was to assess and compare the sustainability
of diets in a large sample of French adults from the NutriNet-Sant�e
cohort by a multicriteria approach. The selected indicators are
related to nutrition (energy density of the diet, adequacy and
moderation sub-scores of PANDiet), the environment (greenhouse
gas emissions, primary energy demand, land occupation, and
organic food contribution as a proxy of the use of chemical prod-
ucts), and the economy (the share of the budget dedicated to food).
2. Materials and methods

2.1. Study population

The sample was composed of participants in the NutriNet-Sant�e
Study, a large web-based observational cohort of volunteers aged
18 years and older, which was launched in France in May 2009 and
whose recruitment is still in progress (Hercberg et al., 2010). At
inclusion, the participants completed a set of five web-based
questionnaires about socio-demographic conditions, anthropom-
etry, lifestyles, dietary intake (using repeated 24-h records) and
physical activity along with health status. During follow up, par-
ticipants were invited to update these data at least every year and
fill in optional complementary questionnaires, to develop ancillary
protocols. This study was conducted in accordance with the
Declaration of Helsinki, and all procedures were approved by the
Institutional Review Board of the French Institute for Health and
Medical Research (IRB Inserm 0000388FWA00005831) and the
Commission Nationale de l'Informatique et des Libert�es (CNIL
908450 and 909216). All participants provided informed consent
with an electronic signature. The Clinical Trials number is
NCT03335644.
2.2. Dietary data assessment and computation of dietary indexes

In July 2014, an optional organic semi-quantitative food fre-
quency questionnaire (Org-FFQ) based on a previously validated
FFQ was administered to participants (Baudry et al., 2015; Kesse-
Guyot et al., 2010). The participants were invited to report their
consumption frequencies over the past year, using yearly, monthly,
weekly or daily frequencies and their usual portion size (described
as typical household measurements or using colour photographs)
for 264 items. Food intakes were estimated by multiplying the
frequency of consumption by the usual portion size. The 264 items
were grouped into 17 food groups (Supplemental Table 1).

For each item, the participants were asked to report their fre-
quency of consumption in its organic form (referring to European
Union-certified organic labelling) through a 5-point ordinal scale.
Organic food intake was estimated for each item by applying a
weight of 0, 0.25, 0.50, 0.75 and 1 to the five respective modalities:
never, rarely, half of the time, often and always, respectively
(Baudry et al., 2015).

A food composition database was built especially for the items
presented in the Org-FFQ using the original NutriNet-Sant�e
composition table (Nutrinet-Sant�e, 2013) without accounting for



some potential differences in the nutritional values for organic and
conventional food, allowing the estimation of individual daily
nutrient intake. For mixed dishes standard recipes (based on the
24 h dietary records tool of the NutriNet-Sant�e study) validated by
dieticians were used to assess the food composition. The energy
density of the diet, the percentage of organic food consumption in
the diet and the moderate and adequacy sub-scores of PANDiet
(Verger et al., 2012) were computed. Several nutritional quality
indexes are proposed in the literature, however the PANDiet is
directly based on nutrient intake recommendations and its
assessment mobilizes the most of current knowledges on nutrients
intakes. Indeed, the PANDiet is composed of adequacy probabilities
for 24 nutrients, using French national nutritional recommenda-
tions, groups into two sub-scores. The adequacy sub-score was
composed of nutrients (protein, total carbohydrate, total fat, poly-
unsaturated fatty acid, n-3 fatty acids, n-6 fatty acids, cholesterol,
fibre, vitamins A, B1, B2, B3, B5, B6,B9, B12, C, D and E, Ca, Mg, Zn, P,
K, Fe, iodine, Se) which intake should be above a reference value,
while the moderation sub-score was for items (Protein, total car-
bohydrate, total fat, added simple carbohydrate, saturated fatty
acid, cholesterol and Na) for which the usual intake should not
exceed a reference value. The exhaustive description has been
explained elsewhere (Verger et al., 2012).
2.3. Assessment of indicators of affordability

At the same time as the Org-FFQ administration (in July 2014),
participants in the NutriNet-Sant�e study were also invited to
complete a questionnaire including questions about the place
where the food was purchased for different food groups. Mean-
while, prices of the 264 items accounting for the mode of pro-
duction (organic vs. conventional) and the place of purchase
(supermarket, hard discount supermarket, grocery store, artisans
shop, farm shop, AMAPs (Associations Supporting Small Farming),
street market, or producers shop) were allocated as previously
described (Seconda et al., 2017). Food prices were obtained from
the 2012 KANTAR Worldpanel purchase database and a comple-
mentary survey carried out by members of the Bioconsom'acteurs
association to provide additional prices in specific channels (e.g.,
short supply chain) (Seconda et al., 2017). Finally, the individual
monetary cost of the diet was computed by multiplying the price
(V/g) by the food quantity consumed (g/d) accounting for the place
of purchase and the mode of production.

