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General introduction




Chapter 1

1. This thesis

The food we eat affects our health and the health of our planet [1]. In Europe and
increasingly other places around the world, poor quality diets marked by low amounts of
vegetables, fruit, and whole grains, high amounts of refined carbohydrates, fats, sodium,
added sugars, red and processed meat, and excessive calories represent one of the
greatest public health burdens of our day [2]. Besides negative health impacts such as
obesity and diet-related non-communicable diseases, current diets have adverse
environmental impacts, ranging from climate change to biodiversity loss to depletion of
natural resources [3]. While evidence for healthier and more sustainable diets is
mounting, itis clear that there is no “one-size-fits-all” solution and that more information
on different contexts, including nutritional needs and health considerations of specific
subpopulations, is needed to unleash the nurturing power of our food and diets for the
betterment of human and planetary health [1,4-6].

As part of the search for strategies to improve the health of populations within sound
environmental limits, this thesis explores individual- and diet-level factors related to
sustainable nutrition among two subpopulations in Europe, namely overweight adults
with subsyndromal depressive symptoms and older adults. This thesis contributes to the
evidence-base for the development of environmentally sustainable dietary strategies to
prevent depression and enhance healthy aging within two respective European-wide
projects, MooDFOOD (Multi-country cOllaborative project on the rOle of Diet FOod-
related behavior, and Obesity in the prevention of Depression) and the PROMISS project
(PRevention Of Malnutrition In Senior Subjects in the EU). The insights of this thesis
highlight the importance of incorporating environmental sustainability into dietary
guidance and can contribute to the development of dietary strategies that
simultaneously promote population health and the health of our planet.

2. Food, health and the environment

Today’s food systems, which encompass all elements (environment, infrastructures,
institutions, actors, etc.) and activities that are related to the journey of food from farm
toforkasshowninFigure 1, are having profound impacts on the environment and human
society in many ways [7,8]. Not only is the global food system a major source of
environmental harm, it is generating social inequalities and inequities and failing to
deliver a healthy, affordable, and inclusive diet to a growing world population [?]. The
environmental and societal challenges of our time necessitates public health and
nutrition practitioners to consider how the broader food system affects the natural
environment as well as diets, nutrition and health outcomes of populations [6].
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Figure 1. Food systems framework, simplified from Fanzo et. al [8], which was adapted from the
framework developed by the High Level Panel of Experts on Food Security and Nutrition of the
Committee on World Food Security [7]. Components in black represent the focus of this thesis.

2.1. Environmental impacts of the food system

The global food system, which includes each step of a food's journey from farm to fork, is
identified as one of the key drivers of climate change, responsible for about one third of
anthropogenic greenhouse gas emissions (GHGE) worldwide [10,11]. Greenhouse gases
are emitted at each stage of a food’s lifecycle, via conversion of forests and grasslands,
crop and livestock production processes such as fertilizer application and enteric
fermentation, combustion of fossil fuels in food supply chain (e.g. from manufacturing
fertilizer and farm equipment to industrial food processing, packaging, transportation,
refrigeration, and retail), and decomposition of food waste in landfills [10]. In addition to
climate change, the food system is a dominant player in almost all the systems that
regulate the stability of our planet. According to the planetary boundaries concept [12],
food production is compromising the “safe operating space for humanity” for five Earth
system processes, including biosphere integrity (driving biodiversity loss),
biogeochemical flows (with excess nitrogen and phosphorous from fertilizers polluting
soils and waterways), land-use change, freshwater use, and climate change [13]. Globally,
agriculture is estimated to use 40% of Earth’s ice-free land, account for 70% of
freshwater withdrawals, and contribute 32% of global terrestrial acidification and 78%
eutrophication [14-16]. Expansion of agricultural land is the largest driver of
deforestation, accounting for 80% of deforestation worldwide [17]. This exploitation of
natural resources and pollution have a direct impact on biodiversity on land and in water,
with food production threatening >70% of birds and mammals that are listed as
threatened with extinction by the International Union for Conservation of Nature
[18,19]. This plus the use of pesticides and other agro-chemical pollutants have been
identified as the major cause to the declining insect population, having detrimental
consequences for pollinators and food production [20]. Further, approximately 34% of
the world’s marine fish stocks are overfished and 60% are fully exploited [21].
Meanwhile, roughly one third of all food that is produced for human consumption is lost
or wasted, having tremendous environmental, economic and societal implications [22].
When food is wasted, not only are resources used and greenhouse gases emitted in vain,
but disposal and decomposition in landfills create additional environmental impacts [23].

9
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With a growing and more affluent world population, the environmental impacts across
the food system are expected to increase [13].

2.2. Nutrition and health outcomes

Food provides energy and nutrients which can promote and nurture human health, yet
the current food system is delivering nutrient-poor, energy-rich diets that sustain high
levels of malnutrition. Inequalities in the food system have led to more than 1.3 billion
people not having regular access to nutritious and sufficient food while an additional 746
million people experiencing hunger in 2019 [?]. Acute malnutrition and increasing
hunger exists alongside an unprecedented rise in overweight, obesity, and diet-related
noncommunicable diseases due to unhealthy diets and high availability of cheap ultra-
processed food and beverages [1,9,24]. A global transition to diets high in energy-dense
and nutrient-poor processed foods and meats has contributed to 1.9 billion adults and
340 million children being overweight or obese in 2016 [25]. Unhealthy diets are the
largest global burden of disease, posing high risks to morbidity and mortality [2].

Nutrition and health outcomes of all populations will also be affected by climate change
and environmental degradation, directly through affecting food production and nutrient
composition of foods and indirectly through altering social and economic forces [26]. The
consequences of undernutrition, overweight, obesity, and climate change are related and
interactive [3]. The poor and socially disadvantaged populations are likely to be
disproportionally impacted, widening existing equity gaps in nutrition and health
outcomes [6]. While the effects of global warming on food security are already being
noticed, with more frequent and intense heat waves and extreme precipitation events
affecting crop vyields, rising temperature of oceans and consequently ocean acidification
decreasing fishery vields, water scarcity, etc., the risks are projected to become greater
as global warming reaches 1.5°C [27].

2.3. Pivotal role of diets

Diets are underlying and linking the nutritional health of populations and the
environmental sustainability of food systems. The amount of food people eat and the
food choices they make have a direct impact on their health and the environment.
Overconsumption of energy not only contributes to overweight and obesity, but also
strongly correlates with the environmental impact of diets [28-30]. Just like different
foods have different health impacts, they have different impacts on the environment
[31]. Animal-based foods in particular play an important role in the diet's overall
environmental impact [32-34]. In general, animal-based food products, and especially
meat and dairy, have a higher total environmental footprint compared to food deriving
from plants, owing to the significant amounts of land, water, and feed required by
livestock and their inefficiency to convert feed into human-edible food [16,35-37]. At a
global level, production of animal-based food contributes about 72-78% to total GHGE
of the agricultural sector [4]. However, there are significant differences among the
different animal products, with ruminant meats (e.g. beef, lamb) having a much larger
impact compared to pig and poultry meats due to enteric fermentation and higher feed
conversionratio [16]. When it comes to health, higher consumption of red and processed
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meat is associated with higher risk of cardiovascular disease, certain types of cancers,
and premature death [38-40]. There are also significant differences in impacts of plant
products, with nuts inducing more water stress as compared to grains and legumes [16].
Differences in health and environmental impacts of various food products imply
differences in the health and environmental impacts of whole diets [1,34]. Identifying
win-wins and trade-offs between nutrition and environmental sustainability of diets is
therefore important to identify dietary changes that can simultaneously reduce the
environmental impact of diets and improve nutritional health of populations [34].

2.4. Individual-level factors shaping consumer food-related behavior

Consumers’ food choices are complex and influenced by many factors, including macro-
level factors like culture and economics, and individual differences including biological
(e.g. appetite), physiological and psychological (e.g. mood), cognitive (e.g. attitudes,
motivations), and social norms (e.g. family and peers) factors [41,42]. Furthermore,
consumer food behavior is shaped by food environments which include product
availability, accessibility, price, convenience, and marketing [43,44]. Two diet-related
behaviors that would yield a large reduction to the environment impact of diets include
reducing meat consumption and reducing food waste [45]. A rich body of literature
reveals the complexity of these behaviors which is described below.

Concern about the health and environmental impacts of meat consumption has led to
considerable efforts to identify opportunities and barriers for consumers to reduce meat
consumption. The most commonly reported food-related behaviors that people think
would have a beneficial impact on the environment are avoiding excessive packaging,
purchasing locally produced food, eating seasonal, eating organic food and reducing food
waste [46-48]. The environmental impact of dietary change is generally underestimated
[48]. Low consumer awareness of the environmental impact of meat production and low
willingness to reduce meat consumption is prevalent in much of Europe [49]. Consumers’
positive perception of meat (e.g. taste, pleasure, nutritious, familiarity), tradition, social
norms, and lack of culinary skills have been found to be barriers to change meat
consumption behavior [50,51]. Further, food choice motives such as sensory appeal,
price, and convenience have been found to impede willingness whereas food choice
motives health and sustainability have been found to facilitate a change in meat
consumption [52].

Consumer food waste behavior is equally complex and multifaceted [53,54]. Although
food waste is perceived as a problem by consumers, household-level food waste remains
rampant [54]. Various theoretical perspectives on food waste exist. One relies on the
theory of planned behavior, which suggests that food waste behavior is determined by
intention, which is influenced by subjective norm, perceived behavioral control, and
attitude towards the behavior [55]. This framework is most commonly applied when
investigating food waste behavior [56-61]. However, this socio-psychological
framework can only partly predict intention and to a lesser extent actual behavior,
explained by the attitude-behavior gap [57,62,63]. In contrast, several studies have
demonstrated that food-related behaviors, such as planning and shopping routines,
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when added or compared to the theory of planned behavior, are more important
indicators than intention for the amount of food wasted [57,58]. Household routines
such as planning, shopping, storing, cooking, eating, and managing leftovers play a
decisive role in food waste generation, as at each stage food may be assessed with
regards to their edibility [64]. Consumers are likely to assign importance of food to
various goals, like being a good provider and ensuring food safety, and some goals may
conflict with the goal for sustainable food consumption or food waste reduction [59].

3. Sustainable diets for population and planetary health

It is clear that a transition to more sustainable diets is needed to reconcile food
production and consumption with population and planetary health. If dietary patterns do
not change, it is projected that diet-related health costs linked to mortality and diet-
related noncommunicable diseases will exceed USD 1.3 trillion per year by 2030 (9], and
catastrophic climate change will ensue [65]. While technological advances of food
production have suggested to reduce the environmental impact of diets [4,66],
technological mitigation can only reduce the impact of our food system to a certain
extent and would not address the health issues related to the food system [5,65]. Much
evidence underscores the need for significant changes to what is currently consumed
and to how we handle food waste to reduce the total environmental impact of our
current and future food system [1,4,5,67].

3.1. Definition

The concept of sustainable nutrition was first introduced in 1986 by Gussow and Clancy,
who argued the need for diets that not only support human health but also the health of
the natural environment to ensure the long-term food and nutrition security [68].
However, it wasn't until the last decade that this concept gained traction, when more
evidence became available indicating the extent to which current methods and levels of
food production and consumption are contributing to nutritional and health problems
and exceeding the planetary boundaries for a safe operating space for humanity [12,69].
In 2010, the Food and Agriculture Organization of the United Nations and Bioversity
International attained a consensus definition of sustainable diets as the following:

“Sustainable diets are diets with low environmental impacts that contribute to
food and nutrition security and to healthy lives for present and future
generations. Sustainable diets are protective and respectful of biodiversity and
ecosystems, culturally acceptable, accessible, economically fair and affordable,
are nutritionally adequate, safe, and healthy, and optimize natural and human
resources’ [70].

In addition to health and environment, this definition adds three equally important
guiding principles - equity, socio-cultural values, and economy. For the purpose of this
thesis, we largely focus on the health and environmental aspects of sustainable diets
(which we use interchangeably with sustainable nutrition), as well as socio-cultural
values in terms of cultural acceptability and individual preferences, as we are primarily

12
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interested in formulating environmentally sustainable and culturally acceptable
recommendations that promote population health.

3.2. Environmental impacts of dietary change

Amid concerns over the health and environmental implications of current diets,
increasingly more research is incorporating environmental sustainability with nutrition
to identify alternative dietary patterns that are more health promoting for both humans
and the natural environment [71,72]. The environmental impact of hypothetical change
from current to alternative, theoretical diets is often assessed in dietary scenarios, which
are mainly derived from simulations or mathematical optimization [73,74]. With the
former, predefined diets such as the Mediterranean diet, diets aligned to national food-
based dietary guidelines, and diets based on exclusion of entire food categories (e.g.
pescatarian, vegetarian and vegan diets) have been shown to generally perform better
compared to current diets in terms of nutritional and environmental outcomes
[32,71,75]. With the latter, optimization of diets with simultaneous improvements in
health and sustainability have shown the need to reduce consumption of animal foods
and discretionary foods and increase consumption of fruits and vegetables, whole grains,
legumes, fish, and nuts [76,77]. Such research on the sustainability of various dietary
patterns highlight the existence of both co-benefits and trade-offs between nutrition and
environmental impacts [30]. For instance, a complete removal of meat and animal-based
foods (i.e. vegan diet) has shown to have the lowest environmental impact, but it poses
nutritional risks [78,79]. While a reduction in meat consumption can have benefits for
both health and the environment especially in places where meat is overconsumed [80],
the path to achieve this is not unequivocal. To recommend appropriate solutions, more
information is needed on different contexts, including dietary needs of specific
subpopulations.

3.3. Nutritional needs and health considerations of specific subpopulations
3.3 1. Overweight adults with subsyndromal depressive symptoms

Depression is a common mental health problem, affecting more than 264 million people
worldwide and ranking as one of the top contributors of disability-adjusted life years
[81,82]. A meta-analysis of longitudinal studies found that overweight and obesity
increase the risk of onset of depression, while depression increases the risk for
developing obesity [83]. In order to reduce the global disease burden of depression and
to stopthis vicious cycle of overweight, obesity, and depression, researchers are pointing
to diet as a modifiable risk factor [84]. Epidemiological studies have found that better
adherence to higher quality diets is associated with reduced onset of depressive
symptoms [85]. In particular, the Mediterranean diet - characterized by high
consumption of fruits, vegetables, nuts, whole grains, and legumes; moderate
consumption of low-fat dairy, fish, poultry, eggs, and olive oil; and limited intake of red
and processed meat and discretionary foods - has been associated with reductions in
depression incidence [86,87]. Therefore promoting a Mediterranean-style dietary
pattern was hypothesized to prevent depression in overweight and obese individuals
with subsyndromal depressive symptoms [88]. The environmental impact of promoting
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a Mediterranean-style dietary pattern in overweight and obese individuals with
subsyndromal depressive symptoms is investigated in this thesis.

3.3.2 Older adults

All societies in the world are rapidly aging. In Europe, it is estimated that the older adult
population aged 65 years and older will increase by 42.3% and the working-age
population will decrease by 9.5% between 2020 and 2050, posing challenges with
regards to health care, long-term care, and social expenditures [89]. One in five persons
is already aged 65 years or above in the EU, with the majority living independently in the
community [20,91]. For older people to remain independent, it isimportant that they are
living in good health. To support the health and independence of a growing older
population, prevention of decline in nutritional and functional status among community-
dwelling older adults is essential.

To this end, researchers have been revisiting the protein needs of older adults aged 65
years and older. Adequate protein intake is important for the maintaining muscle mass,
strength, and physical function and promoting overall health and wellbeing [45,92,93].
Several short-term metabolic and observational studies suggest that older adults aged
65 years and older need to consume more protein compared to younger adults to
maintain adequate muscle mass and strength [92,94-96], although evidence from
randomized controlled trials is not conclusive [97]. Nevertheless several expert groups
propose anincrease of the recommended daily allowance (RDA) of protein from 0.8 g/kg
body weight (BW)/day to 1.0-1.2 g/kg BW/day for older adults [98-100]. The
environmental impact of such dietary advice is investigated in this thesis. Further,
attitudes towards alternative protein sources and specific dietary changes needed to
increase protein intake in an environmentally friendly way among older adults is
addressed.

3.4. Role of dietary guidance

Dietary guidance refers to the provision of recommendations on food choices and
dietary patterns that meet requirements for essential nutrients and protect against the
development of food-related noncommunicable disease [101]. Dietary guidance is
traditionally developed through the lens of health promotion and disease prevention and
comes in many forms, including diet counselling of individuals and provision of dietary
guidelines by national and international institutions and scientific organizations. The
potential role that dietary guidance can play in supporting consumers on not only how to
make healthier food choices, but also more environmentally sustainable food choices,
has been long acknowledged [1,68,102].

The Food and Agriculture Organization of the United Nations (FAO) and the World
Health Organization (WHO) have developed several guiding principles to achieve
healthy and environmentally sustainable diets [103]. They underscore the need to
establish a representative baseline of current diets of specific population groups to
identify dietary changes that have the greatest positive impact on both health and the
environment [103]. Further, they highlight the importance of developing food-based
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dietary guidelines that define context-specific sustainable diets by taking into account
social, cultural, economic, and environmental circumstances. Aligned with FAO and
WHO's guiding principles, this thesis takes a holistic approach to diets, considering the
nutritional needs of specific subpopulations, the environmental impact of food
consumption, and the adaptability to European cultural contexts, to inform the
development of dietary guidance for European subpopulations and planetary health.

4. Aim and outline of this thesis

The present thesis is embedded within two European-wide projects, namely the
MooDFOOD project and the PROMISS project. Both projects involve a multidisciplinary
consortium that have undertaken extensive research into the potential of diet in
preventing depression (MooDFOOD) and enhancing healthy aging (PROMISS) with the
aim of developing evidence-based dietary strategies that are effective, feasible, and
environmentally sustainable in the prevention of depression and malnutrition,
respectively. A description of these projects and the datasets used can be found in Box
1.

Box 1. Description of EU projects and datasets used in this thesis |
MooDFOOD
The MooDFOQOD project (Multi-country cOllaborative project on the rOle of Diet FOod-
related behavior, and Obesity in the prevention of Depression) was a 5-year multidisciplinary
research project funded by the Seventh Framework Program of the European Commission
(grant number 613598). The MooDFOOD project aimed to investigate how food intake,
nutrient status, food-related behavior, and obesity are link to the development of depression
[104]. The research described in this thesis was performed using data from a survey conducted
in Denmark and Spain and a randomized controlled trial that were part of the MooDFOOD
project.

Survey in Denmark and Spain

In total, 3,034 respondents from Denmark and Spain completed an online questionnaire that
was distributed by Qualtrics, a panel service agency, in June and July 2014. The main purpose
of the survey was to explore food-related behavior and mental well-being, which has been
described elsewhere [105]. The questionnaire contained measures on food-related behaviors,
self-reported food waste, and socio-demographics. Data from the survey were used for Chapter
2.

MooDFOQOD trial

The MooDFOOD trial was a 2 x 2 factorial randomized controlled prevention trial that included
1,025 overweight adults with subsyndromal symptoms of depression in four European
countries (Germany, Spain, United Kingdom, and the Netherlands). Full details of the trial
design and protocol can be found elsewhere [106]. The trial was designed to investigate the
feasibility and effectiveness of two different nutritional strategies for the prevention of
depression: multi-nutrient supplementation and food-related behavioral activation therapy
applying Mediterranean-style dietary guidelines. Dietary intake data were collected using an
online self-administered food frequency questionnaire (FFQ) at baseline, 6 months, and 12
months. Dietary data were linked to environmental data described in Box 2. Data from the
MooDFOOD trial were used for Chapter 6.
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Box 1. Description of EU projects and datasets used in this thesis (continued)
PROMISS

The PROMISS project (PRevention Of Malnutrition In Senior Subjects in the EU) was a 5-year
multidisciplinary research project funded by Horizon 2020, the Research and Innovation
Program of the European Union (EU) (grant number 678732). The PROMISS project aimed to
contribute to the prevention of malnutrition and to support active and healthy aging in
community-dwelling older adults. The research described in this thesis was performed using
data from two consumer surveys, one ancillary study to a population-based cohort study (i.e.
the Longitudinal Aging Study Amsterdam), and a randomized controlled trial that were part of
the PROMISS project.

Consumer surveys

Two consumer surveys were conducted among older adults aged 65 years and older living in
five European countries (Finland, Poland, Spain, the Netherlands, United Kingdom), the first in
June 2017 and the second in June 2019. The first survey aimed to quantify attitudes and
preferences of older adults with regard to dietary and physical activity characteristics and
included 1,825 respondents. The second survey aimed to quantify acceptance and preferences
of various dietary strategies and included 2,500 respondents. Data from the 2017 survey were
used for Chapter 3 and data from the 2019 survey were used for Chapter 4.

Nutrition and Food-related Behavior ancillary study of the Longitudinal Aging Study Amsterdam
(LASA)

Dietary intake data were collected during the 2014-2015 Nutrition and Food-related Behavior
ancillary study of LASA from 1,439 older adults aged 55 years and older by means of a FFQ
which was based on the Dutch version of the HELIUS FFQ [107-109]. Dietary data was linked
to environmental data described in Box 2. Data from this study were used for Chapter 5.

PROMISS trial

The PROMISS trial was a randomized controlled trial that included 276 community-dwelling
older adults with low habitual protein intake from the Netherlands and Finland. The main aim
of the trial was to test the (cost-)effectiveness of personalized dietary advice aiming at
increasing protein intake on physical functioning [110]. Dietary intake data were collected by
means of a combination of three food diaries and 24-hour recalls at baseline, 3-month follow-
up, and 6-month follow-up. Dietary data were linked to environmental data described in Box 2.
Data from the PROMISS trial were used for Chapter 7.

The overall aim of this thesis is to evaluate the environmental impact of health-oriented
dietary guidance and provide insight into how to make such guidance more
environmentally sustainable. We explore individual-level factors that may influence food
choice and food-related behavior, including personal factors (e.g. socio-demographics),
psychographic factors (e.g. attitudes and preferences), and life situation (e.g., health
status), to identify opportunities and challenges to achieving healthier and more
sustainable diets. In addition, we investigate the environmental impact of dietary change
suggested to prevent depression and enhance healthy aging in free-living individuals and
identify dietary changes needed to simultaneously meet nutrition and sustainability
goals using diet optimization methods.
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Summarized in Figure 2, this thesis consists of two main objectives and addresses the
following research questions:

Objective 1: To identify individual-level factors that pose as opportunities and challenges
to achieving more environmentally sustainable food-related behavior

1. What socio-demographic characteristics are predictors of food waste behavior?
(Chapter 2)

2. What is older adults’ acceptability to consume alternative, more sustainable
protein sources and what factors influence their level of acceptability? (Chapter
3)

3. Arethere different patterns of meat consumption among older adults and what
factors explain these differences? (Chapter 4)

Objective 2: To assess the environmental impact of dietary change due to health-oriented
dietary guidance

4. What dietary changes are needed to increase protein in an environmentally
sustainable way in older adults? (Chapter 5)

5. What is the effect of health-oriented diet interventions on food consumption
and the environmental impact of the diet? (Chapter 6 and Chapter 7)

Individual factors|

Ch3&4

£58

Figure 2. Schematic framework of this thesis. Chapters 2, Chapter 3 and Chapter 4 explore
personal and psychographic factors influencing food choice and food-related behavior. Chapter 5
poses several modelled diets optimized for nutrition and sustainability. Chapter 6 and Chapter 7
investigate the effect of diet interventions on the food consumption and the environmental impact
of the diet.
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The first objective is addressed in Chapter 2, Chapter 3, and Chapter 4. In Chapter 2,
socio-demographic predictors of food waste behavior in Denmark and Spain are
described. The chapter provides a new measurement model of food waste behavior that
combines food-related behaviors found to influence the amount of food wasted at the
consumer level with self-reported food waste, providing a broader perspective on food
waste.

Chapter 3 reports the level of acceptance to consume alternative, more sustainable
protein source and explores potential determinants of acceptance among older adults
aged 65 years and older from five European countries. Chapter 4 builds on the previous
chapter and identifies and describes consumer segments based on meat consumption
and liking among older adults from the same five European countries.

The second objective is addressed in Chapter 5, Chapter 6, and Chapter 7. Chapter 5
identifies dietary changes needed to increase protein intake in an environmentally
sustainable way in older adults in the Netherlands. To this end, diet optimization
methods were employed to model several high-protein diets with minimized departure
from habitual intake in cumulative steps. Dietary changes and the environmental impact
thereof were identified to isocalorically meet a high-protein diet while maintaining or
improving the nutritional adequacy of the diet, without taking environmental
sustainability into account. We then applied stepwise constraints to identify dietary
changes needed to adhere to the Dutch food-based dietary guidelines and reduce diet-
associated GHGE.

In Chapter 6 and Chapter 7, the environmental impact of health-oriented diet
interventions in randomized controlled trials was assessed. In Chapter 6, changes in food
consumption and the environmental impact of diets was compared between overweight
adults with subsyndromal depressive symptoms who received a diet intervention
promoting the Mediterranean diet and those who did not receive the intervention. The
environmental impact of the diet was assessed using GHGE, land use, fossil energy use,
and pReCiPe. Chapter 7 explores the effect of dietary advice aiming at increasing protein
intake onfood consumption and the environmental impact of the diet among community-
dwelling older adults in the Netherlands. The environmental impact of the diet was
assessed using GHGE, land use, terrestrial acidification, freshwater and marine
eutrophication, and blue water use. More information about the environmental data
used in this thesis can be found in Box 2.

A general discussion of the main findings of this thesis and its conclusion are provided in

Chapter 8. Methodological considerations and implications for future research and
practice are addressed.
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Box 2. Environmental data used in this thesis \

The environmental impact of food consumption was estimated with life cycle analysis
(LCA), a methodological framework for assessing the environmental impacts over the
entire life cycle of a product, from cultivation to consumption and final disposal [111].
All relevant information across the life cycle of a food was collected as Life Cycle
Inventory (LCI) data using the ReCiPe 2016 Midpoint v1.00 method by Blonk
Consultants (Gouda, The Netherlands) [112,113]. The LCA system boundaries were
from cradle to grave, indicating all steps from primary production, processing,
packaging, distribution, retail, transportation, storage, food preparation, cooking, and
incineration of waste products. Transport between all phases, except from retail to
consumer was included. The LCA had an attributional approach and hierarchical
perspective and were performed following the ISO 14040 and 14044 guidelines. The
functional unit was mass related, meaning the environmental impact is explained per
100g of food product. The default allocation used is economic allocation whichiswhen
the environmental impact is divided between co-products based on fraction of the
financial revenue of each co-product. This type of allocation is commonly used for
LCAs of agricultural and food products. These LCA data were linked to dietary data
described in Box 1 to calculate the environmental impact of the whole diet.

Environmental impact indicators

This thesis made use of several environmental impact indicators, including:
e greenhouse gas emissions (GHGE; kg CO?-eq),

land use (LU; m?*y),

fossil energy use (FEU; MJ),

terrestrial acidification (kg SO2-eq),

freshwater eutrophication (kg P-eq),

marine eutrophication (kg N-eq), and

blue water use (m?®).

GHGE and LU are the most commonly used indicators to describe the environmental
impact of food and diets [114] and was used Chapter 5, Chapter 6 and Chapter 7. In
Chapters 5 and Chapter 6, fossil energy use was considered, and was aggregated with
GHGE and LU in Chapter 6 to calculate an overall environmental score, or the
pReCiPe score. In Chapter 7, we included the indicators terrestrial acidification,
freshwater eutrophication, marine eutrophication, and blue water use to get a more
nuanced insight, especially because blue water use has opposing associations
between diets and GHGE [115].
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Chapter 2

Abstract

Food waste generated at the household level represents about half of the total food
waste in high-income countries, making consumers a target for food waste reduction
strategies. To successfully reduce consumer food waste, it is necessary to have an
understanding of factors influencing food waste behaviors (FWB). The objective of
this study was to investigate socio-demographic predictors of FWB among consumers
in two European countries: Denmark and Spain. Based on a survey involving 1518
Danish and 1511 Spanish consumers, we examined the associations of age, sex,
education, marital status, employment status, and household size with FWB. By using
structural equation modeling based on confirmatory factor analysis, we created the
variable FWB from self-reported food waste and two activities that have been
correlated with the amount of food wasted in previous studies: namely, shopping
routines and food preparation. Results show that being older, unemployed, and
working part-time were associated with less food waste behavior in both countries. In
Denmark, being male was associated with more food waste behavior, and living in a
household with four or more people was associated with less food waste behavior.
These results underscore the modest role of socio-demographic characteristics in
predicting food waste behavior in Europe.
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1. Introduction

One-third of food produced for human consumption—approximately 1.3 billion tons per
year—gets lost or wasted globally [1]. This amounts to a considerable waste of the
resources that are used in food production, such as cropland, water, energy, and
fertilizers, as well as the large amounts of greenhouse gas emissions associated with food
production and food waste disposal [2]. Not only does food waste lead to unnecessary
and avoidable environmental degradation such as soil erosion and biodiversity loss, it
induces economic losses and perpetuates social inequalities due to lower wages across
the food system, higher food prices, and the widening of the food access gap [3,4]. Food
waste occurs at all points throughout the food supply chain, but in Europe, the majority
(53%) of the total food waste is generated at the household level, totaling about 47
million tons of food waste in 2012 [5]. As households, and thus consumers, produce the
most food waste, it is important to know which factors influence consumer-level food
waste to tackle the aforementioned environmental, economic, and social issues.

Consumer-related food waste is a complex and multi-faceted issue that is influenced by
cultural, social, political, economic, and geographic drivers, as well as cognitive,
motivational, and structural factors, food-related behaviors, and food habits [6,7]. The
theory of planned behavior [8] is the more frequently applied theoretical framework that
has been used to explain or predict consumer-level food waste [9-13]. The theory
suggests that behavior is determined by intention, which is influenced by subjective
norm, perceived behavioral control, and attitude [8]. Yet, intention does not correspond
well with behavior in all cases. Several studies have demonstrated that food-related
behaviors such as planning and shopping routines, when added or compared to the
theory of planned behavior, are more important indicators than intention for the amount
of food wasted [10,11].

Furthermore, a sociological approach to food waste has highlighted the importance of
the social and material contexts of everyday food waste practices, pointing out that
factors such as time, domestic divisions of labor with regard to food shopping and
preparation, and infrastructures of provision influence food waste behavior (FWB), but
may be beyond the control of consumers [14,15]. Consequently, factors related to socio-
demographics such as sex and employment status may influence food provisioning
practices, leading to food waste [16]. However, evidence suggests that socio-
demographic characteristics have weak predictive power of food waste [10,17].
Previous studies have found socio-demographics to explain only 7-13% of the variance
regarding intention to reduce and perceived behavioral control to avoid household food
waste [12,18]. Despite the limited predictive power, correlations between age, sex,
employment status, income, household size and composition, and amount of food wastes
have been found, but the strength and direction of the relationships vary between
studies [7]. In addition, such studies have examined the correlations between socio-
demographic characteristics and self-reported food waste, but have not looked at these
alongside food-related behaviors that are known to influence food waste.
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Self-reported food waste is a major limitation in most studies, as it may suffer from social
desirability and hypothetical bias, and consequently, may deviate from actual behavior
[19,20]. However, more objective techniques to measure food waste, such as waste
composition analysis or diary-based methods, are timely and financially costly [20,21].
Thus, some researchers have focused on food waste as an aggregate of food-related
behaviors rather than on self-reported food waste as an outcome. For instance,
Mondejar-Jiménez et al’s outcome regarding ‘positive behavior toward food waste’
consisted of food-related activities that have been found to influence the amount of food
wasted at the consumer level, namely reusing leftovers, understanding the date labels on
foods, and making a shopping list [13]. As there is limited literature using such an
outcome to explore factors influencing food waste behavior, further investigation into its
applicationis warranted.

The objective of this study was to investigate socio-demographic predictors of FWB
among consumers in two European countries, namely Denmark and Spain. In Denmark,
it is estimated that the average household wastes about 183 kg food per year [22], while
in Spain, it is estimated that the average household wastes about 71.2 kg food per year
[23]. By employing a similar approach to Mondejar-Jiménez et al., this study tries to move
beyond using self-reported food waste as the exclusive measure of this behavior. The
results presented in the paper can add to the existing literature on the role that socio-
demographics play in predicting food waste behavior.

2. Materials and Methods
2.1. Procedure and Sample

Data collection was carried out with Qualtrics—a panel service agency—in June and July
2014. An online questionnaire was made available to a randomly selected sample of
panelists in Denmark and Spain. The questionnaire was developed in English, translated
to Danish and Spanish, and distributed through online platforms to Danish and Spanish
respondents, respectively. Qualtrics follows the European Society for Opinion and
Marketing Research (ESOMAR) principles in their data collection activities and panel
management. The respondents had to confirm their willingness to participate in the
study, and their data was handled with anonymity and confidentiality in accordance with
the provisions of the Declaration of Helsinki [24].

In total, 3034 respondents completed the questionnaire, with 1522 respondents from
Denmark and 1512 respondents from Spain. Of the 3034 respondents who completed
the questionnaire, five had missing data for age, and were excluded from this study. Thus,
1518 Danish respondents and 1511 Spanish respondents had complete details for all
the relevant variables. Table 1 provides a summary of the socio-demographic
characteristics of the respondents included in this study. The majority of the
respondents were responsible to some extent for the provision of food in their
household: 76% in both countries were responsible for deciding what food to
cook/prepare for household meals, 83% in Denmark and 90% in Spain were responsible

34



Socio-demographic predictors of food waste behavior in Denmark and Spain

for food shopping, and 76% in Denmark and 79% in Spain were responsible for cooking
and preparing food.

Table 1 Socio-demographic characteristics of sample in Denmark (N=1518) and Spain
(N=1511).

Characteristic Denmark Spain
Age (years), mean 50.1 37.0
Sex
Female 48.4% 48.8%
Male 51.6% 51.2%
Education !

Low 24.1% 11.3%

Middle 40.8% 34.4%

High 35.1% 54.3%

Employment status ?

Full time 42.0% 53.1%

Part time 11.1% 14.8%

Unemployed 13.6% 32.2%
Retired 33.2% Not asked

Marital status ®
Married/living with partner 59.5% 60.3%
Single 40.5% 39.7%
Household size (number of persons)

1 29.1% 7.9%

2 43.8% 23.5%

3 11.4% 30.3%

4 10.5% 27.9%

5+ 5.1% 10.3%

L Low includes lower primary to lower secondary school, middle includes upper secondary school
to additional training; higher includes Bachelor or other higher education. 2 Full time if working a
minimum of 30 hours per week, part-time if working between 15 and 29 hours per week. 2 Single
includes widowed, divorced and separated. ¢ Categories are married or separated; never married,
widowed or divorced.

2.2. Measures

The questionnaire contained measures on food-related behaviors, self-reported food
waste, and socio-demographics. The study was a part of a larger survey on food-related
behavior and mental well-being, which has been described elsewhere [25]. This study
reports the findings related to food-related behaviors that are likely to increase food
waste and how they are linked to socio-demographic characteristics. The used measures,
described below, were selected based on earlier findings of behaviors that have been
linked to reported food waste, and are reported in Table 2.

22 1. Food-related behaviors and self-reported food waste

The food-related behaviors that were assessed included planning routines, shopping
routines, practices related to handling leftovers and food beyond its best-before date,
and food preparation (Table 2). Planning routines consisted of two items, referring to the
planning of shopping trips and meals [10]. Shopping routines were measured with four
items concerning the excess purchase of food [26]. Leftover management was measured
with two items about reusing leftovers and throwing out products that are beyond the
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best-before date. Food preparation was assessed with one item concerning
preparing/cooking more food than needed. These variables were measured by having
respondents rate their agreement to statements using a 7-point Likert scale in the
Danish questionnaire and a 5-point Likert scale in the Spanish questionnaire.

Self-reported food waste consisted of five items, referring to food waste in general and
four specific food sub-categories, namely milk and other dairy products, fresh fruits and
vegetables, meat and fish, and bread and other bakery products [11], and was measured
by having respondents report how often they throw away the food in a regular week (not
at all; less than 1/10"; more than 1/10t but less than 1/4 ; more than 1/4 but less than
1/2: more than 1/2).

2.2.2 Socio-Demographics

Respondents were asked to indicate their age, sex, education, employment status,
marital status (married or living with partner; single; widowed; divorced; or separated),
and household size (1; 2; 3; 4; 5; or 6+). The following categories of education were
created: low includes lower primary to lower secondary school, middle includes upper
secondary school to additional training; and higher includes Bachelor or other higher
education. Full-time employment was defined in the questionnaire as a minimum of 30
hours work per week, while part-time employment was defined as between 15 and 29
hours work per week. In addition, those who reported to be widowed, divorced, or
separated were considered as single in this study. Since only a few people reported to
live in a household with 6+ people (19 in Denmark and 24 in Spain), we grouped them
with those who reported to live in a household of 5 people.

2.3. Statistical Analysis

All analyses were done separately for each country and were run in RStudio version
1.1.383 (RStudio Inc., Boston, Massachusetts, USA). Descriptive statistics were
conducted to report the socio-demographic characteristics of the sample, respondents’
agreement toward food-related behaviors, and self-reported food waste in general and
by food sub-category.

2.3.1. Modeling Food Waste Behavior

Before we were able to examine the socio-demographic predictors of FWB, we needed
to model FWB, as it was not directly measured. Similar to Mondejar-Jiménez et al.’s
‘positive behavior toward food waste’ [13], we created FWB out of self-reported food
waste and four food-related activities that have been found to influence the amount of
food wasted at the consumer level (Figure 1).

From the food-related behavior perspective, food waste emerges along the chain of
events related to household food provisioning, and has been shown to be related to
various practices, such as food planning, shopping, storing, cooking, eating, and managing
leftovers [14,27]. For instance, making shopping lists [28] and eating leftovers [10] has
been associated with less food waste, while buying unintended food products when
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shopping [10] and throwing out food beyond the best-before date [29] has been
associated with more food waste. The food-related activities that we included in our
model of FWB are planning routines, shopping routines, food preparation, and practices
related to handling leftovers and food beyond its best-before date (Table 2). These
activities, which occur at different stages in the chain of events related to household food
provisioning, were chosen and combined with self-reported food waste to have a
comprehensive measure of FWB.

We modeled FWB using confirmatory factor analysis (CFA). CFA allowed us to test our
hypothetical model of FWB as a latent variable (LV) in a simultaneous analysis of the
entire system of variables to determine the extent to which it is consistent with the data
[30]. The path diagram of the hypothesized measurement model is shown in Figure 1,
with a description of the latent variables and indicators in Table 2. The first loading of a
LV was set to 1 to give the LV an interpretable scale.

Table 2. Latent variables and indicators in the hypothesized measurement model of food
waste behavior.
Latent variables (LV) Indicators (Q)
Qp1. The shopping trips are usually planned in advance (shopping

LV1: Planning routines  lists are made, inventories are checked, etc.).!
Qp2.The home meals are usually planned a couple of days ahead.!
Qs1. In general, | buy too much food when shopping (e.g. more than
I'end up using).
Qs2. | often buy unintended food products when shopping.
Qs3. l often buy food in packages that are too big for my needs.
Qs4. | usually buy higher amounts of food when they offer good
value for money.
QI1. | always throw out products that are beyond the best-before
date.
Ql2. | always reuse leftovers.!

How much... would you say that you throw away, of what you buy

and/or grow, in a regular week?

LV2: Shopping routines

LV3: Leftover
management

Qfw1. Food
Qfw2. Milk and other dairy products
Qfwa3. Fresh fruits and vegetables
Qfw4. Meat and fish
Qfw5. Bread and other bakery products
LV1. Planning routines
LV2. Shopping routines
LV5: Food waste LV3. Food leftover management
behavior (FWB) LV4. Self-reported food waste
Qc1.Food preparation: Too much food is often cooked/prepared for
ameal.
1 Scale was reversed for analyses.

LV4: Self-reported food
waste
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LVS: Food waste
behavior (FWB)

Qcl: Food
preparation

LV1: Planning LV2: Shopping LV3: Leftover LV4: Food
routines routines management waste
AN L \\ =
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Figure 1. Hypothesized measurement model of food waste behavior. Ovals represent latent
variables (LV) and rectangles represent indicators (Q) or single questions described in Table
2.

We evaluated model validity by considering acceptable levels of goodness-of-fit for the
measurement model and assessing construct validity. Goodness-of-fit was considered to
be satisfactory when comparative fit index (CFI) values were close to the cut-off value of
0.95, and root mean square error approximation (RMSEA) values were close to the cut-
off value of 0.06 [31]. Item reliability was assessed by considering loadings greater or
equal to 0.7 [32]. Convergent validity was demonstrated when the average variance
extracted (AVE) was at least 0.5 and construct reliability (CR) was at least 0.7 [33].
Discriminant validity was assessed by determining inter-construct correlation, and
comparing it to the maximum threshold of 0.85 [34]. To see if results could be compared
between the two countries, we also tested for measurement invariance (Ml). Ml was
assessed by evaluating the fit of increasingly constrained models using the chi-square
difference test [35]. The following types of invariance were tested: i) configural
invariance (the baseline model) to test whether or not the same items measure the
constructs across countries; ii) metric invariance to determine whether respondents in
the two countries attribute the same meaning to the latent constructs (factor loadings
were set equal across groups); iii) scalar invariance to determine whether respondents
inthe two countries attribute the same meaning to the latent constructs and to the levels
of the underlying items (factor loadings and intercepts set equal across groups); and iv)
full uniqueness Ml to determine whether the latent constructs are measured identically
in the two countries (factor loadings, intercepts, and residuals set equal across groups)
[35]. While full MI commonly does not hold, we also tested for partial metric invariance
by setting one factor loading equal across groups, and for partial scalar invariance by
setting one factor loading and one intercept equal. If partial Ml is established, then valid
inference regarding the difference between latent constructs for each country can be
made [36].