A common measure of diet affordability is the share of budget
dedicated to the food purchase (Gustafson et al., 2016; Barosh et al.,
2014; Lee et al., 2016). We assessed this indicator as the ratio be-
tween the total monetary cost of the diet and the income per
household unit. As the incomes per household unit were in cate-
gories, themedian of each class was used, and arbitrary values were
allocated for the extreme classes (765V/month and household unit
for individuals reporting less than 900V/month or 5480V/month
and by household unit for individuals reporting more than 3700V/
month or 2500V/month for non-respondents).
2.4. Environmental diet impact assessment

Environmental indicators, namely, GHGEs (greenhouse gas
emissions in kg CO2eq/kg), CED (cumulative energy demand in MJ/
kg) and land occupation (in m2/kg), of the production of each Org-
FFQ item, accounting for the mode of production (conventional vs.
organic), were calculated. The methodological approaches are
described in detail elsewhere (Seconda et al., 2018). Briefly, the
perimeter of environmental impact assessment included the up-
stream processes such as the production of inputs or energy
provision, while conditioning, transport, processing, storage and
recycling were excluded. Environmental impacts of raw products
Data were derived from the DIALECTE database, a comprehensive
tool developed by Solagro (2017) to assess the environmental
performance of farms. We completed the environmental database
with published literature data, to obtain the environmental impact
in organic and conventional of 92 raw agricultural products. Then,
we conducted a set of conversions in order to compute environ-
mental impacts for food items of the food frequency questionnaire
from those assess for raw agricultural products. Indeed, the items
were decomposed into ingredients. The environmental impacts of
ingredients (organic and conventional) were assessed from raw
products by applying an economic allocation (accounting for co-
products) and cooking and edibility coefficients.

The diet-related GHGEs, CED and land occupationwere assessed
at the individual level by multiplying the food quantity consumed
(g/d) by the environmental impacts accounting for the mode of
food production.
2.5. Covariates

The inclusion and yearly updated questionnaires provided
sociodemographic and lifestyle information. The data closest to the
date of completion of the Org-FFQ were used.

Sociodemographic and lifestyle characteristics included sex,
age, highest achieved degree (<high school diploma, high school
diploma and post-secondary graduate), smoking status (former,
occasional, current and never smokers), location (rural community,
urban unit with a population smaller than 20,000 inhabitants,
between 20,000 and 200,000 inhabitants and higher than 200,000
inhabitants), monthly income per household unit (<1200 euros,
between 1200 and 1800 euros, between 1800 and 2700 euros and
>2700 euros per household unit) obtained using the income by
month in the household and the composition of the household, the
reported practice of vegetarian (a diet that did not include any
meat) or vegan diets (a diet that excluded all foods of animal
origin), alcohol consumption status (abstainers, moderate drinkers
(<20 g/day for women and <30 g/day for men) and high drinkers),
and level of physical activity (<30min/day, 30e60min/day and
>60min/d) as measured by the IPAQ (International Physical Ac-
tivity Questionnaires (Craig et al., 2016; Hallal and Victora, 2004)).

Weight and height were collected by a health operator or
medical doctor or from self-measurement guided by standardized
procedures, whichwere used to compute the BMI (bodymass index
(kg/m2)). Then, the participants were gathered into 4 groups (un-
derweight (18.5 kg/m2�BMI), normal-weighted, overweight
(25� BMI<30 kg/m2), and obese (BMI�30 kg/m2)) according to the
international BMI classification of the World Health Organization
(Organisation Mondiale de la Sant�e (OMS), 2017).
2.6. Statistical analyses

For the present analyses, we selected participants who
completed the Org-FFQ (n¼ 37,685). Under or over-reporters
(identified by a ratio of energy intake to energy requirement
(estimated with the Schofield equations (Schofield, 1984)) below or
above the previously defined cut-offs) (Schofield, 1984) were
excluded (n¼ 2109), as were those with missing covariates
(n¼ 391). Finally, the subjects who did not complete the place of
purchase questionnaire to assess themonetary cost of the diet were
also excluded, leading to a final sample of 29,413 participants.

To identify the dietary patterns, an RRR (reduced rank regres-
sion) procedure, as described by Hoffman et al. (Hoffmann, 2004),
was used. This method allows determining linear functions of



predictors (food groups) that maximize the explained variation in a
set of responses (sustainability indicators). The RRR model was
performed using 8 sustainability indicators (Table 1) as response
variables: GHGES, CED, land occupational, organic food consump-
tion ratio, diet density, PANDiet adequacy sub-score, PANDiet
moderation sub-score and the share of the budget allocated to food.
The choice of these eight indicators was a compromise between
information from the scientific literature (Perignon et al., 2017;
Aleksandrowicz et al., 2016; Auestad and Fulgoni, 2015), the
available data in our database and predominately the possibility to
estimate the indicator at an individual level a main objective of our
work. Additionally, we tried to cover the four sustainable domains:
environment, nutrition, economy and socio-cultural, to be the most
representative. The sustainability dimensions measured by each
indicator were described in Table 1. The daily consumption (g/d) of
17 food groups (vegetables, fruit, dried fruits and nuts, fish, rumi-
nant meat, other meat (including processed meat), eggs, fresh dairy
products, cheese, fatty and/or sweet products, starches, whole
grain, oil, butter, mixed dishes, soya and alcoholic beverages)
adjusted for total energy intake using the residual method (Willett
and Stampfer, 1986), were included as predictors.

To test the reproducibility of the method, we assessed the
Table 1
Overview of the indicators of sustainability considered as response variables.

Indicators Sustainability dimension
measured by the indicator

Definition

Cumulative energy
demand (Mj/y)

Environment: partial
reflection of resource
depletion (in particular
fossil energy)

Cumulative energy demand includ
consumption of renewable and
unrenewable energy at the farm le
defined by the CED method

Greenhouse gas
emissions (kg
CO2eq/y)

Environment: climate
change

Quantity of carbon dioxide, metha
and nitrous oxide emissions at the
level, weighted by their 100-year g
warming potential, defined by the
(The Intergovernmental Panel on
Climate Change).

Land occupation
(m2/y)

Environment: resource
depletion

Area that is required to produce r
agricultural products, without
considering the duration of land u

Organic food ratio
(%)

Environment and
Sociocultural: preservation
of natural resources

Percentage of food organic
consumption (referred to Europea
Union labelling)

Density (kcal/
100 g)

Nutrition: consumption of
energy-dense food

Available energy per 100 g of diet

Adequacy sub-
score (/100)

Nutrition: adequacy
between nutrient intake
and French
recommendations

PANDiet sub-score assessing whet
the diet satisfied the requirement

Moderation sub-
score (/100)

Nutrition: adequacy
between nutrient intake
and French
recommendations

PANDiet sub-score assessing whet
the diet was not excessive and eli
adverse health effects.

Share of budget
dedicated to
food

Economy: partial reflection
of the diet affordability

Food expenditure divided by the
income reported by the consumpt
unit in the household.
Pearson correlation coefficient between the first and second factors
of the RRR procedure extracted from the whole sample and from a
random sample, including half of the population (20 replications).

In the second step, we performed a two-step clustering pro-
cedure based on the first two RRR-extracted factors. First, we per-
formed a hierarchical ascendant classification using the Ward
procedure. The dendrogram (graphical method), statistical quality
indicators of clustering (R2 semi-partial and pseudo F) and inter-
pretability criteria (Baudry et al., 2016) led to retaining a partition
with 6 clusters. Then, a non-hierarchical K-means procedure using
the barycenter of the cluster identified in the first step as a seedwas
performed.

The means and 95% confidence interval (CI) of the 8 sustain-
ability indicators and 17 food group intakes used for the RRR
analysis were calculated for each cluster. The averages of the food
group consumptions were adjusted for total energy intake with the
residual methods (Willett and Stampfer, 1986). Participant char-
acteristics across the clusters were assessed by ANOVA and
ANCOVA as appropriate. Socio-demographic and lifestyle charac-
teristics were compared between the clusters, and the P value was
based on the c2 test. The type I error was set at 5% for all the sta-
tistical tests. Post hoc differences in the adjusted means across the
Indicator assessment Data sources

ed

vel as

Assessment of the indicators at the farm
level, taking into account the mode of
food production (conventional vs.
organic) and the further allocation of
economic, mass, cooking and edibility
factor

DIALECTE database completed
by data available in the
literature and collected using
the Org-FFQ (2014)

ne
farm
lobal
IPCC

aw

se.

n
Division of the total organic food intake
(g/day) by the total intake (g/day),
excluding water and zero-calorie
beverages.

Org-FFQ (2014)

Division between the daily energy
intake by the daily weight consumed
(excluding zero-calorie beverages),
multiplied by 100.

Org-FFQ (2014) and NutriNet-
Sant�e consumed (excluding
(2014)

her
.