232 Regression Analyses

After testing our hypothesized measurement model of FWB, structural equation
modeling (SEM) was conducted to test the latent variable FWB (LV5) as the dependent
variable in regression analyses with the following socio-demographic characteristics as
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independent variables: age, sex, education level, employment status, marital status, and
household size. A backward selection procedure was conducted in which all the socio-
demographic predictors of interest were included in the first regression model, and only
the statistically significant predictors remained in the final regression model. A p-value
above the cut-off point of 0.1 was used to remove variables.

3. Results
3.1. Food-related behaviors and self-reported food waste of respondents

Figure 2 presents the level of agreement of waste-promoting and waste-reducing
(italicized) food-related behaviors by country separately. It appears that the majority of
respondents in both countries either somewhat disagree, disagree, or strongly disagree
with the statements ‘In general, I buy too much food when shopping’ and ‘| often buy food
in packages that are too big for my needs’, and somewhat agree, agree, or strongly agree
with the statements ‘Shopping trips are usually planned in advance’, ‘| usually buy higher
amounts of food when they offer good value for money’, and ‘I always reuse leftovers'.

Figure 3 illustrates the amount of food and food sub-categories reported to have been
wasted in a regular week for each country separately. Approximately 20% respondents
in Denmark and 22% in Spain indicated throwing away more than 10% of food in a
regular week, whereas 80% in Denmark and 78% in Spain reported not throwing away
any food or less than 10% of food in a regular week. When looking at the specific food
sub-categories, more than 10% of bread and other bakery products were reported to be
thrown away by about one-third of respondents in both countries, with fresh fruits and
vegetables the second most susceptible food sub-category reported to be thrown away
inaregular week in both countries. In Denmark, meat was the least susceptible food sub-
category reported to be thrown away in a regular week, while in Spain, milk and other
dairy products was the least susceptible sub-category.
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(a) Denmark (a) Spain
Qp1. Shopping trips are usually planned | ‘ | ‘ I ‘ ‘ ‘ I
in advance
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aheod O Not at all
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Figure 3. Self-reported food waste in Denmark (N=1518) and Spain (N=1511) (%). Results of
survey question: “How much... [see bar for category] would you say that you throw away, of what
you buy and/or grow, in a regular week?”.

Evaluating the measurement model of FWB revealed that two constructs were
problematic: planning routines and leftovers management. The measurement model
resulted in negative variance for the first item under planning routines (Qp1) for
Denmark, while the measurement model did not converge for Spain. When the
measurement of planning routines (LV1) was removed from the measurement model,
CFA showed a satisfactory fit of the measurement model for both countries. However,
when composite reliability and construct validity were assessed, leftover management
(LV3) fell below the cut-off point of 0.7 or greater for CR (0.343 for Denmark and 0.170
for Spain) and 0.50 or greater for AVE (0.207 for Denmark and 0.107 for Spain), and thus
was removed from the model. An item (Qs4) under shopping routines (LV2) resulted a
poor loading for both countries, but remained in the model because removing it
worsened the goodness-of-fit of the model. As illustrated in Figure 4, the resulting
measurement model for FWB was satisfactory, as indicated by the CFA overall
goodness-of-fit indices (Table 3), with CFl values close to the cut-off value of 0.95 and
RMSEA values close to the cut-off value of 0.06 [31]. All the items had significant loadings
(p<0.001), and CR and AVE were close to or above their respective cut-off values [33].
The discriminant validity was also satisfactory, with the inter-construct correlation
between the remaining first-order LVs (i.e. shopping routines and self-reported food
waste) below the threshold of 0.85 (0.445 for Denmark and 0.395 for Spain). Based on
the fit indices of the increasingly constrained models used to test for measurement
invariance, the chi-square difference tests showed that partial metric invariance holds
for the measurement model between Denmark and Spain (Ay?= 1.176,d = 1, p=0.278).

3.2. Prediction analysis

Table 4 shows the full and final prediction model for Denmark and Spain. Age, sex,
employment status, and household size were found to be associated with FWB in
Denmark, with 7.3% of the variance of FWB explained by these predictors combined.
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Being older was associated with less FWB, and being male was associated with more
FWB. Compared to those with a full-time job, working part-time or being unemployed or
retired were associated with less FWB. Marital status and level of education were not
associated with FWB. Compared to living in a single-person household, living in a
household with four people was associated with more FWB. The structural equation
model for Denmark converged well, and its fit was satisfactory (x2 =505.61,df 114, p<
0.001, RMSEA =0.048, CFI =0.927).

Age and employment status were found to be associated with FWB in Spain, with 8.1%
of the variance of FWB explained by these predictors combined. Being older, working
part-time, and being unemployed were associated with less FWB. Marital status,
household size, and level of education were not associated with FWB. The structural
equation model for Spain converged well, and its fit was satisfactory (X2 = 358.98, df 60,
p<0.001, RMSEA =0.057,CFl =0.961).

LVS: Food waste
behavior (FWB)

LV2: Shopping Qcl: Food
routines preparation
TN e
e g // N .- o s < ' \\:. \ .
’—Q;:L_‘ ’—QS'Z—‘ ’—(1“53—‘ ‘_?1‘54—‘ Qfwl || Qfw2 || Qfw3 || Qfw4 || QfwS

Figure 4. Final measurement model of food waste behavior. Ovals represent latent variables
(LV) and rectangles represent indicators (Q) or single questions described in Table 3.
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Table 3. Fit indices and reliability measurements of the final measurement model of food waste
behavior for Denmark (DK) and Spain (SP).!

Latent Variables (LV) and Indicators (Q) Factor Loadings; CR: AVE?
DK(N=1518) SP(N=1511)
LV2: Shopping routines 0.707; 0403 0.745; 0430
Qs1. Ingeneral, | buy too much food vyhen shopping (e.g., 0.847 0.792
more than | end up using).
Qs2. 1 often buy unintended food products when shopping. 0.639 0.637
Qs3. 1 often buy food in pr?glgjf‘es that are too big for my 0,682 0,687
Qs4. I usually buy higher amounts of food when they offer 0.251 0.469
good value for money.
LV4: Self-reported food waste 0851,0534 09180692
How much... would you say that you throw away, of what
you buy and/or grow, in a regular week?
Qfw1. Food 0.746 0.844
Qfw2. Milk and dairy products 0.715 0.862
Qfwa3. Fresh fruits and vegetables 0.738 0.844
Qfw4. Meat and fish 0.741 0.882
Qfw5. Bread and other bakery products 0.720 0.739
LV5. Food waste behavior 0.737:0486 0.724: 0477
LV2. Shopping routines 0.796 0.847
LV4. Self-reported food waste 0.683 0.505
Qc1l. Food preparation: Too much food is often 0.598 0677

cooked/prepared for a meal.

T Goodness of fit indices: Denmark: x2 = 144.6, df 33, p < 0.001, RMSEA = 0.047, CFl = 0.978;
Spain: %2 = 285.9, df 33, p< 0.001, RMSEA = 0.071, CFl = 0.967. 2 Construct reliability (CR) and
average variance extracted (AVE) of each latent variable are italicized.
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4. Discussion

Age, sex, employment status, and household size were found to be modest predictors of
food waste behavior in Denmark, and age and employment status were found to be
modest predictors of FWB in Spain. FWB in this study was measured by shopping
routines, food preparation, and self-reported food waste, and thus, these socio-
demographic factors predict the likelihood of respondents to buy and cook too much
food, as well as throw out food. Similar to previous studies, socio-demographics only
explained little of the variance of FWB in both countries [12,18]. Rather, attitudes,
values, and other psychographic variables have been previously shown to be more
closely related to behavioral outcomes [6,17]. Also, an individual's socio-demographic
characteristics may not directly translate to household-level measures [37], limiting the
predictive power of socio-demographics. Thus, one may conclude that socio-
demographics play a small role in predicting household FWB.

Our results agree with exploratory studies that show age and the amount of food wasted
to be negatively correlated [10-12,38]. Adults 65 years of age or older in particular have
been found to practice food waste reducing behaviors such as planning meals in advance,
and have more knowledge of food waste than younger adults [39,40]. In this study, the
Spanish subpopulation of adults aged 65+ was very small, preventing the comparison of
this age group with younger adults with regard to their FWB. Our results are also
consistent with previous studies that have found a negative association between
employment status and amount of food wasted [38,41], which have shown that
compared to people working full-time, those not employed tend to waste less food.

Our study resulted in different associations between sex and household size and FWB
for Denmark and Spain. While neither were significant predictors of FWB in Spain, they
were both significant predictors of FWB in Denmark. The difference in results for
household size may stem from the differences in household size between the countries,
where the majority reported living in single or two-person households in Denmark,
whereas the majority reported living in a household with three or more people in Spain.
The present study found that living in a household with four people was associated with
more FWB compared to those living in single-person households in Denmark. This
finding may be attributed to household dynamics and cultural expectations. For example,
those striving to be a ‘good’ food provider for the family have been found to have more
food wasting behaviors in various contexts [12,42]. It has also been found that
households with children are more likely to have more food wasting behavior [43],
although in this report, household composition was not studied. Being male was
associated with more FWB in Denmark, which is similar to findings in the United States
and in the European Union (EU) [38,41], but different from Koivupuro et al., who found
that males waste less food than females in Finland. This suggests that the relationship
between sex and food waste may vary greatly between countries. The researchers in
Finland speculated that women may be more likely than men to strive to provide their
family with healthy, fresh products with a shorter shelf life, making them more
susceptible to generating food waste [16]. However, Secondi et al. found that women on
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average inthe EU appeared to be more conscious of food waste compared to men, which
may make them less susceptible to generating food waste [38].

Our model of FWB, which combined food-related behaviors found to influence the
amount of food wasted at the consumer level with self-reported food waste, was unique
and provides a broader perspective on food waste. While the AVE of the latent variable
FWB was just below the cut-off, the degree of convergent validity was similar to
Mondejar-Jiménez et al’s ‘positive behavior toward food waste’ (AVE = 0.497). As
expected, self-reported food waste greatly underestimated the actual amount of food
wasted in these countries. We found that 20% of the Danish and 40% of the Spanish
respondents reported to throw away nofood in a regular week. When food waste was
collected from a sample of Danish households and when food diaries were kept to record
food waste in Spain, it was found that 97% of the sampled households generated food
waste in Denmark (i.e., 3% of households produced no food waste) [22], and 80% in Spain
(i.e., 20% of households produced no food waste) [44]. In addition to being prone to social
desirability and memory bias [20], self-reported food waste is susceptible to
underestimation due to an /ndividualtrying to assess householdfood waste [37]. As the
self-reported food waste measure can bias individuals to underestimate the amount of
food [20], combining self-reported food waste with other food-related behaviors was our
attempt to minimize this bias. This approach is supported by previous research
highlighting the complexity of food waste and arguing that food waste is not a single
behavior, but rather a result of multiple food-related behaviors that lead to food being
thrown away [10,13,39].

There are some strengths and limitations to this study. Strengths include a large sample
size compared to previous studies [2,11,13,45] and the inclusion of respondents in two
European countries. As partial measurement invariance was established, this study
provides insight into country differences. A limitation to this study is that we measured
individual behavior as a proxy of household behavior, as this approach has been shown
to give an inaccurate representation of the entire household, especially when it comes to
a habitual behavior such as food waste [37]. This may be another reason why socio-
demographics are found to play a minor role in predicting FWB. Another limitation is the
paucity of other possible predictors of FWB that have been shown in earlier studies to
influence the likelihood or amount of food wasted. For instance, past research suggests
that psychographic factors play a more important role than socio-demographic factors in
explaining food waste at the consumer level [6]; however, our survey was designed for
another research question, and thus was not designed to conduct a comprehensive study
on the predictors of FWB. Also, socio-demographics such as income and household
composition have been shown to influence food waste, but were not assessed in this
study [46,47]. Furthermore, the data collection and sampling scheme limit the
generalizability of the findings to the entire Danish and Spanish populations; thus, study
findings should be interpreted taking into account the specific characteristics of the
study samples.
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Future research should approach food waste from a behavior perspective and conduct a
more comprehensive investigation of predictors of food waste behavior. Survey
questions measuring food-related behaviors should be pre-tested and piloted to ensure
that there are no ambiguities in the questions and the respondents could understand the
questions the way they are intended in order to prevent the deletion of items during
measurement model assessment. Furthermore, studies should clearly differentiate
between individual and household behavior when designing the survey. As it is difficult
to measure household behaviors by only asking one individual per household, a
suggestion would be to isolate individual food wasting behavior.

5. Conclusions

This study found that age, sex, employment status, and household size predict food waste
behavior in Denmark and age and employment status in Spain. The findings support
existing knowledge that socio-demographic factors are modest predictors of FWB. The
present study contributes to food reduction strategies, as it gives a different perception
of food waste incorporating a behavioral approach, and adds evidence from two
European countries that socio-demographics should play a modest role in interventions.
While food waste reduction strategies may benefit by targeting younger adults and
those working full time in both countries—and men and individuals in bigger households
in Denmark—strategies should be designed to target food-related behaviors that
influence the amount of food wasted.
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Abstract

Protein-energy malnutrition (PEM) is a growing concern on account of an aging
population and its negative health consequences. While dietary protein plays a key
role in the prevention of PEM, it also plays a pivotal role in the environmental impact
of the human diet. In search for sustainable dietary strategies to increase protein
intake in older adults, this study investigated the readiness of older adults to accept
the consumption of the following alternative, more sustainable protein sources: plant-
based protein, insects, single-cell protein, and in vitro meat. Using ordinal logistic
regression modeling, the associations of different food-related attitudes and behavior
and socio-demographics with older adults’ acceptance to consume such protein
sources were assessed. Results were obtained through a consumer survey among
1825 community-dwelling older adults aged 65 years or above in five EU countries
(United Kingdom, the Netherlands, Poland, Spain, and Finland). Dairy-based protein
was generally the most accepted protein source in food products (75% of the
respondents found its consumption acceptable or very acceptable). Plant-based
protein was the most accepted alternative, more sustainable protein source (58%)
followed by single-cell protein (20%), insect-based protein (9%), and in vitro meat-
based protein (6%). We found that food fussiness is a barrier to acceptance, whereas
green eating behavior and higher educational attainment are facilitators to older
adults” acceptance to eat protein from alternative, more sustainable sources. Health,
sensory appeal, and price as food choice motives, as well as gender and country of
residence were found to influence acceptance, although not consistently across all the
protein sources. Findings suggest that there is a window of opportunity to increase
older adults” acceptance of alternative, more sustainable protein sources and in turn
increase protein intake in an environmentally sustainable way in EU older adults.
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1. Introduction

The world’s population is estimated to reach 9.8 billion by 2050, and the number of
persons aged 60 or above is expected to double compared to 2017 [1]. Inthe European
Union (EU), one in five persons is already aged 65 or above, with the majority residing
independently at home [2,3]. Protein-energy malnutrition (PEM) is a common and often
underdiagnosed condition in this population and has serious consequences for health,
functioning, and quality of life [4,5]. The risk of PEM in older adults is high because age-
related changes in physiological, psychological, and environmental factors can disrupt
the balance between dietary consumption and nutritional requirements [6]. The need for
adequate consumption of protein, in particular, is increasingly recognized to prevent
PEM and to enhance healthy aging [7,8]. It is argued that the recommended intake of
protein inadequately meets the actual protein requirement of older adults and thus
needs to increase to support good health and prevent decline in functional status in this
population [6,9].

The challenge of meeting the higher protein requirement of an expanding population is
compounded by environmental challenges, including climate change, biodiversity loss,
land use change, and freshwater use [10]. Protein production, and food production in
general, have a large impact on the environment, with animal-based protein production
having a greater impact than plant-based protein production [11,12]. Relative to plant-
based protein sources, animal-based protein sources are associated with more
greenhouse gas emissions (GHGE) [13], greater requirements of land and nitrogen [14],
and a greater impact on terrestrial and aquatic biodiversity [10]. Animal-based protein
accounts for the majority (55% to 73%) of total protein consumed in the EU diet, with the
contribution of protein derived from meat, dairy, eggs, and fish varying between
countries [15]. A smaller percentage (24% to 39%) of total protein intake comes from
plant origin, with the largest contribution of protein being derived from cereals [15]. The
current ratio between animal and plant protein threatens the environment to the extent
that business-as-usual for consumption and production is no longer an option [10,16].

In search of more sustainable protein sources, researchers are investigating the
nutritional and environmental profiles of alternative protein sources that can act as meat
substitutes, such as plant-based sources, insects, single-cell protein (e.g., mycoprotein
such as Quorn™ or microalgae), and in vitro meat (also known as lab-grown, cultured or
clean meat) [17]. Indeed, such alternative protein sources have been found to have
environmental benefits and be comparable to animal-based protein sources in terms of
protein content [18,19]. Some alternative sources even outperform animal-based
protein sources with regard to nutritional content [18]. The protein quality of such
alternative protein sources, however, is slightly lower than of animal-based sources,
although when eatenin adiverse diet, the quality of the total daily protein intake remains
high [20]. Until recently, foods containing plant-based protein were a niche market
targeting vegetarian and vegan consumers, but now they are consumed by a wider range
of consumers who for various reasons want to reduce their meat intake [21]. Other
alternative protein sources remain a niche market but are expected to shift to a wider
market in the next decade [17]. Single-cell proteins are well-established in the market,
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yet are limited to Quorn™ and algae-derived food supplements [22]. Edible insects are
produced and sold in only a few EU countries, including the United Kingdom (UK), the
Netherlands, and Finland, but are not yet widely available due to safety concerns [23]. In
vitro meat has not yet penetrated the market but is expected to become commercially
available in the coming years [24].

Considerable efforts have been made in recent years to determine opportunities and
barriers for consumers to reduce their meat intake and to consume such alternative
protein sources. Increasing evidence indicates that there is low consumer awareness of
the environmental impact of meat production, as well as low willingness to change meat
consumption behavior in terms of reducing or substituting meat in Europe [25]. Despite
a seemingly close match between consumers’ image of a sustainable, a healthy, and a
plant-based diet [26], it appears that very few consumers are willing to change meat
consumption behaviors for sustainability reasons [25]. Barriers to changing meat
consumption behaviors include preconceptions towards vegetarian diets, habits and
prices, lack of familiarity with meat substitutes, and lack of skills to prepare meals
containing meat substitutes [27,28]. In addition, food neophobia—the aversion of
unfamiliar foods—and the food choice motive sensory appeal have been identified as
barriers to consumer acceptance of meat substitutes [29]. Food choice motives related
to health and environmental impact, however, have been shown to play a facilitating role
in changing meat consumption behaviors [30]. Moreover, carrying out sustainable food-
related activities such as buying local or organic food, which has previously been defined
by Weller et al. as green eating behavior, has been correlated with lower meat intake
[31]. Other factors that have been found to influence meat consumption behavior and
alternative protein uptake are socio-demographics such as gender, age, and education
[23,32,33].

Previous studies in this field consist mainly of younger adults, as they are the consumers
of the future. Very little is known of the attitudes towards alternative, more sustainable
protein sources among community-dwelling older adults in Europe. To sustainably meet
the increased protein need in general, and of older adults in particular, it is imperative
that the growing population accepts plant-based and other alternative proteins in favor
to animal-based protein. Food choices of older adults are therefore crucial in the
transition towards more sustainable diets.

The objective of this study was to investigate consumer readiness to accept alternative,
more sustainable protein sources among community-dwelling older adults (aged 65
years or above) in the EU. First, this study assessed the level of acceptance to consume
the following alternative, potentially more sustainable protein sources: plant-based
protein, insects, single-cell protein, and in vitro meat. Second, we investigated how
different food-related attitudes and behavior (i.e., food fussiness, food choice motives,
and green eating behavior) and socio-demographics (i.e., age, gender, country of
residence, education) influence the acceptance to consume such protein sources. Insight
into the readiness of older adults to accept alternative, more sustainable protein sources
will help researchers and the food industry in particular to develop products that
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specifically target the preferences of older consumers with the overall aim to increase
dietary protein intake within this population in an environmentally sustainable manner.

2. Materials and methods
2.1. Studydesign and sampling

The present study was conducted within the PROMISS (PRevention Of Malnutrition In
Senior Subjects in the EU) project, a five-year multicountry project funded by the
European Commission (EC) Horizon 2020 aiming to understand the relationship
between food, physical activity and biological changes and to develop dietary and
physical activity strategies for the prevention of PEM among older European adults. This
study used cross-sectional quantitative survey data that were collected electronically in
June 2017 in five EU countries, namely, the United Kingdom, the Netherlands, Poland,
Spain, and Finland; n = +365/country.

Participants (n = 1825) were recruited by a professional market research agency using
probabilistic sampling from an online access proprietary panel. Recruitment criteria and
quota were established for older adults (65 years or above) who live independently. A
nationally representative sample was achieved with additional measures performed by
the market research agency, in terms of gender and region in each of the study countries,
following a standard procedure: 1. The selection of potential participants was based on
the background information collected during the registration survey, profiling, and
screening surveys as performed by the recruitment agency; 2. specified quotas were
established for gender (an equal amount of female and male) and regions proportional to
the distribution within the overall population; and 3. the panelists were invited at various
and designated times with close monitoring of participation and eventual corrective
actionduring the fieldwork to ensure that the quotas for gender and region were fulfilled
correctly. The same market research agency was responsible for all recruitment and
contact procedures and electronic questionnaire administration. Ethics approval for the
study was granted by the Belgian Ethics Committee of Ghent University Hospital in
March 2017 (Reference No. B670201422567).

2.2. Questionnaire and scales

The development of the questionnaire regarding translation and pretesting has been
elaborated in Hung et al. [34]. The questionnaire started with a short description of the
PROMISS project and an informed consent and was followed by a screening for sample
selection based on gender, age, region, and current living condition. The questions
consisted of various sections including dietary habits, food-related attitudes and
behaviors, acceptance towards various protein sources, socio-demographics and
personal information. Order bias was avoided by rotating items within a question.

2.2 1. Dietary habits

Regarding dietary habits, respondents were asked to indicate the frequency of
consumption of various protein-rich food products, such as legumes, cooked meat, and
cheese, while considering the last four weeks as the reference period. Furthermore, they
were asked if they were currently following any dietary regime, such as a vegetarian diet
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that includes eggs and/or dairy products, a vegan diet, or any other diet regime, which
they could specify. Respondents who reported following a vegetarian or vegan diet or
reported having eaten meat (meat in awarm meal or cold-cuts) once aweek or less in the
past four weeks were considered to follow a meat-limiting diet.

222 Foodfussiness

A food fussiness scale was adapted from den Uijl et al. [35] and Wardle et al. [36] to
assess the degree to which one is selective about the range of foods that are accepted.
The food fussiness scale consisted of sevenitems, e.g., ‘| enjoy tasting new foods’, in which
respondents could indicate their level of agreement on a five-point scale from ‘Strongly
disagree’ (=1) to ‘Strongly agree’ (=5).

2.2 3. Food choice motives

Food choice motives were assessed using a modified food choice questionnaire (FCQ)
based on the scale developed by Steptoe and colleagues [37]. The modified FCQ
consisted of 23 items and five factors: health, convenience, sensory appeal, price, and
sustainability factors. The health, convenience, sensory appeal, and price factors have
been validated and used previously [38]. Each item was answered on a five-point scale
ranging from ‘Not at all important’ (=1) to ‘Extremely important’ (=5).

2.24. Green eating behavior

Green eating behavior was assessed using a modified scale based on Weller and
colleagues [31], which provides insights related to environmentally-conscious eating.
The scale consisted of five items in which respondents could indicate how often they
consumed green food products on a five-point scale ranging from ‘Never’ (=1) to ‘Always’
(=5) or I don't know'. Green eating behavior included eating locally grown or produced
foods, foods purchased directly from a farmer’s market, organic foods, foods with an
environmental sustainability label (e.g., Rainforest Alliance), and foods with an ethical
sustainability label (e.g., Fair Trade).

2.2.5. Acceptance to consume various protein sources

Acceptance to consume food products containing various dietary protein sources was
assessed. Participants were asked to indicate their acceptance to consume food
products containing the following seven protein sources: (1) plant-based protein
(derived from soy, pea, rice, canola, etc.), (2) meat-based protein (derived from cattle,
pigs, poultry, etc.), (3) dairy-based protein (derived from milk, cheese, etc.), (4) seafood-
based protein (derived from fish, shrimp, etc.), (5) insect-based protein (derived from
mealworms, crickets, etc.), (6) single-cell protein (derived from microorganisms like
algae, yeast, fungi, bacteria), and (7) in vitro meat-based protein (lab-made or cultured
meat). Respondents could indicate their acceptance on a five-point scale ranging from
‘Very unacceptable’ (=1) to ‘Very acceptable’ (=5) or ‘| don’t know’. In this report, plant-,
insect-, single-cell-, and in vitro meat-based protein sources are considered to be
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alternative, more sustainable protein sources as they in general are expected to have a
lower environmental impact compared to animal-based protein sources [18].

2.2.6. Socio-demographics and personal information

The personal characteristics of respondents were assessed using a series of 17
questions. These included socio-demographics such as educational level, being the main
household (HH) grocery shopper, HH income, food expenses, lifestyle such as smoking
and alcohol use, and presence of various health problems. Monthly HH income was asked
in euros (€) for the Netherlands, Finland, Spain, in pounds for the UK, and in ztoty in
Poland. For the purpose of this study, HH income categories (low, middle, high) were
created based on country-specific distributions (converted to euros where applicable):
for the UK, the Netherlands, and Spain, Low = less than €1499, Middle = €1500 to
€2499, High = €2500 or more; for Finland, Low = less than €1999, Middle = €2000 to
€2999, High = €3000 or more; and for Poland, Low = less than €500, Middle = €500 to
€999, High = €1000 or more. The health status was assessed by asking respondents if
they had any of the following 17 health problems: pain in mouth, teeth or gums; dry
mouth; difficulty swallowing; difficulty chewing; overweight/obesity; underweight;
cardiovascular/heart disease; hypertension (high blood pressure); irritable bowel
syndrome; other digestive problems; diabetes or high blood sugar levels; high blood
cholesterol levels; cancer; food allergy; food intolerance; chronic kidney disease; and
other chronic diseases or pain in general.

2.3. Statistical analysis

Descriptive statistics were used to report frequency and percentages for categorical
variables and means and standard deviations for continuous variables. Level of
acceptance to eat alternative, more sustainable protein sources, as well as other dietary
protein sources, was reported as percentages. Differences between background
characteristics of those who answered ‘| don’'t know’ when asked to what extent they
accept eating foods that contain an alternative, more sustainable protein source and
those whose answer was within the range of the ordered scale for the alternative, more
sustainable protein sources (very unacceptable (=1) to very acceptable (=5)) were tested
using a Chi-square test or a t-test per protein source.

Exploratory factor analysis using principal axis factor analysis with varimax rotation, a
type of orthogonal factor rotation, was conducted to check construct unidimensionality
of food choice motives, food fussiness, and green eating behavior. Principal axis factoring
finds the common variance among the items and identifies the factors or dimensions
underlying the data [39]. Factors were considered reliable when Cronbach’s alpha
internal reliability coefficient was above the lower limit of 0.6 [39].

Ordinal logistic regression analyses were conducted to identify determinants influencing
older adults’ acceptance to eat sustainable protein sources, namely plant-, insect-, single-
cell-,and in vitro meat-based protein. Those who responded ‘| don’t know’ when asked to
what extent they accept eating foods that contain an alternative, more sustainable
protein source were excluded from the regression analyses because this response option
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does not fit in the ordered scale. In total, 7%-11% respondents were excluded.
Furthermore, because of the very small proportion of respondents reporting finding the
consumption of insect- (1.6%), single-cell- (3.5%), and in vitro meat-based (0.9%) protein
sources to be ‘very acceptable’ and plant-based protein sources (4.4%) to be ‘very
unacceptable’, the ordinal scale of the alternative sustainable protein sources was
collapsed to an ordered scale of three levels: unacceptable, neutral, and acceptable.
Separate ordered logit models were tested with each alternative sustainable protein
source as a dependent variable (ordinal) and socio-demographics (i.e., gender (nominal),
age group (nominal), country of residence (nominal), education (nominal)), food-related
attitudes (i.e., food choice motives (interval), food fussiness (interval)), and green eating
behavior (interval) as determinants.

Assumptions for ordinal logistic regression were tested and validated. Correlation
matrices of all the potential explanatory variables were examined to check for
multicollinearity prior to conducting the regression analyses. We considered
multicollinearity if the correlation coefficient between two explanatory variables was
larger than 0.8 [39]. There were no indications of multicollinearity (Appendix A Table A1).
The parallel lines assumption for ordinal regression was met for all models (plant-based
protein p-value = 0.079; insect-based protein p-value = 0.023; single-cell protein p-value
=(0.023; in vitro meat-based protein p-value = 0.086).

Statistical significance was considered at the a level of 0.05. Data were analyzed using
SPSSversion 24.0 (IBM Corp. Released 2016. IBM SPSS Statistics for Windows, Version
24.0. Armonk, NY, USA: IBM Corp.).

3. Results
3.1. Characteristics of the sample

Background characteristics of the respondents are shownin Table 1. The sample of older
adults aged 65 years and older was equally represented by gender and country. It had a
higher share of lower-educated respondents and respondents living at home with others
and responsible for most of the food shopping. On average, the respondents reported
having 2 out of 17 asked health problems, with the most reported health problems being
hypertension (42%), overweight/obesity (37%), and high blood cholesterol levels (29%).
By far the majority (86.8%) of the respondents did not follow a meat-limiting diet.
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Table 1. Background characteristics of 1825 adults aged 65 years and older from five EU
countries (n = 1825 unless indicated otherwise).

Characteristic % of Sample
Gender
Male 50.4
Female 49.6
Age group
65-69 55.9
70-90 441
Country
United Kingdom 20.0
The Netherlands 20.1
Poland 19.9
Spain 20.0
Finland 20.0
Educational attainment
Below tertiary level 59.6
Tertiary level or above 40.4
Perceived financial situation (n = 1791)
Have some or severe difficulties 16.4
Get by alright 38.3
Manage quite or very well 453
Living condition
Lives alone 30.6
Lives with others 694
Responsibility for food purchases
Does most of food shopping 70.3
Shared responsibility for food shopping 19.6
Does not shop for food 10.1
Number of health problems *, mean + sd (n = 1748) 23+21
Dietary regime ?
Follows a meat-limiting diet 13.2
Does not follow a meat-limiting diet 86.8

1Sum of number of reported health problems out of 17 asked health problems. 2 Meat-limiting diet
includes those who reported to follow a vegetarian or vegan diet or reported to eat meat (meat in
awarm meal or cold-cuts) one time per week or less in the past four weeks.

3.2. Factor analysis

The principal axis factor analysis confirmed the unidimensionality of the constructs of
health convenience, sensory, price and sustainability food choice motives, food fussiness,
and green eating behavior (Appendix A Table A2). All factors had sufficient internal
reliability (health food choice motive a = 0.90; convenience food choice motive a = 0.85;
sensory food choice motive a = 0.86; price food choice motive a = 0.81; sustainability
food choice motive a = 0.82; food fussiness a = 0.81; green eating behavior a = 0.81).

3.3. Acceptance towards different protein sources

Figure 1 illustrates the level of acceptance to eat protein from various sources among
the 1825 adults aged 65 years and older from five EU countries. In general, dairy-,
seafood-, and meat-based protein sources were the most accepted protein sources,
followed by plant-, single-cell-, insect-, and in vitro meat-based protein sources. Plant-
based protein was the most accepted alternative, more sustainable protein source, with
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46% of the respondents finding its consumption acceptable and 12% very acceptable.
Next was single-cell-based protein, with 17% of the respondents finding its consumption
acceptable and 3% very acceptable. Insect- and in vitro meat-based protein were the
least accepted, with only 9% of the respondents finding the consumption of insect-based
protein acceptable or very acceptable and 6% for in vitro meat-based protein. The
percentage of respondents who reported ‘| don’t know’ was highest for single-cell- and
invitro meat-based protein (both 11%) compared to 7% for insect-based protein and 5%
for plant-based protein. A greater proportion of respondents that responded ‘I don't
know' to plant- and single-cell-based protein had lower educational attainment
compared to those who responded using the ordered scale (X? = 13.1, p <0.001 for plant-
based proteinand X? = 6.7, p =0.010for single-cell-based protein) (see Appendix A Table
A3).

100%
90%
80%
70%
60%
50%
40%
30%
20%

mE N N
0% - —

Plant Insect Single-cell in vitro Meat Dairy Seafood
Protein source

W Very acceptable @ Acceptable O Neutral [ Unacceptable @ Very unacceptable 1 don't know

Figure 1. Level of acceptance to eat food products containing alternative, more sustainable
protein sources (italicized and in bold) and other dietary protein sources in adults aged 65
years and older from five EU countries (%, n = 1825).

3.4. Determinants of older adults’ acceptance to eat food products containing
alternative, more sustainable protein sources

Table 2 shows that educational attainment, food fussiness, and green eating behavior are
the most important factors influencing the acceptance to eat protein from alternative,
more sustainable sources in adults 65 years and older from five EU countries. Higher-
educated adults are 33%-41% more likely to accept eating food products containing
alternative, more sustainable protein sources compared to those who did not complete
higher education (p < 0.05). Similarly, a one-unit increase in green eating behavior is
associated with an average 38% increase in the odds of being likely to accept alternative,
more sustainable protein sources. Respondents who reported favoring more green
eating behaviors are 29% more likely (95% Cl 7%-57% more likely; p=0.01) to accept
in vitro meat-based protein sources, 36% more likely (95% Cl 11%-66% more likely; p<
0.001) to accept single-cell-based protein sources, 44% more likely (95% Cl 21%-72%
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more likely; p=0.003) to accept insect-based protein sources, and 45% more likely (95%
Cl21%-73% more likely; p< 0.001) to accept plant-based protein sources.

By contrast, aone-unit increase in food fussiness score (i.e., those who are more selective
about which foods they are willing to eat) is associated with an average 43% decrease in
the odds of being likely to accept alternative, more sustainable protein sources. This
rangesfroma 27% decrease (95% Cl 11%-40% decrease; p= 0.002) in the odds of being
likely to accept in vitro meat-based protein to a 53% decrease (95% Cl| 44%-61%
decrease; p< 0.001) in the odds of being likely to accept single-cell-based protein.

The other studied determinants resulted in less consistent associations across all
alternative, more sustainable protein sources. Gender was found to influence older
adults’ acceptance towards the consumption of insect-, single-cell-, and in vitro meat-
based protein sources, but not towards the consumption of plant-based protein sources.
Female older adults are 57% less likely (95% Cl: 45%-66% less likely; p < 0.001) to
accept eating insect-based protein sources compared to male older adults. Furthermore,
they were found to be 32% less likely (95% Cl: 17%-45% less likely; p< 0.001) to accept
eating single-cell based protein sources and 43% less likely (95% Cl: 28%-55% less
likely; p< 0.001) to accept eating in vitro meat-based protein sources. The country of
residence also influenced older adults’ acceptability to eat sustainable protein sources
except for single-cell-based protein sources. Compared to those living in the UK, those
living in Poland are 61% more likely (95% Cl 9%-138% more likely; p= 0.016) to eat
plant-based protein sources and 39% less likely (95% Cl: 7%-60% less likely; p=0.022)
to eat in vitro meat-based protein sources. Those living in the Netherlands and Finland
are more than twice as likely (p< 0.001) and in Spain 1.5 times as likely (p=0.042) to eat
insect-based protein sources compared to the UK. Being 70 years or older compared to
65 to 69 years did not influence older adults’ acceptance to consume alternative, more
sustainable protein sources.

Out of the five food choice motives, the sensory motive has a negative influence on
acceptance of insect- and single-cell-based protein sources. Older adults who find
sensory attributes (smell, texture, etc.) of food important when making food choices are
17% less likely (95% Cl: 1%-30% less likely; p=0.040) to accept eating single-cell-based
protein sources and 30% less likely (95% Cl: 15%-42% less likely; p < 0.001) to accept
eating insect-based protein sources. Older adults are 47% more likely (95% Cl 19%-
82% more likely: p < 0.001) to accept eating plant-based protein sources if they value
health when making food choices. Older adults who find price of food important when
making food choices are 25% more likely (95% Cl 6%-48% more likely; p = 0.009) to
accept in vitro meat-based protein sources. Convenience and sustainability food choice
motives were not found to be significant determinants.

The studied determinants of acceptance to eat food products containing alternative,

more sustainable protein sources accounted for about 6.7%-15.2% of the variance, as
shown by the Nagelkerke pseudo A2 (Table 2).
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4. Discussion

This study examined the level of acceptance to eat protein from alternative, more
sustainable sources and the potential determinants of acceptance in a sample of 1825
community-dwelling adults aged 65 years and older from five EU countries. While the
willingness to consume sustainable protein sources has been explored in younger adults
[25], research in older adults is lacking, yet highly relevant due to the challenge of
fulfilling the high protein requirement of the expanding older population in an
environmentally sustainable fashion [9,40]. As dietary strategies to increase protein
intake among older adults are sought [7], it is important and relevant that older adults’
attitudes towards sustainable food choices be further investigated.

4.1. Older adults’ acceptance to eat food products containing alternative, more
sustainable protein sources

In agreement with previous research in younger populations, this study showed that
there is low acceptance to eat food products containing alternative, more sustainable
protein sources (i.e., insect-, single-cell, in vitro meat-based) among older adults in
Europe [41-43]. The acceptance to eat food containing plant-based protein sources was
higher compared to the innovative and more technology-driven alternative protein
sources, but slightly lower compared to the acceptance to eat meat-, dairy-, and seafood-
based protein sources in our sample. Similarly, a study conducted primarily among
middle-aged adults found that there was more willingness to consume plant-based meat
substitutes compared to protein from insects, yet people were even more willing to
consume hybrid meat, meat with lower environmental impact, organic meat, and
sustainably farmed fish [28]. The high acceptance to eat meat, dairy, and seafood among
our sample of older adults underscores the important status of animal-based protein in
the habitual Western diet [44,45].

It is possible that in our study respondents may have answered the question “to what
extent do you accept eating food products that contain [alternative protein source]”
without having adequate knowledge of the environmental and health benefits of the
protein source, or even of the protein source itself [33]. A Belgium study found that only
13% of their study participants made up of mainly students knew the concept of in vitro
meat without being given prior information [46]. In this study, only 11% of the
participants reported ‘I don't know’ when asked to what extent they accept eating single-
cell- and in vitro meat-based protein. Furthermore, although all protein sources were
presented in a consistent manner in the questionnaire, we speculate that compared to
the familiar meat-, dairy-, and seafood-based protein sources, respondents may have not
easily grasped the concept of eating unfamiliar protein sources such as insect-, single-
cell-, and in vitro meat-based protein sources. Experimental research has shown that
presenting such protein alternatives in the context of a meal or as an ingredient positively
influences consumers’ acceptance of various meat substitutes and insects [27,47]. For
instance, a study conducted in the Netherlands found that pizza with processed insect
protein was more acceptable than a salad with visible insects [27]. Presenting various
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protein sources as abstract concepts (e.g., to what extent do you accept eating food
products that contain insect-based protein, e.g., derived from mealworms or crickets)
rather than in context of a meal may have negatively influenced consumers’ acceptance
of protein alternatives [25].

4.2, Factors influencing acceptance
4.2 1. Food-related attitudes and green eating behavior

Food fussiness emerged as an important determinant of acceptance in our sample.
Respondents with a higher degree of food fussiness were less likely to accept eating
sustainable protein sources. Previous research has focused more on the concept of food
neophobia, a construct that overlaps with food fussiness but refers specifically to the
aversion of unfamiliar foods [48], as a barrier to the acceptance of novel foods [49,50],
including meat substitutes [43], insects [41,51] and in vitro meat [46]. As plant-, insect-
and single-cell-derived meat substitutes are relatively new products on the market, and
in vitro meat-based food products have not yet penetrated the market [17], it is logical
that fussy eaters would be less likely to accept these protein sources compared to less
fussy eaters.

There was no food choice motive that had a consistent, significant association with the
acceptability to eat all four alternative, more sustainable protein sources, suggesting that
expectations towards alternative, more sustainable proteins vary per protein source. In
agreement with past research, we found that health motives contributed to the
acceptability of consuming plant-based protein, and sensory appeal was a barrier to the
acceptability of consuming insect- and single-cell-based protein [43,52]. These findings
suggest that there are expectations of health-promoting properties with plant-based
protein and taste deficiencies with insect- and single-cell-based protein. Surprisingly,
price food choice motive had a positive influence on acceptance to eat food products
containing in vitro-based protein. We expected that price consciousness would have a
negative influence, as it has been previously found as a barrier to sustainable food
choices [53] and to the acceptance of in vitro meat among a Belgium sample [46].
Further, in vitro meat is expensive (about $25 per kilo), although innovations are
advancing to soon bring it into the market at a competitive price [17,54]. One way to
explain our finding is the high level of unfamiliarity with in vitro meat in our sample.
Although only 11% of the respondents reported ‘I don't know’, it can be that the majority
did not know the cost of in vitro meat-based protein. Eventually, participants may have
assumed a low price for this product owing to the opportunity of industry-scale low-cost
mass production without the need to raise, transport, and slaughter animals.

Another striking result is that the sustainability food choice motive did not play an
integral, consistent role in shaping the acceptability to eat sustainable protein sources.
Sustainability food choice motive was expected be associated with a higher odds of
accepting alternative, more sustainable protein sources because it was found to
positively influence sustainable food consumption in previous studies [33,55]. However,
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our finding is in accordance with earlier studies that indicated that environmental
concerndoes not directly translate into sustainable food choices, as many people may be
either unaware of the environmental impacts of meat and other food products [28,56],
or unable/unwilling to act in line with their pro-environmental attitudes [57]. Yet, it is
possible that the potential impact of sustainability food choice motive has been covered
in this analysis because is it significantly associated with other determinants, notably the
health motive. The correlation between health food choice motive and sustainability
food choice motive was statistically significant (although below the cutoff for
multicollinearity), which is in line with the perceived match between health and
sustainability in food as reported in the study by Van Loo and colleagues [26]. While
convenience has been found to be an important motive for food choices made by older
adults [58], it was not found to influence the acceptance to eat various sustainable
protein sources in our sample.