Average probability of adequate* intake
for 21 nutrients multiplied by 100.

her
cited

Average probability* of adequacy for 6
nutrients for which the usual intake
should not exceed the reference value
(the upper tolerable limit of intake or
upper bounds of the acceptable
distribution range) multiplied by 100
and a penalty value system for other
vitamins and minerals with available
upper tolerable limits where the risk of
excessive intake is lower.

ion
Food price according to the place of
purchase and production mode
database were built with 2012 KANTAR
data and prices collected bymembers of
the association Bioconsom'acteur. As
incomes were declared in the
categories, the mean of each class was
used, while the arbitrary incomes were
determined for extreme classes.

KANTAR 2012 and ad hoc
collection



Table 2
Explained variation in the consumption of food groups and sustainable indicators in
correlation with unsustainable dietary pattern and greener dietary pattern
(extracted from n¼ 29,413).

Factor 1 Factor 2

Explained variation in food groupsa (%) 9.29 8.67
Explained variation in sustainable indicators (%) 20.25 6.04

Pearson's correlation coefficients X score 1 X score 2

CED (MJ/y) 0.59 0.21
Land occupation (m2/y) 0.72 �0.01
GHGEs (CO2eq/y) 0.76 �0.02
Organic food consumption ratio (%) �0.32 0.23
Diet density (kcal/100 g) 0.02 �0.49
PANDiet adequacy sub-score (/100) �0.01 0.33
PANDiet moderation sub-score (/100) �0.28 0.06
Share of budget to food (%) 0.00 0.19

CED: cumulative energy demand, GHGEs: greenhouse gas emissions and PANDiet:
diet quality index based on the probability of adequate nutrient Intake.

a Food groups were adjusted for total energy intake using the residual method.
clusters were evaluated after adjustment for multiple testing using
the Dunnett's correction. SAS® 9.4 software (SAS Institute Inc., Cary,
NC, USA) was used to perform all the analyses. The RRR model was
performed with the SAS procedure Proc PLS® and the clustering
with the Proc Cluster® and Proc Fastclust®.

3. Results

Overall, our sample was composed of 29,413 participants (74.8%
women). The average age was 53.5 years.

3.1. Factor extraction

The first and second RRR-extracted factors explained 20.25% and
6.04% of the total variation in the sustainability indicators and
9.29% and 8.67% of the total variation in food group consumption,
respectively. The average (using 20 replications) Pearson correla-
tion coefficients between the first and second factors of the RRR
procedure extracted from the whole sample and from a random
sample including half of the populationwere high (0.999 and 0.986
for the first and second factors, respectively).

Table 2 shows the correlation coefficient between the RRR-
extracted factors and the sustainability indicators. A positive cor-
relation between the first RRR factor and the level of GHGEs, energy
consumption and land occupation and negative correlations with
the organic food consumption ratio and the PANDiet moderation
sub-score were observed. The second RRR factor was positively
correlated with the CED, organic food consumption ratio, share of
budget dedicated to food and PANDiet adequacy sub-score. The
correlations between the RRR factors and the food groups are
presented in supplemental material 2.

3.2. Cluster description

The two-step clustering based on the first two RRR-extracted
factors, allowed to identified six clusters, representing 3.90%
(cluster 1), 17.05% (cluster 2), 27.05% (cluster 3), 23.06% (cluster 4),
23.07% (cluster 5), and 5.86% (cluster 6) of the studied population.
Sustainability indicators (Table 3), dietary (Fig. 1 and Supplemental
material 3) and sociodemographic characteristics across the clus-
ters (Table 4) are presented.

Participants from cluster 1 exhibited diets with the highest
impacts on the environment as well as the lowest nutritional scores
(except for the adequacy PANDiet sub-score) and were among the
least affordable. These diets are characterized by the highest con-
sumption of meat (162.4 g/d of ruminant meat and 129.5 g/d of
non-ruminant meat), the high consumption of dairy products
(fresh and cheese) and sweet and fatty foods. In addition, their
consumption of fruit and vegetables were low compared to the
average consumption of the sample (562 vs. 729 g/d). This group
was characterized by a lower proportion of women. Compared to
the other clusters, a high proportion of participants were over-
weight (56%), andmany presented unhealthy lifestyles (tobacco use
and/or elevated alcohol consumption).

The GHGEs, CED and land occupation related to the diets of
participants in cluster 2 were high, although not the highest. These
diets exhibited high nutritional quality, except for the PANDIET
moderation sub-score. Indeed, their diets showed high food di-
versity with a standard consumption for all food groups (except for
fresh dairy products). Participants in this cluster were the oldest. A
1 Relative mean intake of each cluster shown as a percentage compared to the
highest observed mean intake across the clusters for selected foods among the
French sample.
large proportion of the population was overweight. This cluster
presented a low percentage of high alcohol drinkers (6.74%) and
smokers (7.16%), and a high proportion of physically active
participants.

The environmental impacts of the diets in cluster 3 were close to
those of the diets in cluster 2. However, their diets presented lower
nutritional quality but were more affordable. Indeed, participants
on average had a lower budget for food than those participants in
cluster 2. The average consumption of food with animal origins was
similar to cluster 2, but the consumption of sweet and fatty foods
(144 g/d vs. 132 g/d), alcohol beverages (118 g/d vs. 101 g/d), and
mixed diets (40 g/d vs. 33 g/d) was higher compared to the other
groups. Participants in this cluster were younger in proportion and
had a higher level of academic education than the participants in
cluster 2. In cluster 2, no vegetarian or vegan diet was reported.

The diets of the participants in cluster 4 were characterized by
low environmental impact compared to the other clusters. These
participants had the most affordable diets, while organic food
contribution to their diets was low. However, their diets were en-
ergy dense and presented low adequacy sub-score; indeed, the
consumption of sweet and fatty products (163 g/d), as well as
starches (193 g/d), was high, while the consumption of vegetables,
fruit (477 g/d) and animal products (83 g/d) was low. Subjects in
this cluster were more likely young, never smokers and sedentary.

Compared to the other clusters, the environmental impacts
(greenhouse gas emissions and land occupation) related to the di-
ets in cluster 5 were the lowest, and the nutritional quality was
high. Additionally, the diets were affordable and exhibited a large
proportion of organic food. These diets were characterized by high
consumption of fruits, vegetables, starchy food and soya and low
consumption of animal origin foods, particularly ruminant meats
(18.5 g/d). Subjects in this cluster were more likely to have higher
educational level, physically active, and less often overweight than
those in the other clusters. A high proportion of participants re-
ported following a vegetarian (5.79%) or vegan diet (3.08%).

Diets in cluster 6 were characterized by the highest consump-
tion of vegetable, fruits, soya, fish andwhole grain foods, while they
presented the lowest consumption of meats (49 g/d), alcoholic
beverages (60 g/d), sweet and/or fatty foods (83 g/d) and mixed
dishes (17 g/d). Therefore, these diets presented the highest
nutritional quality, according to both the adequacy and moderation
sub-scores. Environmental impacts related to the diet were low,
except for CED. The share of the budget for food was high. Table 4
shows that the subjects in this cluster exhibited socio-
demographic characteristics close to those in cluster 5 in terms of
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their income per household unit, body mass index and smoking
status. However, they were older, had lower educational level. The
proportion of women was higher than in cluster 5. Their lifestyles
were particularly healthy.
4. Discussion

4.1. Summary of findings

To characterize the sustainability of the diets based on a mul-
ticriteria approach, we first used reduced rank regression for
extracting two factors, which maximized the explanation of the
sustainability indicators. The first factor mostly correlated with the
environmental indicators, while the second was strongly and
positively correlated with the nutritional quality and inversely
correlated with the affordability. Then, the RRR-extracted factors
were introduced in a clustering classification for identifying six
clusters.

Cluster 1, which comprised a small percentage of the sample,
displayed an unsustainable diet. Clusters 2 and 3 specifically
impacted the environment. Finally, clusters 4, 5 and 6 were
composed of participants that presented the most eco-friendly
diets. However, their diets are distinguished by their nutritional
quality and affordability. The most affordable diets (cluster 4 versus
cluster 6) had the lowest nutritional quality and vice versa. Finally,
cluster 5 was a good compromise between the sustainability di-
mensions and was composed of 23.07% of the sample. It is note-
worthy that the diets of cluster 5 were diversified but contained
relatively low amounts of animal origin products (especially red
meat) and substantial consumption of soya-based foods. Addi-
tionally, the consumption of whole products was high, while sweet
and fatty product consumption was low.
4.2. Animal-based foods as important contributors to diet-related
environmental impacts