Consistent with expectations, those who reported practicing more green eating
behaviors were more accepting of eating sustainable protein sources. Niva and
colleagues [59] found that older adults (aged 65-80 years) were more active in
sustainable food consumption practices, such as buying local or organic food, compared
to younger adults in Scandinavia, suggesting that there is willingness among this
population to make food consumption more sustainable.

4.2 2. Role of socio-demographics

In line with previous studies, we found that higher-educated consumers are more likely
to accept eating alternative, more sustainable protein sources [60]. Earlier studies have
also shown that education level is inversely related to meat consumption [61]. One can
speculate that higher-educated adults are more aware of the health and/or
environmental benefits of eating a primarily plant-based diet. This is corroborated by
Van Loo and colleagues, who found that individuals involved in health and/or sustainable
eating are more likely to be higher educated than those not involved [26]. Gender and
country of residence influenced acceptance of only certain alternative, more sustainable
protein sources. Females were less likely compared to males to accept eating alternative,
more sustainable protein sources, although there is evidence that females are more
willing than males to reduce meat consumption [33,56]. Females have also been
previously found to be less likely to accept insects [41], but more likely to accept of meat
substitutes compared to males [32]. The identified country differences are empirical
findings that may eventually be due to the different food cultures and penetration of
alternative, sustainable protein sources in the market [62].

4.3. Strengths and limitations of the study

The major strengths of this study include the use of a cross-European large-scale survey
and the investigation of various determinants of acceptance to eat sustainable protein
sources in older adults. Our study has a few limitations, which were also previously
described in Hung et al. [34]. In short, these include potential selection bias and limited
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generalizability, as the sample was restricted to older adults with online access and a
certain level of skills to access and complete the online survey and potential social
desirability bias of the self-reported measures. Furthermore, although all protein
sources were presented in a consistent manner, the question assessing the level of
acceptance towards various protein sources may be susceptible to bias. Compared to
animal-based protein sources, the alternative, more sustainable protein sources are less
familiar, and thus, respondents may have not been able to conjure up ways in which such
protein sources can fit into their accustomed meal formats and food combinations.
Previous research suggests that presenting such protein sources out of context may
result in an inaccurate portrayal of the consumers’ actual attitude towards sustainable
food choices [25]. However, even when placed in context, the acceptance of insect-,
single-cell-, and in vitro meat-based protein sources is expected to remain lower
compared to plant- and animal-based protein sources due to factors such as sensory
appeal and perceived naturalness [25].

4.4, |mplications of findings and future research

The low acceptance of alternative, more sustainable protein sources could be a barrier
to the transition to environmentally-friendly diets adequate in protein in older adults.
However, the relatively high acceptance to eat more familiar plant-based protein sources
may provide a window of opportunity to increase protein intake in an environmentally
sustainable way. Recommendations to increase consumption of plant-based protein
sources will be widely accepted by older adults, although other barriers to increasing
food consumption in general, such as poor appetite, may arise [34]. The negative
relationship between food fussiness and acceptability to consume sustainable protein
sources also provides an opportunity. High food fussiness scores associate with more
aversion to unfamiliar food as four of the seven factors are related to novel foods [48].
Previous studies found that the acceptance of alternative, more sustainable protein
sources such as cultured meat increased after informing health and/or environmental
benefits of the protein source [46]. Therefore, targeted information provision to
increase awareness and familiarity of alternative, more sustainable protein sources
might have a positive impact on the readiness to accept consuming these products.
Furthermore, repeated exposure to the food has been shown to increase acceptability of
Quorn and tofu in a Dutch sample [63].

While significant determinants of acceptance to eat sustainable protein sources were
found in this study, the results show that much of the variance of acceptance is left
unexplained. Other possible determinants of acceptance to eat sustainable protein
sources may include familiarity [63], social norms, awareness, perceived consumer
effectiveness, and perceived availability of the product [57]. Future research
investigating additional determinants of attitudes towards sustainable food choices in
older adults can consider placing the sustainable food choice in context by providing
pictures of meals or products with, or real products of, for example, insects or insect-
based protein as an added ingredient. Furthermore, acceptance and positive attitude
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does not necessarily translate into favorable intentions and behavioral change [57], and
thus, further investigation into the intention or willingness to consume sustainable
protein sources among older adults is warranted.

5. Conclusions

This study provides insight into the readiness of older adults to accept alternative, more
sustainable protein sources in the EU. To the best of our knowledge, this report is the
first to focus on older adults’ attitudes towards sustainable food choices. Findings
suggest that there is a window of opportunity to increase older adults’ acceptance of
alternative, more sustainable protein sources and, in turn, increase protein intake in an
environmentally sustainable way in EU older adults. Based on the results of this study,
protein recommendations should focus on increasing consumption of plant-based
protein sources as an alternative, more sustainable protein source, as these products will
be the most accepted by older adults. Furthermore, our results indicate that older adults’
acceptability to consume alternative, more sustainable protein sources is influenced by
food fussiness, green eating behavior, educational attainment, different food motives,
gender, and country of residence. To increase older adults’ acceptance towards more
innovative and more technology-driven alternative protein sources, evidence points to
the need of greater awareness and familiarity of these products among this population.
More studies are needed to investigate older adults’ acceptance of alternative, more
sustainable protein sources after being provided information and/or being exposed to
the protein source in a meal context, as well as their intention or willingness to consume
sustainable protein sources.
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Table A2. Factor loadings from principal axis factor analysis in of 1825 adults aged 65
years and older from five EU countries.

Sustain- Food GreenEating

Conven-
1
Factor Heath ability!  Fussiness Behavior

Sensory! Price?!

ience
It is important to me that the food I eat on a
typical day...
...contains a lot of vitamins 0.74
... keeps me healthy 0.79
...is nutritious 0.76
...is highin protein 0.68
...is good for my skin, teeth, hair, nails, etc. 0.73
...is highin fiber and roughage 0.70
...Iseasy to prepare 0.82
...can be cooked very simply 0.91
...takes no time to prepare 0.77
...can be bought in shops close to where | live 0.53
...is easily available in shops and supermarkets 0.43
...smells nice 0.72
... looks nice 0.82
...has a pleasant texture 0.79
...has no small pieces that go between my teeth
2

...is easy to chew and swallow ? -
... tastes good 0.59
...i1s not expensive 0.80
...ischeap 0.78
...Is good value for money 0.56
...Is sustainable 0.35
...is environmentally-friendly 0.71
...is organic 0.70
To what extent do you agree or disagree with
the statement...
| enjoy tasting new foods 0.73
| enjoy a wide variety of foods 0.63
| am interested in tasting food that | have not
0.76
tasted before
I refuse new foods at first 0.65
I decide that | don't like food, even without
S 0.61
tasting it
| am difficult to please with meals 0.46
I refuse changing my daily dietary pattern 0.48
How often do you consume...
Locally grown or produced foods 0.681
Foods purchased directly from farmer’s 0,636
markets
Organic foods 0.756
Foods with environmental sustainability label 0.836
Foods with ethical sustainability label 0.827
N 1825 1825 1825 o0 1825 1825 1808
Mean of construct 3.6 3.1 3.6 3.2 3.1 2.3 28
Standard deviation of construct 0.7 0.8 0.7 0.8 0.9 0.6 0.8
Cronbach’'s a 0.90 0.85 0.86 0.81 0.82 0.81 0.81

1Food choice motive; 2 ltems were removed as they did not have a significant loading on any factor.
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Chapter 4

Abstract

Protein intake is important for the maintenance of health, independence, and quality
of life especially for older adults, yet the expanding older population is at risk of not
consuming adequate levels. Notwithstandingits importance in terms of health, dietary
protein choice has major ramifications for the state of the environment and for climate
change, with meat holding the most weight in the environmental impact of diets. To
support older consumers in making environmentally sustainable dietary protein
choices, this study aims to gain deeper understanding of older consumers’ meat
consumption behavior by profiling older consumer segments on the basis of their
meat consumption and liking. Results were obtained through a 2019-survey among
2,500 community-dwelling older adults aged 65+ years in Finland, Poland, Spain, the
Netherlands, and the United Kingdom. Three segments of older consumers were
identified by means of a two-step cluster analysis: heavy meat consumers, medium
meat consumers, and light meat consumers. The segments differed significantly in
several socio-demographics and background characteristics, appetite, protein intake,
attitudes towards meat and plant-based ‘meat’ substitutes, and liking of protein
sources other than meat. Health and sustainability food choice motives were
important determinants for being classified as a medium or light meat consumer
compared to a heavy meat consumer whereas food fussiness, sensory appeal, and
familiarity were important determinants for being classified as a heavy meat
consumer compared to a light meat consumer. Understanding older consumers’ meat
consumption behavior has important implications for designing dietary strategies to
meet older consumers’ protein needs in an environmentally sustainable way.
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1. Introduction

Itis estimated that between 2020 and 2050 the older adult population (aged 65+ v) will
increase by 42.3% while the working-age population (aged 15-64 y) will decrease by
9.5% in the European Union (EU) [1]. While this demographic shift is expected to lead to
new challenges with regard to health care, long-term care, and social expenditures, the
challenges can be partly moderated by maintaining health and well-being in the growing
older population [2]. Currently, protein intake of at least 0.8 g/kg body weight/day is
recommended for adults, including adults aged 65 years and older [3]. Yet, short-term
metabolic studies show that older adults require a higher protein intake compared to
young adults to maximally stimulate muscle protein synthesis  [4-6]. Further,
observational studies show that higher protein intake is associated with less decline in
muscle or lean mass and in performance-based physical function in older adults [7-9],
providing benefits for overall health, independence, and quality of life in old age [10,11].
Consequently, expert groups suggest increasing protein intake recommendations to 1.0
to 1.2 g/kg body weight/day for older adults aged 65+ years [12,13] and several nutrition
societies have already revised their recommendations accordingly [14]. However, a
substantial number of older adults have a difficult time meeting the currently
recommended daily protein intake [15,16], warranting more research into effective
strategies to increase protein intake in this growing older population.

Notwithstanding its importance in terms of health, dietary protein choice has major
implications for environmental sustainability. Increasing protein intake is likely to result
innet increases inthe environmental impact of the diet, especially if consumption of meat
is favored [17,18]. Animal protein accounts for approximately 60% of total protein
consumed in the EU, with the largest contribution of protein being derived from meat
[19]. Meat production, and animal protein production in general, is resource intensive
and onaverage produces more greenhouse gas emissions and has a larger impact on land
use, water use, and biodiversity loss compared to plant protein production [20,21]. It has
been previously shown that in addition to total energy intake, total meat and the
proportion of ruminant meat (e.g. beef, veal, lamb) hold the most weight in the
environmental impact of EU diets [22]. While meat and other animal protein sources
such as dairy, fish, and eggs are important sources of high quality protein and essential
nutrients [23], the high levels of meat and animal protein consumed in the EU are
considered not only unsustainable but also unhealthy [24]. On average Europeans eat
36% more meat compared to the amount recommended in their respective food-based
dietary guidelines, and 49% more than the amount recommended by the EAT-Lancet
Commission’s planetary health diet [25]. Therefore, to minimize the environmental costs
of fulfilling the high protein requirement of the expanding older population, it is
imperative to design dietary strategies that consider the environmental impacts of
protein choices and promote pro-environmental protein consumption among older
consumers.

According to de Boer, Aiking [26], two interrelated types of pro-environmental behavior
that are relevant for protein consumption are 1) “using fewer natural resources” and 2)
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“doing things in a different way and with a reduced environmental impact”. Examples
include reducing the portion size of meat (type 1) and replacing meat with a plant-based
protein sources like legumes and nuts (type 2). Given the unique nutritional
requirements of older adults, ‘doing things differently’ may be more appropriate than
‘using less’ to achieve adequate protein intake within environmental limits. There is a
broad variety of alternative, more sustainable protein sources that can replace meat,
including traditional plant-based sources (e.g. legumes, nuts, seeds, whole grains),
processed plant-based ‘meat’ substitutes which are designed to imitate meat, and novel
protein sources such as insects and cultured meat. Moreover, a large majority of the
general population perceive a match between a healthy and a sustainable diet and
associated this more with a plant-based rather than a meat-based diet [27]. Yet, a study
in the Netherlands found that older adults were more likely to prefer a smaller meat
portion size rather than replacing meat by something else [28]. Another study in five EU
countries found that there is low readiness among older consumers to eat novel protein
sources such as insects, although their acceptance to eat plant-based sources (e.g.
derived from soy or pea protein) was comparable to that of meat [29]. While past meat
consumption behavior is a significant predictor of pro-environmental protein
consumption [30], unraveling the intricacies of older consumers’ meat consumption
behavior provides important information for the promotion of alternative, more
sustainable protein sources.

Food consumption behavior is a complex issue influenced by many factors ranging from
biological and psychological to environmental and lifestyle factors [31,32]. Multiple
aspects may influence meat consumption behavior, including attitudes, values, subjective
norms, culinary skills, habit, and tradition [30,33,34]. Consumers’ positive perception of
meat (e.g. taste, pleasure, nutritious, familiarity) and disbelief of meat’s impact on the
environment have been found to hinder attitudinal change [33]. In addition, tradition,
social norms, and lack of culinary skills have been found to impede willingness to change
meat consumption behaviors [35]. However, important individual differences exist in
terms of habitual meat consumption and willingness to reduce meat consumption.
Dagevos, Voordouw [36] reported that different modes of “flexitarianism”, or meat
reduction, exist, from “light flexitarians” who abstain from eating meat once or twice per
week to “heavy flexitarians” who eat meat only once or twice per week. Ethical concerns,
health motives, and personal norms were important drivers to being committed to
change meat consumption behavior [36]. Similarly, Vainio, Niva, Jallinoja, Latvala [37]
found that food choice motives play an important role in explaining differences in meat
consumption behavior, with health being a facilitating motive to replace meat with plant-
based protein sources and convenience and price being inhibitory factors.

Considering the heterogeneity of older food consumers, a targeted approach toincrease
proteinintake in an environmental-friendly manner would be more effective than a “one-
size-fits-all” approach [38,39]. Identifying and comparing different groups or segments
of consumers wherein individuals with a similar profile are clustered can help tailor
dietary strategies to older consumer segments with specific needs and preferences [40].
This current study aims to analyze meat consumption decision-making and behavior in
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community-dwelling older adults in the EU by conducting a segmentation analysis. To
gain an understanding of the consumers in each segment, the segments are profiled in
terms of socio-demographics and background characteristics, appetite, protein intake,
attitudes towards meat and plant-based ‘meat’ substitutes, and liking of protein sources
other than meat. Further, this study explores whether psychographic characteristics
including food choice motives, food fussiness, and food sustainability knowledge can
explain the differences in segment membership.

1. Material and methods
1.1. Data collection

This study makes use of cross-sectional data from 2,500 community-dwelling adults
aged 65 years and older from an online pan-EU survey conducted in October 2019. The
survey was administered in Finland, Poland, Spain, the Netherlands, and the United
Kingdom (UK) by a professional market research agency. It was developed in English and
translated into the respective national languages. Respondents meeting the criteria of
being 65 years or older and living independently were recruited by the agency using
probabilistic sampling from an online access proprietary panel. Sampling quotas were
applied on and regions proportional to the distribution within the national population.
The target for gender (i.e. 50% women and 50% men) was not fully met but the
distribution was close to evenly distributed (Table 1). All participants were asked to
provide written informed consent before taking partin the study. Ethical approval for the
study was granted by the Belgian Ethics Committee of Ghent University Hospital in
August 2019 (Reference No. 2019/0933).

1.2. Questionnaire and scales

The survey was conducted within the PROMISS (PRevention Of Malnutrition In Senior
Subjects in the EU) project, a five-year Horizon 2020 project funded by the European
Commission focused on advancing healthy aging among seniors in the EU. It began with
a brief overview of the PROMISS project and an informed consent, which was followed
by a screening for gender, age, region, and current living situation. The questionnaire
focused ondietary and physical activity habits, attitudes and preferences, and knowledge
related to protein consumption. Individual items were rotated within questions to avoid
order and response bias. Questions and scales used in this study are described below.

1.3. Dietary habits

Consumption frequency of ten protein-rich food groups, including cooked meat, was
assessed with a short, modified version of a validated food frequency questionnaire [41].
The measurement included questions asking the number of days one consumed the ten
different food groups with a reference period of four weeks. Examples of cooked meat
were provided and adapted to the context of each country (e.g. beef steak, pork chop,
hamburger meat, sausages, and chicken for the UK). In addition to consumption
frequency, the average amount of meat consumed with a warm meal on a meat-eating
day was assessed with five photos of a plate with different portion sizes of cooked meat.
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Cooked meat consumption was calculated by multiplying the frequency of consumption
per day with the average portion size consumed.

The probability of low protein intake was assessed with the Protein Screener 55+ [42].
Low proteinintake was defined as having a 0.3 or higher probability of protein intake less
than 1.0 g protein per kilogram of adjusted body weight per day (g/kg adjusted BW/d)
based on recalibrated models [15,42].

Further, respondents were asked to report whether or not they were following any
dietary regime, with the following options and definitions provided: flexitarian diet (tries
to limit meat intake), pesco-vegetarian diet (does not eat meat but eats fish and/or
seafood), ovo- and/or lacto-vegetarian diet (does not eat meat but eats eggs and/or dairy
products), vegan diet (does not eat meat, fish, and any other animal products, only eats
plant-based foods), and other diet (not defined further). Respondents who chose ‘other
diet’ were able to report the other diet they were following. Open responses were
translated to English and then recoded, so that answers that are equivalent to a meat-
limiting diet were recoded to one of the response options (e.g. flexitarian).

1.3.1. Appetite

Appetite was assessed using the validated simplified nutritional appetite questionnaire
(SNAQ) consisting of four items [43-45]. The total SNAQ score is the sum across the four
items, ranging from 4 to 20, and was dichotomized such that a respondent with
SNAQ<14 was classified as having a ‘poor appetite’ and SNAQ>14 as having a ‘good
appetite’ [45].

1.3.2. Liking of protein sources

Respondents were asked to what extent they like four different meat types (i.e. beef or
veal, lamb, pork, poultry), other animal protein sources, and various plant protein
sources. Respondents rated these items on a 5-point Likert scale ranging from 1=Dislike
extremely to 5=Like extremely, with a sixth option 6=I never tried this food. To gauge
how muchrespondents like meat, liking scores for the four meat products were averaged
to obtain a mean meat liking score, ranging from 1=Extremely dislikes meat to
5=Extremely likes meat. A meat liking score was calculated for respondents who
answered on the Likert scale for at least one meat product, while no meat liking score
was calculated for respondents who reported to have never tried any of the four meat
products (n=22).

Next, to get more insight into attitudes towards meat and plant-based ‘meat’ substitutes,
reasons for liking or disliking meat and plant-based ‘meat’ substitutes were assessed. If
respondentsindicated that they like at least one of the meat products and/or plant-based
‘meat’ substitutes, or if they were neutral (neither like/dislike), respondents were then
prompted toreport their level of agreement towards statements about different reasons
why one may like meat and/or plant-based ‘meat’ substitutes. Similarly, if respondents
indicated that they dislike at least one of the meat products and/or plant-based ‘meat’
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substitutes, respondents were then prompted to report their level of agreement towards
statements about different reasons why one may dislike meat and/or plant-based ‘meat’
substitutes. Respondents answered on a five-point scale, ranging from 1=Strongly
disagree to 5=Strongly agree.

1.3.3 Food choice motives

A single-item scale for six factors of the original food choice questionnaire developed by
Steptoe, Pollard, Wardle [46] was used [47]. The six food choice motives assessed
include health, sustainability, price, sensory appeal, convenience, and familiarity.
Respondents indicated the extent to which these motives are important when choosing
afood eaten on atypical day on a five-point scale, ranging from 1=Not at all important to
5=Very important.

1.3.4. Food fussiness

Afood fussiness scale was adapted from den Uijl, Jager, de Graaf, Waddell, Kremer [39]
and Wardle, Guthrie, Sanderson, Rapoport [48] to assess the degree to which one is
selective about consuming both known and unknown foods. The food fussiness scale
consisted of seven items, e.g. “I decide that | don't like food, even without tasting it”, for
which respondents could indicate their level of agreement on a five-point scale ranging
from 1=Strongly disagree to 5=Strongly agree. An exploratory factor analysis using
principal components with varimax rotation confirmed that the items could be explained
by asingle factor with areliability of =0.795. The final food fussiness score is an average
of the seven items, ranging from 1=Not a fussy eater to 5=A very fussy eater.

1.3.5. Food sustainability knowledge

Food sustainability knowledge was assessed by three true or false questions developed
by the researchers: 1) A diet high in animal-based foods contributes more to global
warming than a diet high in plant-based foods (true): 2) Eating foods with a high carbon
footprint is bad for the environment (true); and 3) Eating beef is better for the
environment than eating chicken (false). Respondents reported either ‘true’, false’, or I
don’t know'. The correct answer was coded as 1, the incorrect answer and ‘| don’t know’
were coded as 0, and a composite score was created, ranging from O=Not-informed, no
answers correct to 3=Well-informed, all answers correct.

1.5.6. Socio-demographic and background characteristics

Gender, age, education level, living situation, household (HH) financial situation, being
the main HH grocery shopper, making own decisions of what to eat, ability to prepare
own warm meal, and health status were assessed. Education level was defined by two
categories based on respondents’ highest level of education obtained: below Bachelor
level (no education, primary education, lower secondary education or higher secondary
education), and Bachelor level and above (bachelor level, master level or PhD). Living
situation of older adults was defined by whether one lives alone or not, which was
ascertained by the number of persons living in the HH. Respondents were asked to
describe their HH financial situation by selecting one of the following: manages very well,
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manages quite well, gets by alright, has some financial difficulties, or has severe financial
difficulties. Health status was assessed by asking respondents if they experienced some
out of a list of 17 different possible health problems. Of the 17 health problems asked,
four were used to assess oral health status, namely self-reported pain in the mouth,
teeth, or gums, dry mouth, difficulty swallowing, and difficulty chewing. Oral health
problems was dichotomized to O=no oral health problems, 1=presence of one or more
oral health problems.

1.4. Data analysis

All analyses were performed with SPSS version 26.0 (IBM Corp. Released 2019. IBM
SPSS Statistics for Windows, Version 26.0, Armonk, NY: IBM Corp.). Given the large
sample size, statistical significance was considered at the o level of 0.01.

1.4.1. Segmentation

Cooked meat consumption and meat liking score were used to classify 2,478 older adults
into consumer segments. The analytical sample excluded 22 respondents from the total
sample of 2,500 respondents because “| never try this food” was indicated for each of the
meat products. Segments of older adults based on cooked meat consumption and meat
liking were identified using a Two-Step cluster analysis. This approach combines an
agglomerative hierarchical clustering procedure and a non-hierarchal (k-means)
approach. The hierarchical procedure is used as a basis for determining the appropriate
number of clusters, and the non-hierarchical procedure “fine-tunes” the results and
validates the final cluster solution [49]. As the final solution may depend on the order of
cases (i.e. respondents) [50], the cases were randomly ordered 10 times and a cluster
analysis was run on each of the resulting datasets. The final solution was chosen based
on a combination of the lowest Bayesian Information Criterion (BIC) in the 10 cluster
analyses and interpretability. There was no issue of dependence between the variables
in the cluster model (r=0.249), but both variables deviated from a normal distribution
(Shapiro-Wilk p-value<0.001). Despite this violation, no transformation was applied to
the variables as the Two-Step procedure has been shown to be fairly robust to violations
of the major assumptions [51].

1.4.2 Profiling the segments

The segments were profiled based on socio-demographic and background
characteristics, appetite, protein intake, liking of protein sources, and attitudes towards
meat and plant-based ‘meat’ substitutes.

The role of the different variables in identifying the clusters was investigated with the
use of Chi-square tests for categorical profiling variables and Kruskal-Wallis one-way
analyses of variance for continuous profiling variables. To prevent making a Type | error
in the null hypothesis testing due to the large sample size, the level of 0.01 is used as the
threshold for statistical significance, and the effect size, i.e. Cramer’s V/( V) for Chi-square
and partial eta-squared (mp?) for Kruskal-Wallis one-way test, is reported. Effect sizes
measure the proportion of the variability in the older consumer segments that is
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accounted for by variation in the profiling variable, reflecting the strength of association
between the variables [52]. Effect size was considered small when 0.1<1<0.3 and
0.01<1,?<0.06, mediumwhen 0.3< 1<0.5 and 0.06<n,%<0.13, and large when />0.5 and
N”>0.14 [53-55].

1.4.3. Multivariate analysis

Inafinal step, we analyzed psychographic characteristics that can explain the differences
between the segments. To substantiate differences between the segments we
considered conducting discriminant analysis, however assumptions of multivariate
normal distributions and homogeneity of covariance matrices were not satisfied.
Multinomial logistic regression was therefore the chosen method. One of the resulting
segments (the so-called “heavy meat consumer” segment, see results) was assigned as
the reference group relative to which the other segments were compared. The
explanatory variables included the following continuous variables: food choice motives
(i.e. health, sustainability, price, sensory appeal, convenience, and familiarity), food
fussiness, and food sustainability knowledge. Multicollinearity was checked and found
not to be anissue (Appendix Table A.1).

2. Results
2.1. Identification of segments based on meat consumption and liking

Three segments based on meat consumption and liking were established as the optimal
solution from the cluster analysis. The cluster centroids of the segmentation variables
are shown in Table 1. The first segment represents 27% of the sample and is
characterized by a relatively high consumption of cooked meat and a moderate to high
meat liking score. Therefore this segment was labeled as “heavy meat consumers”. The
second segment is the largest, representing about half of the sample (52%). Respondents
in this segment have the highest meat liking score. By contrast, they reported a lower
cooked meat consumption relative to that of heavy meat consumers. Therefore this
segment was labeled as “medium meat consumers”. The third segment is the smallest,
containing 21% of the sample. Respondents in this segment reported a significantly
lower relative consumption of cooked meat and a lower meat liking score. Therefore this
segment was labeled as “light meat consumers”.
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Table 1 Segmentation variables and socio-demographic and background characteristics in total
sample of adults aged 65 years and older from five EU countries, and differences between the

older consumer segments

Older consumer segments
Totelsample 12 Megiummeat  Light meat (@":r":‘iz)
consumer consumer consumer
n (%) 2,478(100) 663(26.8) 1,290(52.0) 525(21.2)
Segmentation variables*
Ccooéﬁenfpr;iit(g )2 33.1+27.9 72%'.913 2104125  13.6+12.3° <0001 (0.63)
Meat liking ° 3.9+08 4.1+0.6° 43+04° 29+0.7¢ <0.001(0.52)
Socio-demographic & background characteristics*
Gender (Male) 522 5722 5482 39.6° <0.001(0.13)
Age (<75Yy) 854 86.3 84.3 86.9 0.292(0.03)
Country <0.001(0.14)
Finland 19.9 20.5 20.2 18.1
Poland 20.1 13.7° 24.42 17.5°
Spain 20.2 204 20.8 18.5
The Netherlands 20.1 26.1° 13.5° 29.0¢°
United Kingdom 19.7 19.3 211 170
Education level 0.893(0.01)
Below Bachelor level 62.2 62.3 61.9 63.0
Bachelor level or higher 37.8 37.7 38.1 37.0
Lives alone 28.5 24.7° 27.2° 3642 <0.001 (0.09)
HH financial situation (n=2,435) 0.008 (0.05)
gj&fﬁ%ggfwew well 401 45.7° 38.3° 40,83
Has some or severe s80 36.2 390 410
T 20.1 18.0 22.7 182
difficulties
Main HH grocery shopper 0.001 (0.06)
Yes 65.9 64.3° 64.0° 72.8°
No 7.1 6.3 7.2 7.8
Shared responsibility 27.0 2942 28.8° 19.4°
Own food decision maker 0.003 (0.06)
Yes, always 62.5 61.4° 60.0° 69.9°
Yes, sometimes 31.6 32.9 33.7 250
No, someone else decides 59 57 6.3 51
Ability to prepare own warm meals (n=2419) 0.201 (0.04)
Yes without difficulties 88.3 883 892 86.1
Yes vvlthd\fﬁcultles orno 117 117 108 139
unless with help
BMI (kg/m? mean + sd) 270+4.3 271+44 271+4.2 26.6+4.6 0.014 (<0.01)
Oral health problems
(n=2.462) 26.2 27.1 25.8 26.8 0.822(0.01)

1 Cluster centroids for a three-cluster solution presented as mean + standard deviation. 2 Cooked meat
consumption frequency (d/wk) and average amount of meat consumed with warm meal (g/d) are
provided in Appendix Figure 1 for each consumer segment. ° Meat liking is a mean liking score of four
meat sources, namely beef or veal, lamb, pork and poultry, and is measured on a 5-point scale, ranging
from 1 (dislike extremely) to 5 (like extremely).  Presented as percent (%) unless noted otherwise. <
Different superscripts indicate significantly different standardized means in each row following ANOVA
post hoc Tukey test or Chi-square test at p< 0.01. Cramer’s V (V) and partial eta-squared (n,?) indicates

the effect size. HH: household. BMI: body mass index.
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2.1.1. Socio-demographic and background characteristics

The light meat consumer segment is dominated by female gender and has a greater
proportion of older adults living alone, who do most of the grocery shopping themselves,
and decide what to eat for themselves compared to the other two segments (Table 1).
Compared to the heavy and light meat consumers, the medium meat consumer segment
contains more older adults who live in Poland and fewer older adults who live in the
Netherlands, and also fewer older adults who reported that their household financial
situation is managed well or very well. The segments do not differ on body mass index
and presence of oral health problems.

2.1.2 Appetite and protein intake, liking and attitudes

The light meat consumer segment is accounted by more older adults with a low appetite
compared to the other two segments, although the difference is trivial (1<0.1) (Table 2).
All three segments differ significantly in the proportion of older adults with a high
probability of protein intake below 1.0 g/kg adjusted BW/d (Table 2). The light meat
consumer segment has the largest proportion of older adults with a high probability of
low protein intake (62%) while the heavy meat consumer segment has the smallest
proportion of older adults with a high probability of low protein intake (35%). The
segments also differ significantly in terms of proportion of older adults following a meat-
limiting diet, with the light meat consumer segment having the largest share of older
adults who reported to follow a meat-limiting diet on the one end and the heavy meat
consumer segment having smallest share on the other end (Table 2). In total 14% of our
respondents reported to follow a flexitarian diet while 17% reported to eat cooked meat
five days or more per week and 5% to eat cooked meat every day of the week. Further
examination of meat consumption tendencies reveal a negative correlation between
meat consumption frequency and average portion size of meat consumed (Appendix Fig.
Al).
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Table 2 Appetite, protein intake, and liking of protein sources by older consumer segments

Older consumer segments
Heavy meat Medium meat Lightmeat  p-value
consumer consumer consumer (VOI' ‘I'|p2)
(N=663) (N=1,290) (N=525)
Poor appetite (SNAQ<14) ! 27.5° 32.3° 390° <0.001 (0.09)
High probability of low protein 34.5¢ 53.5° 61.7° <0.001 (0.20)
intake ?
Dietary regime ° <0.001 (0.20)
Follows meat-limiting diet 8.1¢ 15.5° 29.3°
Does not follow meat-limiting 91.9 84.5 70.7
diet
Consumption*
Fish (d/wk) 15+14 14+14 13+13 0.023(<0.01)
Dairy products excl. cheese 3.5+28? 28+27P 3.3+28? <0.001(0.01)
(d/wk)
Eggs (d/wk) 22+19¢° 1.9+17° 1.9+1.9° <0.001(0.01)
Legumes (d/wk) 15+18° 1.1+14° 14+1.7° 0.001(0.01)
Nuts or peanuts (d/wk) 1.7+2.1 15+22 1.8+23 0.116 (<0.01)
Pasta or noodles (d/wk) 14+15 12+1.2 1.2+1.3 0.019(0.01)
Processed meat (d/wk) 35+23° 27+21° 1.8+20¢ <0.001(0.02)
Cheese (d/wk) 37+25¢% 20+25° 32+26° <0.001(0.01)
Plant-based ‘meat’ (d/wk) 03+1.0°¢ 02+0.6° 05+1.1° <0.001(0.07)
Liking®
Beef or veal (n=2,444) 43+0.8° 42+0.7° 3.0+1.0° <0.001(0.34)
Lamb (n=2,403) 38+1.1° 41+09° 22+10¢ <0.001(0.34)
Pork (n=2,449) 41+08° 42+07° 28+1.1° <0.001(0.31)
Poultry (n=2,456) 43+07° 44+06° 34+12¢ <0.001 (0.20)
Fish or seafood (n=2,449) 43+0.9° 45+0.8° 3.9+12¢ <0.001 (0.05)
Hybrid meat (n=1,990) 24+1.1° 26+10° 25+1.0%° 0008 (<0.01)
Dairy (n=2,456) 44+0.7° 44+07° 4.1+409° <0.001 (0.03)
Egg (n=2,458) 43+0.7° 44+06° 4.1+409° <0.001 (0.03)
Plant-based ‘meat’ 23+1.1°¢ 24+1.1° 28+12¢° <0.001(0.02)
(n=2,101)
Legumes (n=2,429) 41+0.9 42+0.9 41+10 0.025(0.03)
Nuts or seeds (n=2453) 4.1+09° 42+09° 4.1+10° 0.009 (0.01)
Grain-based products excl. 3.8+0.9° 40+08° 3.8+0.92° <0.001(0.02)
bread (n=2,453)
Bread (n=2,464) 43+0.8° 43+0.7°2 40+0.9° <0.001 (0.03)

1 Presented as percent. 2 Presented as percent. High probability of low protein intake was defined
as having a 0.3 or higher probability of protein intake lower than 1.0 g protein per kilogram of
adjusted body weight per day. 3 Respondents who reported to follow either a flexitarian diet, a
pesco-vegetarian diet, an ovo- and/or lacto-vegetarian diet or a vegan diet were grouped into one
group 1=Follows meat-limiting diet, while those who reported to not follow one of these diets were
grouped into another group O=Does not follow meat-limiting diet. # Frequency of consumption in
day per week (d/w) or consumption in grams per day (g/d) presented as mean + sd. ® Liking score is
a continuous score from one to five, with a greater score indicating greater liking towards food
item. Respondents were recoded as missing if they reported to have never tried the food. @¢
Different superscripts indicate significantly different standardized means in each row following
ANOVA post hoc Tukey test or Chi-square test at p< 0.01. Cramer’s V (V) and partial eta-squared
(np?) indicates the effect size.
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When it comes to consumption of protein-rich foods other than cooked meat, the heavy
meat consumer segment reported greater consumption of eggs, processed meat, and
cheese compared to the medium and light meat consumer segments. Medium meat
consumers reported a lower consumption of dairy products and legumes compared to
the heavy and light meat consumers and a higher consumption of processed meat
compared to the light meat consumers. The light meat consumer segment reported a
higher consumption of plant-based ‘meat’ substitutes compared to the heavy and
medium meat consumers. These differences, however, resulted in small effects only.

The extent to which the older consumer segments like various protein sources differed
across all protein sources except legumes (Table 2). The largest differences were found
in the liking towards different types of meat, with light meat consumers having a lower
liking across all meat types compared to heavy and medium meat consumers. Compared
to heavy and medium meat consumers, light meat consumers had a higher liking score
for plant-based ‘meat’ substitutes.

The level of agreement towards different reasons for liking and disliking meat and plant-
based ‘meat’ substitutes differed between the segments (Figure 1). Compared to light
meat consumers, heavy and medium meat consumers agreed more strongly that meat is
important for health, tastes good, is good value for money, that they grew up eating meat,
and because the people they live with want to eat meat. Compared to heavy and medium
meat consumers, light meat consumers agreed more strongly that plant-based ‘meat’
substitutes taste good and are good for health and better for animal welfare.
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Meat is good for my health

| grew up eating meat

People who live with me want to eat meat

| like the taste of meat

Meat is good value for money

P-MS is good for my health

P-MS is better for animal welfare

P-MS is better for the environment’

| grew up eating P-MS'

People who live with me want to eat P-MS'

| like the taste of P-MS

WIW WMMIH””“

P-MS is good value for money’

[En

2 3 4
B Heavy meat consumer O Medium meat consumer O Light meat consumer

Fig. 1 Differences in agreement towards reasons of liking meat (n=2,432) and plant-based ‘meat’
substitutes (P-MS) (n=954) between the three older consumer segments. Bars represent means
and lines represent standard deviations. Likert scale ranges from 1=Strongly disagree to
5=Strongly agree. ! Differences between the segments not significant at p<0.01 from Kruskal-
Wallis one-way t-test. Otherwise, differences between segments significant at p<0.01 from
Kruskal-Wallis one-way t-test.

With regards to reasons for disliking meat, light meat consumers agreed more strongly
that meat is not good for health nor the environment, that they do not like the taste of
meat and did not grow up with it, and that they value animal welfare, although the level
of agreement did not statistically differ with the other two segments with one exception
(Appendix Fig A.2). Compared to light and medium meat consumers, heavy meat
consumers agreed more strongly that they did not grow up with plant-based ‘meat’
substitutes and that they live with people who do not want to eat it as reasons for
disliking plant-based ‘meat’ substitute.

2.2. Psychographic characteristics associated with segment classification

Table 3 shows the odds of being classified as a medium and light meat consumer as
compared to being classified as a heavy meat consumer based on food choice motives,
food fussiness, and food sustainability knowledge. A one-unit increase in the importance
attached to health and sustainability when making food choices is associated with an
average 12-14% increase in the odds of being classified as a medium meat consumer and
20-35% increase in the odds of being classified as a light meat consumer compared to a
heavy meat consumer. A one-unit increase in the importance attached to sensory appeal
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and familiarity when making food choices is associated with a 13-23% decrease in the
odds of being classified as a light meat consumer compared to a heavy meat consumer.
Further, a one-unit increase in the food fussiness score (i.e. more likely to be a fussy
eater) was associated with an average 42% higher likelihood of being classified as a light
meat consumer than a heavy meat consumer. Food sustainability knowledge was not a
significant determinant of the segment classification. Overall, these psychographic
characteristics combined have low power to explain the variability in older consumer
segments (Nagelkerke pseudo R-square=4.5%).

Table 3 Psychographic variables associated with being classified as a medium meat consumer or
light meat consumer as compared to a heavy meat consumer- results from multinomial logistic
regression analysis

Medium meat consumer Light meat consumer
(n=1,290) (n=525)
95% Cl 95% Cl
OR Lower  Upper OR Lower  Upper
Food choice motive !
Health 114 1.02 1.27 1.20* 1.04 1.38
Sustainability 112 1.02 1.23 1.35* 1.19 1.52
Price 1.04 0.94 1.14 0.92 0.81 1.03
Sensory appeal 0.92 0.82 1.03 0.77** 0.67 0.88
Convenience 0.95 0.87 1.04 1.04 0.93 1.17
Familiarity 1.09 0.99 1.20 0.87 0.78 0.98
Food fussiness 2 0.97 0.83 1.13 142 1.17 1.72
Food sustainability knowledge®  0.99 0.90 1.08 1.03 0.92 1.16

Note: R?=0.045 (Nagelkerke). Reference category for the multinomial regression was the heavy
meat consumer segment (n=663). Significant odds ratio (OR) shown in bold based on p<0.05. *
p<0.01.** p<0.001. L Food choice motives are a continuous score ranging from one to five, with a
greater score indicating more importance is placed on the respective motive when making food
choices. 2 Food fussiness is a continuous score from one to five, with a greater score indicating a
greater tendency to be a fussy or picky eater. 3 Food sustainability knowledge is a continuous score
from one to three with a greater score indicating greater knowledge related to the environmental
impact of food.

3. Discussion

The present study identified three older consumer segments according to their cooked
meat consumption and liking and explored differences in individual factors to better
understand meat consumption behavior among community-dwelling older adults in the
EU. Our findings confirm that the overwhelming majority of older adults is a meat-eater,
with only 1.1% of the study sample being a self-declared pesco-vegetarian, 0.5% ovo-
and/or lacto-vegetarian, and 0.1% vegan. Yet, the results show that there are diverse
patterns of meat consumption analogous to the various levels of flexitarianism reported
by Dagevos, Voordouw [36]. Opportunities and barriers to meeting the high protein
needs in an environmentally sustainable way and implications for designing dietary
strategies to address the unique health and sustainability challenges among older
consumers in the EU are discussed below.
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3.1. Socio-demographic and background characteristics

As observed in this study and supported by previous research [28,36,56-61], there were
differences in gender between the different meat consumer segments, with females
being more likely to be classified as a light meat consumer compared to males. Slightly
more males than females were classified as heavy or medium meat consumers, which is
consistent with studies observing the maleness of meat [56,62,63]. However, our results
showed a rather small effect in gender, suggesting that cultural norms related to meat
and masculinity may alter in later life, or that other factors may trump cultural norms in
influencing meat consumption in older adults, such as changing appetite and reduced
access to food due to mobility difficulties [64].

In line with previous studies, meat consumption and liking were also found to be closely
linked to country of residence and household financial status [26,65]. A study conducted
across several EU countries found regional differences in terms of pro-environmental
protein consumption and attitudes, which could be explained by cultural, culinary, and
economic factors [26]. For instance, a decrease in availability of animal protein and gross
domestic product per capita going from west to east in the EU might explain why heavy
meat consumers are largely made up of older adults living in the Netherlands and why
medium meat consumers are largely made up of older adults living in Poland, and who
have a less comfortable household financial situation compared to the other two
segments [66]. Paradoxically, we found that the light meat consumer segment is also
largely made up of older consumers living in the Netherlands. This might be due to
heightened interest in the societal impacts of meat consumption and improvements in
product development and marketing of commercial meat substitutes in the Netherlands
[67]. Further innovations and marketing in commercial meat substitutes may aid meat
replacement in countries with similar food cultures where meal patterns and dishes are
traditionally more centered on meat, such as the UK and Finland [33,68,69].