Our results showed that the environmental impacts related to
the diets of thosewho eat low quantities of meat are less important.
Compared to the sample average, the diets of the sustainable
cluster emitted 36% less GHGEs, energy and land consumption are
respectively 19% and 33% lower. The major contribution of animal
products, specifically ruminantmeat, to environmental impacts has
already been well documented (Birt et al., 2017; Perignon et al.,
2017; Aleksandrowicz et al., 2016; Hallstr€om et al., 2015). In
accordance with our results, the recent review, Aleksandrowicz
et al. reported that the transition from a Western diet to an alter-
native diet containing less meat led to a 22% decrease in GHGEs,
28% decrease in land occupation and 18% decrease in water need
(Aleksandrowicz et al., 2016). Recently, Briesbroek at al. applied a
similar RRR analysis, with two explanatory variables: GHGE and a
Dutch healthy diet index, to determine patterns that are both
healthy and environmentally friendly in a sample of Dutch adult. A
Plant-based pattern was identified whose GHGE were significantly
lower compared to the average (Biesbroek et al., 2018). Another
study found that low animal-based consumption diets as the
Mediterranean diet needed 2.44% less energy than the national
average diet (Pairotti et al., 2015). However, compared to our study,
the methodology of diet assessment (food frequency question-
naire) and the life cycle assessment perimeter (without converting
and transport) was different. Moreover, many previous studies have
argued that the reduction of animal products in the diet presents
also benefits for human health, diet monetary cost and others
environmental aspects (Jones et al., 2016; Tilman and Clark, 2014).



Fig. 1. Cluster association with selected intake food groups, NutriNet-Sant�e Study, 2014 (extracted from N¼ 29,413).1
4.3. Role of the other food groups in the sustainability of diets

In clusters with low meat consumption, meat was replaced by
other food. Indeed, clusters 5 and 6 exhibited high intake of fresh
dairy products, fish, soya, vegetables, fruit and starches (including
whole grains), while participants in cluster 4 preferentially
consumed cheeses, starches and sweet or fatty food and exhibited
diets with relatively poor nutritional quality. Previous studies
concluded that reducing the consumption of high-calorie foods and
alcohol should help for climatic change mitigation (Temme et al.,
2015; van de Kamp et al., 2018) while decreasing the prevalence
of chronic diseases related to poor nutrition diets (Birt et al., 2017;
van de Kamp et al., 2018).

Diets in these three clusters (4, 5 and 6) exhibited a lower
environmental footprint than the three previous clusters. However,
discrepancies in the environmental impacts emerged between
clusters 4, 5 and 6. Indeed, the diets in clusters 5 and 6 neededmore
primary energy than the diets in cluster 4, but indicators related to
land occupation and GHGEs were more favourable. First, this result
may be partly explained by the high consumption of fruits and
vegetables in clusters 5 and 6. Indeed, horticulture and market
gardening require a large amount of energy, irrigation, fertilizers,
phytosanitary protection, and the use of plastic contributed to the
energy needed. However, such a hypothesis should be considered
with caution since there is a wide source of variation in the energy
demand according to the agricultural techniques (e.g., heated
greenhouses) or seasonality (Cerutti et al., 2014; Hospido et al.,
2009). Relevant techniques to produce fruits and vegetables could
significantly decrease the environmental impact given that the
consumption of fruit and vegetables is beneficial for health (Miller
et al., 2017; Oyebode et al., 2014). A recent modelling study based
on consumer behaviours investigated the substitutions induced by
an increase in the consumption of fruits and vegetables (Irz et al.,
2016). Their results showed that the guidelines related to the in-
crease in fruit and vegetable consumption would have positive ef-
fects on the GHGEs and acidification. Indeed, a 5% increase in the
intake of fruit and vegetables would lead to a decrease in the
consumption of dairy products and a switch between red meat and
whitemeat (Irz et al., 2016). In this study, the impacts on the energy
demand were not evaluated. A second potential explanation might
be that participants in cluster 4 had lower calorie intake compared
to clusters 5 and 6. Indeed, several studies have shown that high-
calorie intake is often connected to higher environmental impact
(Perignon et al., 2017).

Of note, the consumption of fish in cluster 6 is high (þ37%
compared to the sample average). Thus, while the diets of cluster 6
are favourable for the sustainable indicators considered in our
study, most fishing practices are unsustainable and have an
important biodiversity footprint (Downs and Fanzo, 2015;
Villasante et al., 2012). In addition, some contaminants, such as
heavy metals or organochlorine contaminants, accumulate in the
adipose tissues or livers of fish and would contribute to increased
dietary exposure to persistent chemicals in humans (Manger du
poisson, 2017). European Public Health Association recommended
consuming different species of fish and favouring oily fish from
sustainable fishing grounds or aquaculture (Birt et al., 2017).
4.4. Opposition between healthy and affordable diets