Interms of involvement with food, it appears that light meat consumers were more likely
to live alone and be the main household grocery shopper and food decision maker than
the other two segments. In an earlier study in older adults in the UK, living alone was
linked with a lack of motivation to cook and preparing simpler meals, which was further
associated with a higher risk of low appetite and malnutrition [64]. In the current study
this connection between living alone and risk of low appetite and low protein intake was
observed among light meat consumers. While Whitelock, Ensaff [64] found that reduced
meat consumption was also attributed to a deterioration in oral health, our study found
no relationship between oral health and segment membership.

3.2. Appetite, protein intake and liking and attitudes towards protein sources

A positive relationship between meat consumption and protein intake status was
observed in this study, which supports associations that have been previously reported
in observational studies among community-dwelling older adults [70,71]. Light meat
consumers are the most vulnerable segment according to their high probability of low
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protein intake and poor appetite. Although they reported a low consumption of meat,
light meat consumers reported a higher frequency of consumption of plant-based ‘meat’
substitutes and a comparable frequency of consumption of non-meat protein-rich food
groups to that of one or both segments. Further, light meat consumers tended to have a
lower liking towards all meat types, fish or seafood, dairy, eggs, and bread, but reported
to like and have more positive attitudes towards plant-based ‘meat’ substitutes
compared to the other two segments. This presents an opportunity to focus on health,
animal welfare, and taste of plant-based ‘meat’ substitutes to facilitate greater
consumption of these protein sources among light meat consumers.

Contrastingly, heavy and medium meat consumers’ positive attitudes towards meat with
regards to health, taste, value for money, and their conditioning to eating meat, i.e. having
grown up eating meat and being surrounded by others who like to eat meat, have been
previously documented as key barriers to replacing meat with alternative, more
sustainable plant-based protein sources [33,34]. Notably, medium meat consumers had
a slightly more positive attitude towards animal welfare compared to heavy meat
consumers, suggesting that valuing animal welfare may caution medium meat consumers
away from heavy meat consumption [72,73].

3.3. Psychographic determinants of meat consumption behavior

Beyond investigating differences between the older consumer segments, we also
identified potential determinants associated with the classification of older adults into
one of the three consumer segments. The findings of this study reinforce the importance
of health and sustainability food choice motives as facilitators and sensory appeal and
familiarity as barriers for altering meat consumption behavior [74,75]. Convenience and
price were not significant determinants in our study, although these motives have been
found previously to be significant inhibitory motives for meat replacement and key
motivations for food choice among older consumers [37,76,77]. In this study,
convenience was defined as the ease of food preparation (e.g. importance that the food
can be cooked very simply, takes no time to prepare, is easy to prepare) whereas in other
studies among older adults convenience also included the component of accessibility
(e.g. importance that the food is easily available in shops or supermarkets) [76,771.
Kamphuis, de Bekker-Grob, van Lenthe [76] found that the accessibility component of
convenience (i.e. travel time) was a significant determinant for older adults’ preferences
in meal planning and food purchasing decisions while ease of food preparation (i.e.
preparation time) was not. Further, we found that light meat consumers were more likely
to be afussy eater compared to heavy meat consumers, which contrasts expectations, as
a previous study among adults found that food neophobia, an overlapping construct of
food fussiness, was more common among those who eat meat more frequently [59].
However, as food fussiness has been previously linked to low appetite in older adults
[15], it is likely that low meat consumers’ poorer appetite partly explains this finding.
Although several studies have found knowledge of the environmental impact of food to
affect environmental sustainable food choices [78,79], our findings are in line with other
studies that found knowledge not to influence environmental sustainable food choices
[80]. This supports previous deductions that knowledge alone may be insufficient to
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directly change one’s meat consumption towards more pro-environmental protein
consumption [80,81].

3.4. Health and sustainability implications of meat consumption in older adults

Moderate consumption of meat is important for achieving high-quality protein and
essential nutrients [23,82] and can be part of an environmentally sustainable diet [83].
However, cohort studies reporting the habitual meat intake of older adults indicate that
their average meat consumption may be above the amount recommended for a healthy
diet [18,84]. The findings discussed above underscore the heterogeneity of meat
consumption behavior in this sub-population and the importance of tailoring strategies
for pro-environmental protein consumption among older consumers. Further, they
support the hypothesis that older adults need to ‘do things differently’, e.g. choose
alternative protein sources instead of meat, rather than only ‘use less’, e.g. meat
reduction only, to achieve adequate protein intake within environmental limits. The
actual pro-environmental protein consumption strategy, however, will vary depending
on alternative proteins being readily available in the market [69] and the country in which
the strategy is implemented given the different food cultures, preferences, and habits
across the EU countries (see Appendix A.2).

Adiet optimization study in older adults shows that meat reduction paired with increases
in diverse plant-based protein sources is a potential strategy to increase protein intake
in older adults that can have dual benefits in terms of human and planet health [18]. The
current study shows that older adults on average like legumes, nuts or seeds, and bread
and grain products, all of which could be options for sustainable protein sources.
Emphasizing the healthiness and sustainability of these alternatives and other plant-
based protein sources could be used as a focus in targeted strategies relating to meat
replacement among medium meat consumers [74]. By contrast, addressing sensory
appeal and familiarity of alternative protein sources in communication strategies and
product development is needed for meat replacement particularly among heavy meat
consumers. Consumer-oriented product development and improvements in the
resemblance and sensory attributes of commercial meat substitutes may be important
incentives for heavy meat consumers in the transition towards pro-environmental
protein consumption [34].

While a reduction in meat consumption and increase in plant-based protein sources
would provide the greatest health and environmental benefits [85], it may not be suitable
for vulnerable older adults with a high risk of low protein intake. A strategy to lower the
diet’s impact on the environment without changing the amount of meat consumed is
substituting environmentally-intensive meat (e.g. beef) with less environmentally-
intensive meat (e.g. chicken, pork) [18,24,86]. Further, encouraging increased
consumption of other animal-based protein sources such as dairy, fish, and eggs may be
beneficial for increasing the intake of high-quality protein and essential nutrients [83],
yet would elicit more adverse effects for the environment compared to promoting intake
of plant-based protein sources like legumes, nuts, and whole grains [87]. This is a trade-
off that needs to be made especially for vulnerable older adults with poor appetite. As
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plant-based protein sources contain fewer and lower amounts of essential amino acids
and are less well digested than animal-based protein sources, higher intakes of plant-
based proteins per meal may be needed to achieve similar anabolic responses as
compared to animal-based protein foods [88]. Further, older adults with poor appetite
have a slightly higher risk of malnutrition than those with a good appetite [15] and hence
promotion of animal-based protein sources may be a more efficient source of protein and
other nutrients like vitamin B12, iron, and zinc [89,90].

3.5. Future prospects

More research is needed to understand the factors that influence meat consumption in
later life. Food choice motives, food fussiness, and food sustainability knowledge were
found to explain little of the variance in older consumer segment membership, making it
clear that there are other important factors that influence meat consumption behavior.
Food sustainability knowledge was assessed using an ad hoc scale and should be tested
for validity and reliability and refined in future studies. Investigating other factors such
as values, subjective norms, self-efficacy, and motivations may help further the
understanding of pro-environmental protein consumption in community-dwelling older
adults [30,59,911].

In addition, more exploratory research is needed to identify culturally acceptable
sustainable protein sources that older adults are willing to either replace meat with or to
consume in greater quantity to increase their protein intake. Increasing awareness and
acceptance of hybrid meat, for instance, may be a viable solution especially for heavy
meat consumers as it is most similar to conventional meat in terms of texture and taste
[92]. It was previously found that older adults are not accepting of alternative protein
sources like insects and cultured meat, but that they were relatively accepting of plant-
based protein sources [29]. Further innovations in plant-based ‘meat’ substitutes could
better appeal to those who enjoy eating meat. Protein enrichment in foods by the food
industry or by adding protein powder to meals are other alternative approaches to
increasing protein intake, yet the environmental impact of these approaches are under-
researched.

Meat consumption in this study was measured by two questions on frequency of cooked
meat consumption and average portion size of meat consumed with a warm meal. No
distinction was made on the types of meat consumed. It is likely that intake of cooked
meat was underestimated due to the measurements’ reliance on memory and the global-
way meat consumption was probed [93]. As different meat types are associated with
different environmental impacts [21], future segmentation research among older adults
should evaluate habitual consumption of various types of meat to get a more nuanced
picture of meat consumption in this older population. For instance, heavy meat
consumers may be fragmented into smaller groups depending on the type of meat eaten
(e.g.heavy meat consumers primarily eating beef may have a different profile than heavy
meat consumers primarily eating poultry). Furthermore, different meat types are
associated with additional concerns outside the scope of this paper, e.g. antibiotic use in
poultry production and animal welfare [94], warranting more differentiated (e.g. food

93



Chapter 4

safety-related) considerations in future research searching for more sustainable meat
consumption strategies. Assessing attitudes towards other factors influencing the
sustainability of meat, such as its production method (e.g. conventional versus organic
meat) [95], could provide further insights into meat consumption behavior.

The use of the Protein Screener 55+ allowed us to gauge the risk of low protein intake
using a short FFQ with relatively low burden on the participant. Consequently, this study
did not conduct a full assessment of protein intake. A limitation of the Protein Screener
55+ is that it focuses on the most important protein sources for Dutch community-
dwelling older adults, which may overestimate low risk of protein intake in countries that
have different important sources of protein. Future studies should determine the
habitual protein intake of the older consumer segments to determine whether intake is
indeed above or below their protein requirement. Further, as the division of protein over
meals may be relevant to maintain lean body mass and strength [96,97], more research
into the timing of protein-rich food groups consumption would give more insights into a
redistribution strategy.

The results of the current study apply primarily to community-dwelling older adults with
access to and basic competencies for using a computer, and the implications should
therefore focus on this target group. While the relevance of the implications drawn in
this study may extend to other older populations, more research is needed to identify,
quantify, and profile consumer segments within such populations.

4. Conclusions

In conclusion, community-dwelling older adults in the EU can be grouped into three
segments based on meat consumption and liking. Relevant differences between the
older consumer segments were found in socio-demographic and background
characteristics, appetite, protein intake status, and liking and attitudes towards meat and
plant-based ‘meat’ substitutes. Health, sustainability, sensory appeal, and familiarity food
choice motives and food fussiness were the main drivers of the segmentation. These
findings reinforce the importance and need for developing dietary strategies that
consider the context of meat consumption, the environmental impact of protein sources,
and the unique nutrition and health needs and preferences of different older consumer
groups.
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Appendix
Table A.1 Correlation matrix of determinants in multinomial logistic regression 1

X1 X2 X3 X4 X5 X6 X7 X8

X1: Health -

X2: Sustainability ? 500 -

X3: Price ? 214%  154% -

X4: Sensory appeal ? 356" 233 250"

X5: Convenience ? 153 101 .311*  .189F

X6: Familiarity 2 146* 105F 220 1717 3287

X7:Food fussiness -207* -125° -027 -199° 119 254% -
ﬁf(;a‘l’;ddg';i'atedSUStai”abmtV 144 119" 044 134 -013 -092° -232°

I ltems with asterisk have a statistically significant Pearson correlation, *p<0.01.2 Food choice
motives are a continuous score ranging from one to five, with a greater score indicating more
importance is placed on the respective motive when making food choices. 3 Food fussiness is a
continuous score from one to five, with a greater score indicating a greater tendency to be a fussy
or picky eater. 4 Food sustainability knowledge is a continuous score from one to three with a
greater score indicating greater knowledge related to the environmental impact of food.
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Table A.2 Consumption and liking of meat and other protein-rich food groups in older adults by

country
Finland Poland Spain Netherlands UK pvalue
(n=500) (n=500) (n=500) (n=500) (n=500) my?)
Consumption
Cooked meat (g/d) 350+334° 256+27.8° 337+296° 37.6+281° 321+282% <0.001(0.09)
Frequency (d/wk)  27+20° 21+16%¢ 21+15¢  36+20° 25+19°  <0001(0.09)
Fish (d/wk) 18+17° 10+11° 20+16° 11+11° 11+10° <0.001(0.09)
Dairy products 3742925  21+22¢ 34427  41+27°  22+26°  <0.001(0.09)
excl. cheese (d/wk)
Eggs (d/wk) 23+23°  18+16° 23+17° 20+18%  16+15° <0001(0.02)
Legumes (d/wk) 06+12° 13+14° 19+14° 16+20° 10+14°  <0001(0.07)
(dN/svtkS)or peanuts 14+22°¢  14+20°  24+24° 19+21°  11+19°¢  <0.001(0.05)
((:'ﬁtk? or noodles 11+16°  14+13° 14+13° 12+12°> 10+10°  <0.001(0.02)
(dp/rv‘jifssed meat 35+26° 33+20° 21+18° 28+23°  16+15° <0001(0.11)
Cheese (d/wk) 49+424°  28+24° 204219  41+24° 244204  <0001(0.19)
g)jv”kt)’based meat  00407. 03+09b¢ 02+408° 04+10° 03+09°° <0001(001)
Liking
ffij;)vea' 40409 40409  40+09  40+10  40+10  0.394(<001)
Lamb (n=2403) 34+11°  36+12° 39+10° 31+41° 39+13° <0.001(0.06)
Pork (n=2449) 39+09°  40+09° 39+09° 36+12° 39+11° <0001(0.03)
Poultry (n=2456)  44+07° 42+08> 41+08° 40+11°¢ 43+09°° <0001(0.03)
Fish or seafood 44+08° 43+10%° 44+07° 41+21° 43+10%° <0.001(0.02)
(N=2449)
ﬁzylb;;jor)”eat 26+09%0 25+09°¢ 28+11° 23+11° 24+10° <0001(0.04)
Dairy (n=2456) 43+08 43+08  43+07  44+07 44407  0441(<001)
Egg (n=2458) 44406 44+08  43+07  43+07 43+08 0059 (<0.01)
(Priigtl’gaf)ed Meat 274107 25+10°° 23+11° 25+13°° 24+412°° <0001(0.01)
Legumes (N=2429)  38+09°  44+08° 44+07° 45+06° 36+11° <0001(0.16)
Nuts or seeds 41+10%°  43+09° 43+08° 42+09° 39+10° <0001(0.02)
(n=2453)
Grain-based
products excl. bread  3.8+0.8°¢ 41+08° 394092 39+10°° 40+082*" <0.001(0.02)
(n=2453)
Bread (n=2464) 45+07° 42+08° 42+07° 42+08°  41+07° <0.001(0.03)

ad Different superscripts indicate significantly different standardized means in each row following
ANOVA post hoc Tukey test at p< 0.01. Partial eta-squared (ny?) indicates the effect size.
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Fig. A.1 Jittered scatterplots of cooked meat consumption frequency and average amount of meat consumed
with warm meal by older consumer segments. Pearson correlations between cooked meat consumption
frequency and average amount of meat consumed with warm meal are r = -0.458, p<0.001 for meat lovers, r =
-0.216, p<0.001 for meat restrainers, and r = 0.177, p<0.001 for meat avoiders. Light grey circle represents
average value.
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MEAT

Meat is not good for my health'

I value animal welfare'

Meat is not good for the environment’

| grew up not eating meat’

People who live with me do not want to eat...

| do not like the taste of meat

Meat is not good value for money’

I do not like meat because of my religion'

P-MS P-MS is not good for my health’

P-MS is not better for animal welfare’

P-MS is not better for the environment’

| grew up not eating P-MS'

People who live with me do not want to eat...

I do not like the taste of P-MS'

Iy

P-MS is not good value for money’

[EnN

2 3 4 5

W Meat lover O Meat restrainer 0 Meat avoider

Fig. A.2 Differences in agreement towards reasons of disliking meat (n=99) and plant-based ‘meat’
substitutes (P-MS) (n=1147) between the older consumer segments. Bars represent means and
lines represent standard deviations. Likert scale ranges from 1=Strongly disagree to 5=Strongly
agree. ! Differences between the segments not significant at p<0.01 from Kruskal-Wallis one-way
t-test. Otherwise, differences between segments significant at p<0.01 from Kruskal-Wallis one-
way t-test.
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Abstract

Background Protein intake greater than the currently recommended amount is
suggested to improve physical functioning and well-being in older adults, yet it is likely
to increase diet-associated greenhouse gas emissions (GHGE) if environmental
sustainability is not considered. Objective: We aimed to identify dietary changes
needed to increase protein intake while improving diet environmental sustainability in
older adults.

Methods Starting from the habitual diet of 1,354 Dutch older adults (56-101 y) from
the Longitudinal Aging Study Amsterdam cohort, mathematical diet optimization was
used to model high-protein diets with minimized departure from habitual intake in
cumulative steps. First, a high-protein diet defined as one providing > 1.2 g protein *
kg body weight! - dayt was developed isocalorically while maintaining or improving
nutritional adequacy of the diet. Second, adherence to the Dutch food-based dietary
guidelines (FBDG) was imposed. Third, a stepwise 10% GHGE reduction was applied.
Results Achieving a high-protein diet aligned with the FBDG without considering
GHGE required an increase in vegetables, legumes, nuts, whole grains, meat/dairy
alternatives, dairy, and eggs and a reduction in total meat (for men only) and
discretionary products, but resulted in 5% increase in GHGE in men and 9% increase
in women. When a stepwise GHGE reduction was additionally applied, increases in
poultry and pork (mainly for women) and decreases in beef/lamb and processed meat
were accrued, with total meat staying constant until a 50-60% GHGE reduction.
Increases in whole grains, nuts, and meat/dairy alternatives and decreases in
discretionary products were needed to lower GHGE.

Conclusions A high-protein diet aligned with FBDG can be achieved in concert with
reductions in GHGE in Dutch older adults by consuming no more than the
recommended 500 g meat per week while replacing beef and lamb and processed
meat with poultry and pork and increasing intake of diverse plant-protein sources.
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1. Introduction

Adequate protein intake is a fundamental prerequisite for muscle protein synthesis and
maintenance of skeletal muscle mass and physical function [1,2], and has been shown to
be especially important for healthy aging [3]. Several metabolic and observational studies
indicate that older adults require a greater protein intake than younger adults for
adequate muscle synthesis and for maintaining physical function [4-7]. Age-related
changes in physiological, psychological, and social factors may upset the balance
between dietary consumption and nutritional requirements, making older adults aged 65
yearsin particular vulnerable to inadequate protein intake [8]. Inadequate protein intake
is one of several determinants of malnutrition and frailty in older adults, increasing the
risk of mortality and comorbidities [8,9]. Currently, the recommended dietary allowance
(RDA) for protein established by the Health Council of the Netherlands (HCN), the
European Food Safety Authority (EFSA), and the World Health Organization (WHO) is
0.8 g protein * kg body weight (BW) 1 - day (d)* for adults, including older adults [10-12].
However, as protein intake above this amount is suggested to better maintain physical
functioning and well-being in older adults aged 65 years and older, a higher RDA of 1.0
to 1.2 g protein - kg BW™ - d* has been proposed by expert groups [2,5,13].

While anincrease in protein intake could potentially support better health in older adults
[14], it presents an environmental concern. The current protein demand and supply
places a substantial burden on the environment, playing a paramount role in
anthropogenic climate change and biodiversity loss, among other negative
environmental effects [15-17]. Animal-based protein in particular plays a pivotal role in
the diet’s overall environmental impact [18]. In Europe approximately 25% of all
greenhouse gas emissions (GHGE) is due to food consumption, with animal-based food
consumption contributing to more than half of the diet’s overall impact [19]. In the
Netherlands, 60% of total protein consumed by community-dwelling older adults is
derived from animal-based sources, of which approximately 50% comes from meat and
dairy[20,21]. In addition to having a large environmental impact, red and processed meat
has been associated with chronic diseases and overall mortality when consumed in high
quantities [22-24]. Shifting towards a more plant-based diet (i.e. shifting the direction of
the animal- to plant-protein ratio from 60:40 towards 50:50 or 40:60) has thus been
recommended by the HCN in their 2015 guidelines for a healthy diet [22,25] and by the
Agriculture and Land Use sector table in the 2019 [26,27]. The need for a more plant-
based diet is also addressed in the Farm to Fork Strategy of the European Green Deal,
which aims to achieve a 50% GHGE reduction by 2030 compared to 1990 levels and
climate neutrality by 2050 [28,29]. Not meeting this target risks increasing global
warming to 1.5°C above pre-industrial levels sometime between 2030 and 2052, which
is predicted to have significant impacts on ecosystems, oceans, biodiversity, and human
health [30].

To meet the suggested higher protein requirement of the aging population and at the
same time improve the environmental sustainability of the diet, it is essential to
customize protein advice for this population [31]. The present modeling study aimed to
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identify dietary changes that deviate least from habitual intake and increase protein
intake in the context of the 2015 Dutch food-based dietary guidelines (FBDG) while
reducing diet-associated GHGE in Dutch community-dwelling older adults.