In our study, the healthiest diets (cluster 6) were the least
affordable (participants have to dedicate a higher part of their in-
come) and the most expensive, while the cheapest and most
affordable diets (cluster 4) were less healthy. Thus, the most sus-
tainable diets of participants in cluster 5 are not themost expensive
and least affordable. This result is inconsistent with an Australian
study evaluating the affordability of a healthy and sustainable food
basket in neighbourhoods with different socio-economic levels
(according to a socio-economic index for areas score including in-
come, employment or education (Barosh et al., 2014)). The authors
reported that a healthy and sustainable basket was more expensive
and less affordable in all the neighbourhoods included in the study
(Barosh et al., 2014). These discrepancies with our findings may be
explained by several hypotheses. First, in the Australian study, the
healthy and sustainable basket was identified using a theoretical



Table 4
Lifestyle and sociodemographic characteristics by cluster, NutriNet-Sant�e Study, 2014 (extracted from N¼ 29,413)a.

Cluster 1
(N¼ 1148)

Cluster 2
(N¼ 5014)

Cluster 3
(N¼ 7957)

Cluster 4
(N¼ 6782)

Cluster 5
(N¼ 6787)

Cluster 6
(N¼ 1725)

Pb

Sex (%) 0.06
Female 55.31 79.90 69.62 73.65 79.61 82.20
Male 44.69 20.10 30.38 26.35 20.39 17.80

Energy intake (kcal/j) 2490 (2454
e2525)

1932 (1915
e1949)

1902 (1889
e1916)

2025 (2010
e2039)

1984 (1970
e1999)

2301 (2272
e2330)

Expenditure for the diet (V/j) 10.53 (10.38
e10.69)

8.4 (8.32e8.47) 7.06 (7e7.12) 6.51 (6.45
e6.58)

7.72 (7.66
e7.79)

11.34 (11.22
e11.47)

Age (%) <0.0001
<25y 1.13 0.98 1.92 2.79 1.80 1.80
25-35y 6.79 4.71 12.66 16.31 9.68 6.32
35-50y 23.00 16.41 25.55 29.30 20.86 15.94
50-65y 42.86 44.14 36.72 31.39 40.77 46.26
�65y 26.22 33.77 23.15 20.22 26.89 29.68

Scholar qualification (%) <0.0001
<High-school diploma 27.35 27.00 20.38 17.28 19.89 25.57
High-school diploma 16.38 15.64 14.33 14.20 14.25 15.01
Post-secondary graduation 56.27 57.36 65.29 68.52 65.86 59.42

Monthly income per household unitc (%) 0.40
Refuse to declare 5.31 6.84 5.39 5.43 6.62 7.83
<1200 euros 10.89 9.47 10.81 13.30 12.02 13.04
1200e1800 euros 24.74 21.56 23.25 24.45 22.50 22.14
1800e2700 euros 24.65 28.78 26.73 27.94 27.26 27.13
>2700 euros 34.41 33.35 33.82 28.89 31.60 29.86

Living area (%) 0.06
Rural community 23.61 21.76 22.92 21.05 22.55 23.78
Urban unit: <20,000 inhabitants 15.00 15.36 15.42 15.44 14.72 16.11
Urban unit: 20,000 and 200,000 inhabitants 18.67 20.04 17.39 18.89 19.83 17.77
Urban unit: >200,000 inhabitants 42.73 42.84 44.26 44.61 42.90 42.33

Physical activity (%) <0.0001
High (>60min/d) 32.58 37.26 29.80 28.89 36.97 46.55
Medium (30e60min/d) 31.01 34.36 36.56 38.10 37.98 31.59
Low (<30min/d) 25.17 16.75 22.95 22.24 14.91 10.90
Missing data d 11.24 11.63 10.69 10.78 10.14 10.96

Body mass index (BMI) (%) 0.05
BMI<18.50 kg/m2 1.39 2.51 2.76 6.06 6.78 8.46
18.50e24.99 kg/m2 42.16 52.53 58.25 66.18 68.22 63.48
25.00e29.99 kg/m2 35.19 30.36 27.86 20.38 19.01 20.52
BMI�30.00 kg/m2 21.25 14.60 11.12 7.39 6.00 7.54

Tobacco status (%) <0.0001
Former smoker 44.03 44.16 39.17 35.73 42.02 46.03
Occasional smoker 3.22 2.69 3.59 4.11 2.99 2.20
Current smoker 11.06 6.74 9.21 8.26 5.41 3.88
Never smoker 41.38 46.41 48.02 51.90 49.58 47.88

Alcohol consumption status (%) <0.0001
No drinker 5.66 5.54 3.80 4.29 6.65 11.88
Moderate drinker (<20 g/d for women and <30 g/
d for men)

82.40 87.30 86.44 85.90 85.84 81.80

High drinker 11.93 7.16 9.76 9.81 7.51 6.32
Diet (%) <0.0001
Omnivorous 100 99.92 100.00 97.05 91.13 88.41
Vegan 0 0.08 0.00 2.46 3.08 5.22
Vegetarian 0 0.00 0.00 0.49 5.79 6.38

a Values presented are the percentage or means (95% CI).
b P values are based on the Mantel-Haenszel c2 test.
c The median standard of living of people living in metropolitan France household is 1679V/month.
d As some questions were optional, some data are missing.
approach based on the national guidelines, while we used observed
diets. Moreover, we did not evaluate the food price according to the
living area of participants, while this factorwas accounted for in the
Australian study. Finally, the diets of participants in cluster 5 were a
compromise between the sustainable dimensions assessed in the
study and may not be interpreted as the optimal sustainable diet.
4.5. Organic consumption is linked to a healthy diet

The results also showed a positive link between a healthy diet
(clusters 5 and 6) and high consumption of organic food. Indeed,
organic dietary patterns were often associated with high con-
sumption of plant-based food (Baudry et al., 2015). Therefore, as in
our sample, organic food consumers often exhibited a diet with a
better nutritional quality, except concerning specific nutritional
recommendations related to animal food consumption (Baudry
et al., 2017; Eisinger-Watzl et al., 2015). Moreover, the diets of
organic food consumers, whichweremainly represented in clusters
5 and 6, exhibited low environmental impacts, which could be a
consequence not only of the structure of the diet but also of the
mode of production. Many studies agreed that organic farming
compared to conventional farming reduces N-surplus and pesticide



use (Reganold and Wachter, 2016; Muller et al., 2017).

4.6. Limitations and strengths of the study

Some limitations of our study should be underlined. First, our
results are based on a sample of volunteers involved in a long-term
cohort focused on nutrition and health. Thus, caution is particularly
needed when extrapolating the results to the overall population. It
is likely that all behaviours are not represented, such as those of
young people. Respondents were more often women post-
graduates with healthy lifestyles. These characteristics have been
shown to be key predictors of sustainable food consumption (Gilg
et al., 2005; Panzone et al., 2016). A wider coverage of different
behaviours in a representative population would help to ensure
that alternative diets are acceptable in the general population.
Second, the scope of the environmental impact evaluation did not
include the phases of processing, transformation and transport,
limiting the assessment of the impacts to the production step.
However, most environmental impacts generally occur at the farm
level (Weidema and Meeusen, 2000; Clune et al., 2017). The envi-
ronmental database was based on farms that registered on a
volunteer basis in DIALECTE, leading to potential non-
representativeness of actual French farms. However, we were able
to differentiate organic and conventional modes of production.
Moreover, since data from Kantar database are not available for two
years post collection, there is a two years delay between the food
price data and the dietary assessment that may lead to approxi-
mations in the diet monetary cost assessment. Finally, the dietary
patterns identified may not be interpreted as the optimal because
our results were based on observational data from a cohort of
volunteers and compromised between many sustainable
dimensions.

The RRR procedure allowed us to extract factors explaining our
numerous sustainability indicators and to summarize the infor-
mation for clustering. The use of this dimension-reducing method,
based on the database structure, is particularly innovative and leads
to less subjective decisions. However, the RRR procedure is not a
completely a posteriorimethod because we had to arbitrarily select
the indicators and the number of retained factors. The number of
clusters retained was equally arbitrarily chosen, even if the
dendrogram and statistical indicators drove our choice. The two-
step clustering procedure offered advantages to stabilize the clas-
sification, in particular, for the boundary between the two cluster
participants. Additionally, the large sample size enabled us to cover
a diversity of eating habits and disseminated practices as more
sustainable. Finally, the wide spectrum of accurate data allowed the
use of a large variety of indicators, providing a thorough evaluation
of the sustainability of the diet. In addition, we took into account
the mode of production in the environmental assessment.

5. Conclusion

In conclusion, these results highlight that in the current agro-
nomic and economic context, dietary patterns compatible with all
sustainable dimensions were scarce, even in a cohort of partici-
pants that are potentially more sensitive to nutrition and to the
environment. The study also revealed a cluster with almost 23% of
the study sample who adopted diets with high compatibility with
the sustainability indicators assessed in the study. These more
sustainable diets varied are marked by moderate consumption of
meat and low consumption of nutritionally poor food. Overall,
oppositions between healthy, eco-friendly and affordable dietary
pattern remain. It is necessary to identify and better understand
these conflicts to help driving the future public health measures
and further investigations will be needed to identify the levers and
brakes for adoptions in the general population which remains a 
considerable challenge.
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