2. Materials and methods
2.1. Study population and sample

The 2014/2015 Nutrition and Food-Related Behavior ancillary study from the
Longitudinal Aging Study Amsterdam (LASA) provided the study population for this
analysis. LASA is an ongoing cohort study in a representative sample of Dutch
community-dwelling older adults aged 55 years and over living in three geographical
regions in the Netherlands [32,33]. The sample and data collection procedures for the
LASA cohort [34,35] and the Nutrition and Food-Related Behavior ancillary study
[36,37] have been described in detail and are summarized as follows. Dietary intake data
were collected during the Nutrition and Food-Related Behavior ancillary study from
1,439 participants (684 men and 755 women) by means of a food frequency
questionnaire (FFQ) [36-38]. Of the 1,439 participants, 85 participants in total were
excluded in this study due to not fully completing the FFQ (n=19), over-reporting energy
intake according to Willett’s cut off values (>4000 kcal/d for men and >3500 kcal/d for
women) (n=23), and not having a valid measured body weight (n=43) [37,38]. Body
weight was measured during the LASA medical interviews in 2011/2012, 2012/2013,
and 2015/2016 and was averaged across the different measurement periods for each
participant [37]. Data on comorbidity, measured as self-reports of the number of chronic
diseases from a list of seven health conditions [35], and physical activity, measured using
the validated LASA Physical Activity Questionnaire [34], were obtained during the main
interview of the regular LASA waves.

The analytical sample of 1,354 participants (644 men and 710 women) had a mean age
of 69 years, amean body mass index of 27 kg/m?, and a mean physical activity level of 62
MET h/wk. Comorbidities present in the sample include osteoarthritis (48.3%),
hypertension (39.4%), incontinence (25.4%), cardiac disease (21.3%), cancer (15.1%),
chronic non-specific lung disease (12.8%), diabetes mellitus (11.8%), rheumatoid
arthritis (9.9%), peripheral arterial disease (6.3%), and cerebrovascular accident or
stroke (5.7%). Ethical approval for the LASA study and ancillary study was given by the
Medical Ethics Committee of the VU University Medical Center, and all participants
provided written informed consent.

2.2. Dietarydata

Dietary intake data were collected by means of an adapted validated semi-quantitative
FFQ which asked participants how often they consumed various food items in the past
four weeks, as well as how much of the food they normally consumed per occasion
[38,39]. In total 254 food items were included in this analysis, and each food item was
linked to the Dutch Food Composition Table 2011 to calculate nutrient intakes [40].
Furthermore, estimates of nine essential amino acids (EAA), i.e. lysine, methionine,
leucine, isoleucine, threonine, valine, histidine, tryptophan, and phenylalanine, were
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obtained for each food item from the U.S. Department of Agriculture’'s (USDA) food
composition database [41], which is to our knowledge the most comprehensive EAA
database available. When estimates were not available in the USDA database they were
retrieved from the Danish Frida Food Data database [42]. The food items were
aggregated into 25 food groups adapted from the food group classification used for the
Dutch Food Consumption Surveys originally based on EPIC-Soft classification [43]. Food
items comprising of two or more ingredients were classified into respective food groups
based on the recipe calculations used in the FFQ (Supplementary Table 1) [39].

2.3. Environmental data

The environmental impact of the diet is measured using life cycle assessments (LCA) of
three environmental impact indicators, namely GHGE, land use (LU) and fossil energy
use (FEU). LCAs were performed over the entire life cycle of the product, from
cultivation and processing to packing, consumption and final disposal using ReCiPe 2016
Midpoint v1.00 method by Blonk Consultants [44,45]. Environmental impact estimates
were largely obtained from two life cycle inventory databases from Blonk Consultants.
The FFQ food items were first linked with environmental data from the Optimeal®
database, which contains environmental data of 208 commonly eaten food products in
The Netherlands [46]. Food items were matched based on similarities of foods in their
nutritional composition and function as well as production methods as determined by an
LCA expert. Food items that did not have a match in the Optimeal® database were then
matched to food products in a life cycle inventory database developed by Blonk
Consultants in the context of the EU-funded project PROMISS (“PRevention Of
Malnutrition In Senior Subjects in the EU”), which contains environmental data of 94
commonly eaten food products by European older adults. Further, environmental data
for three food items were obtained from the life cycle inventory database from the
Netherlands National Institute for Public Health and Environment [47]. GHGE
expressed in kilograms of carbon dioxide equivalents (kg CO2-eq), LU in square meter
per year (m?*y) and FEU in mega joules (MJ) were calculated per 100g food.

2.4. Diet optimization with quadratic programming

To investigate possible directions for change on the food group level to achieve a high-
protein in the context of the Dutch FBDG while improving the environmental impact of
the diet in older adults, quadratic programming (QP) was conducted. QP is a
mathematical optimization technique that finds an unique combination of variables (e.g.
quantities of food in a diet) to optimize a quadratic objective function, while subject to a
number of linear constraints (e.g. protein requirement) [48]. Whereas most previous
research has approached the challenge of simultaneously meeting nutritional and
environmental goals by using linear programming, which produces large changes in a
limited number of food products, we chose QP because it leads to a wider range of small
changes, making it a more favorable approach to identify realistic changes on the
population level, especially for a vulnerable population like older adults. The modeling
exercise was carried out in several cumulative steps involving the application of
nutritional, acceptability, and progressively stringent environmental constraints. The
steps and constraints are described below and shown in Table 1. Optimizations were
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performed using diet optimization software Optimeal® 3.0 (Blonk Consultants, Gouda,
the Netherlands) [49] and were done for men and women separately as men and women
have been found to have different eating patterns [50,51], which may lead to different
dietary changes to reach the modeling objectives described below.

Table 1 Nutritional, environmental and acceptability constraints applied during diet optimizations
for Dutch older adults ?

Lower constraint Upper constraint Reference
Step 1: High-protein diet (PROT)
Nutritional constraints ?
Energy (kcal/d) mean HAB mean HAB
Protein (g-kg body weight*:d?) 1.2 - [2,52]
SFA (g/d) - mean HAB [54]
MUFA (g/d) mean HAB - [54]
PUFA (g/d) mean HAB - [54]
Fiber (g/d) mean HAB or 25 - [54]
DHA+EPA (mg) mean HAB or 250 - [54]
Folate equivalents (ug/d) mean HAB or 300 1000 [53]
Vitamin C (mg/d) mean HAB or 75 - [53]
Calcium (mg/d) mean HAB or 1200 2500 [53]
Iron (mg/d) mean HABor 11 25 [53]
Acceptability constraint
Food items (g/d) - 95" percentile ° [58]
Step 2: Step 1 + Dutch FBDG (+PROT)
Food groups
Vegetables (g/d) 200 - [22]
Fruit (g/d) 200 - [22]
Whole grains (g/d) 90 - [22]
Nuts (g/d) 14.3 - [22]
Fish (g/d) - 14.34 [22]
Meat (g/d) - 714> [55]
Red meat (g/d) - 4296 [55]
Processed meat (g/d) - mean HAB [22]
Warm savory snacks (g/d) - mean HAB
Sweets (g/d) - mean HAB [22]
Sugar-sweetened beverages (g/d) mean HAB [22]

Step 3: Step 2 + reduction on GHGE (+PROT-GHGE)
Environmental constraint
Stepwise 10%
GHGE (kgCO2-eq/d) reduction from level -
in mean habitual diet

1 Mean habitual intakes of the respective nutrients, food items, and food groups are calculated for men
and women separately. The constraints applied in each step are in addition to the constraints applied in
the prior step(s). 2 When the mean habitual intake of a nutrient was above the dietary reference intake
(DRI) of that nutrient, the DRI defined by the Health Council of the Netherlands (HCN) [53] or the
European Food Safety Authority [54] (if not defined by the HCN) was used. ¢ Non-consumers excluded.
4 Equivalent to about 1 serving (100g) of fish a week. > Equivalent to the recommended maximum 500g
meat per week. ¢ Equivalent to the recommended maximum 300g red meat per week. Abbreviations:
DHA+EPA docosahexaenoic acid and eicosapentaenoic acid; FBDG food-based dietary guidelines;
GHGE greenhouse gas emissions; kg CO,-eq/d kilograms of carbon dioxide equivalents per day; HAB
habitual intake; MUFA monounsaturated fatty acids; PROT high-protein diet; +PROT high-protein diet
aligned with the Dutch food-based dietary guidelines; +PROT-GHGE high-protein diets aligned with the
Dutch food-based dietary guidelines accounting for greenhouse gas emissions; PUFA polyunsaturated
fatty acids; SFA saturated fatty acids.
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2.4.1. Nutritional constraints

Starting from the mean habitual diet (HAB) of older men and women, high-protein diets
(PROT), defined as one providing > 1.2 g protein * kg BW™ - d1 [2,52], were modeled
isocalorically to identify compositional changes in the diet needed to achieve a higher
protein intake. To ensure that the nutritional adequacy of the diet did not worsen and
had room to improve, micronutrients, fiber and fatty acids were minimally constrained
and saturated fatty acid was maximally constrained to the mean habitual sub-population
intake. When the mean habitual intake of a nutrient was above the dietary reference
intake (DRI) of that nutrient, the recommended intake defined by the HCN [53] or EFSA
[54] (if not defined by the HCN) was used as the lower constraint.

Building on the high-protein diets (PROT) of men and women separately, high-protein
diets aligned with the 2015 Dutch FBDG (+PROT) were modeled [22,55]. A lower
constraintwas set for vegetables, fruit, whole grains, and nuts equal to the recommended
daily intake while an upper constraint was set for meat and red meat equal to the
respective recommended weekly intake. While the Dutch FBDG advises to limit
consumption of processed meat, sweets, savory snacks, and sugar-sweetened
beverages, there is no maximum consumption boundary suggested for these food groups
[22] and therefore an upper constraint equal to the respective mean habitual sub-
population intake was established to prevent increases in these food groups.

When it comes to fish, the Dutch FBDG recommends eating one serving of fish,
preferably oily, per week [22]. While consuming more than one weekly serving of fish
may provide additional health benefits, it poses a threat to fish stocks and marine
biodiversity [56]. Therefore we set an upper constraint to one serving of fish per week.
As other diet optimization studies often conclude that higher fish intake is needed to
meet nutritional requirements as well as lower diet-associated GHGE [51], we
conducted a sensitivity analysis with a lower constraint applied to fish intake to at least
one serving per week (results presented in Supplementary Fig. 1).

2.4.2 Environmental constraints (+PROT-GHGE)

Building on the high-protein diets aligned with the Dutch FBDG (+PROT), the diets were
further modeled for increasingly stringent reductions on GHGE (see Table 1). The
+PROT diet was first constrained to have the same GHGE value as the habitual diet
(+PROT-GHGE-0%), then was subjected to a 10%-stepwise decrease in GHGE (i.e.
+PROT-GHGE-10%, +PROT-GHGE-20%, +PROT-GHGE-30%, etc.) [51,57]. The
maximum number of 10%-reduction steps was reached when no diet solution could be
achieved with a further 10% GHGE reduction. In other words, a maximum GHGE
reduction was reached when an additional 10% GHGE reduction was not feasible given
the model parameters (i.e. food items, constraints, and objective function).
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2.4.3 Acceptability constraints

To attain realistic dietary changes, food item quantities were constrained to an upper
limit equal to the 95 percentile of the habitual intakes of consumers, calculated for men
and women separately [58]. An upper limit for organ meat was set to the mean habitual
intake per sex because only a small percentage of the sample consumed organ meat (23%
male and 17% female older adults). Additionally, a lower limit for the food group fats/oils
was set to the 51" percentile of the habitual intakes of consumers. In preliminary analyses
fats/oils were removed from the diet with GHGE reductions > 50%, which we deemed
culturally unacceptable.

2.4.4. Objective function

The objective function of the model ensured that the modeled diet stayed closest to the
habitual diet when subjected to the aforementioned nutritional, environmental and
acceptability constraints. The objective function f was minimized:

f= Z(xi* —x)?. Equation 1
i=1

where i is a food item, n is number of available food items, x; is the value in grams of food
itemiinthereference diet of the sub-populations and x; is the value in grams of the same
food item in the modeled diet.

2.5. Dataanalysis

Descriptive statistics were conducted to describe the content of nutrients,
environmental impact, and quantities of food groups of the mean habitual diet (HAB) and
modeled diets (PROT, +PROT, and +PROT-GHGE diets) for older men and women
separately. To assess the acceptability of the modeled diets, departure from the mean
habitual diet in terms of absolute change in mean intake of food groups
(@bsAtooq groups: M = 25) and food items (absArpoq itemss M = 254) (in %) was calculated.
Diets similar to the mean habitual diet in terms of diet composition, i.e. diets with minimal
departure were considered culturally acceptable and feasible, while diets with larger
departure from the mean habitual diet were considered to have greater risk of lower
acceptability [57]. Based on the formula used by Perignon et al. [57], we calculated the
absolute departure from mean habitual intake by:

1 = X —x; '
abSAfood groups— EZ ABS " ) Equation 2
= X
}254
1 X =X .
abSAfOOd items™= m Zl ABS x—l* , Equation 3
=

where j is the 25 food groups and i is the 254 food items, ABS refers to the absolute
value, x is the observed quantity in the reference diet and x* is the quantity in the
modeled diet. Taking into account the Dutch and European climate goals [26,27], we
describe the dietary changes needed to achieve a 50% GHGE reduction. We then
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assessed whether these changes would be acceptable by discerning the diets’ departure
from the mean habitual diet as established by Equation 2 and Equation 3 [57].

3. Results
3.1. Total protein content and GHGE of habitual and modeled diets

The habitual diet provided 1.02 g protein - kg BW! - d"! for men and 1.00 g protein - kg
BW--d*for women. Protein content of the diet needed to increase by 16% for men and
20% for women to reach the 1.20 g protein - kg BW* - d"* goal. The GHGE of the habitual
diet was 6.81 kg CO2-eq/d for men and 5.68 kg CO2-eq/d for women. Achieving a high-
protein diet, whether aligned with the food-based dietary guidelines (+PROT) or not
(PROT), implied higher diet-associated GHGE. A change from the habitual diet to the
high-protein diet resulted ina 12% increase in GHGE for men and 14% for women, while
a change from the habitual diet to the high-protein diet aligned with the food-based
dietary guidelines resulted ina 5% and 9% GHGE increase. For the +PROT-GHGE diets,
the maximum attainable GHGE reduction in the diet modeling exercise was 80% GHGE
reduction for both men and women.

3.2. Changes infood group quantities from the habitual diet to modeled diets

The changes in food group quantities from habitual diet to the high-protein diet, the high-
protein diet aligned to the food-based dietary guidelines, and the high-protein diet
aligned to the food-based dietary guidelines with a 50% GHGE reduction are shown in
Figure 1. The stepwise changes in food group quantities from habitual diet to modeled
diets is similar for men and women (Supplementary Fig. 2). For both sexes, achieving a
high-protein diet without taking the guidelines or environmental impact into account
(PROT) implied an increase in all meat products (besides organ meat), fish, cheese, eggs,
legumes, nuts, meat/dairy alternatives, and savory snacks, and a decrease in fats/oils and
discretionary products including dressing/sauces and sweets. Taking the food-based
dietary guidelines into account (+PROT) resulted in increases from the habitual diet in
vegetables and fruit (men only) and stronger increases in cheese, eggs, nuts, and
meat/dairy alternatives than from the habitual diet to PROT. As men had a habitually
higher meat intake than what is recommended in the guidelines, total meat needed to
decrease by 29% from the habitual diet to +PROT. The habitual intake of meat among
women, on the other hand, was already aligned with the food-based dietary guidelines.
Fish was reduced from the habitual diet to +PROT by 36% for men and 33% for women
to the established upper constraint of one serving per week.

Achieving a high-protein diet aligned with the food-based dietary guidelines while
meeting the Dutch and European GHGE reduction goal of 50% did not induce
substantial changes in total meat from the recommended limit of 500 g/d (it reduced to
482 g/d for women) but required the removal of beef and lamb from the diet as well as a
reduction of processed meat and pork and anincrease in poultry for both sexes. Although
total meat quantity remained relatively constant, the GHGE impact of meat reduced due
to the partial substitution of beef and lamb and processed meat with poultry and pork
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(Supplementary Fig. 3). While the quantity of cheese hardly changed for men (4% above
habitual intake), it needed to be reduced by 36% below habitual intake for women. For
both sexes, moderate increases in whole grains (20-30%) and legumes (14%) and
substantial increases in nuts (250-310%), and meat/dairy alternatives (190-250%) were
needed, as well as substantial reductions in fats/oils (70-80%), dressings/sauces (30-
40%), and sweets (60-70%) for both sexes.

3.3. Diet properties and protein type and quality

The habitual intakes of dietary fiber, omega-3 fatty acids (DHA+EPA), folate, and calcium
were below the DRI but the habitual intake of vitamin C exceeded the DRI in both men
and women (Supplementary Table 2). While the habitual intake of iron was above the DRI
for men, it was below for women. For both sexes, achieving a high-protein diet with or
without taking the food-based dietary guidelines into account resulted in increases in
quantities of several nutrients. Although intake levels of DHA+EPA increased above the
DRI from HAB to PROT, it remained at habitual intake levels for +PROT and subsequent
+PROT-GHGE diets with an exceptional spike at 50% and 60% GHGE reduction levels
due to highincreases in poultry. Applying a progressive GHGE reduction led to nutrients
fluctuating above and below the DRI, with fiber and calcium remaining below the DRI for
women in most modeled diets. The diet weights in terms of dry matter in the modelled
diets were higher relative to the habitual diet except for PROT, and subtly increased with
greater GHGE reductions.

When increasing protein intake is the main goal and neither the food-based dietary
guidelines nor GHGE are considered, the ratio of animal- to plant-based protein
increased from 60:40 (HAB) to 65:35 (PROT) in men and 61:39 (HAB) to 66:34 (PROT)
in women (Figure 2). Taking the food-based dietary guidelines into account produced a
trifling decrease in the animal- to plant-protein ratio from the habitual diet. A progressive
reduction in GHGE resulted in small but cumulative reductions in the animal- to plant-
based protein ratio. It was only with a >50% GHGE reduction when plant-protein
contributed to more than 50% of total proteinintake for both sexes. The animal-to plant-
protein ratio of +PROT-GHGE-50% was 49:51 for both sexes, which is close to the
50:50 ratio recommended by the Netherlands Nutrition Center [25]. The +PROT-
GHGE-50% required an increase in the contribution to total protein from poultry,
vegetables (only for men), whole grains, nuts, and meat/dairy alternatives and a
decreased from beef and lamb, pork, processed meat, fish, milk and milk products, cheese
(only for women), potatoes (only for men), and sweets (Supplementary Fig. 3).
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Figure 1 Percent change in food group quantities from habitual diet to high-protein diet, high-
protein diet aligned with the Dutch food-based dietary guidelines, and high-protein diets aligned
with the Dutch food-based dietary guidelines accounting for a 50% greenhouse gas emission
reduction in older Dutch men (A, n=644) women (B, n=710) aged 56-101y. Abbreviations: GHGE
greenhouse gas emissions; HAB habitual diet; PROT high-protein diet; +PROT high-protein diet
aligned with the Dutch food-based dietary guidelines; +PROT-GHGE-50 high-protein diet aligned
with the Dutch food-based dietary guidelines with 50% GHGE reduction; SSB sugar-sweetened
beverages; WatCofTea Water coffee tea.
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Using the quantity of nine EAA as a proxy for protein quality, the modeled diets generally
led to improvements in protein quality relative to the habitual diet (Figure 3). At a 50%
GHGE reduction, only lysine slightly fell below habitual levels. Protein quality became
compromised with a >50% GHGE reduction, when quantities of lysine, methionine,
threonine, isoleucine, leucine, valine, and histidine fell below habitual intakes for both
sexes. The reduction in quantities of seven EAA coincides with the dominance of plant-
based protein sources in the diet, as illustrated in Figure 2.
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Figure 2. Contribution of animal protein and plant protein to total daily protein intake in the
habitual diet, high-protein diet, high-protein diet aligned with the Dutch food-based dietary
guidelines, and high-protein diets aligned with the Dutch food-based dietary guidelines accounting
for greenhouse gas emissions in older Dutch men (A, n=644) and women (B,n=710) aged 56-101y.
The percentage on the +PROT-GHGE diets is the percent reduction in GHGE applied to the diet.
Abbreviations GHGE greenhouse gas emissions, HAB habitual diet, PROT high-prtoein diet,
+PROT high-protein diet aligned with the Dutch food-based dietary guidelines, +PROT-GHGE
high-protein diets aligned with the Dutch food-based dietary guidelines accounting for
greenhouse gas emissions. Abbreviations: GHGE greenhouse gas emissions; HAB habitual diet;
PROT high-protein diet; +PROT high-protein diet aligned with the Dutch food-based dietary
guidelines; +PROT-GHGE high-protein diets aligned with the Dutch food-based dietary guidelines
accounting for greenhouse gas emissions.
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Figure 3. Percent change in essential amino acids from habitual diet to high-protein diet, high-protein
diet aligned with the Dutch food-based dietary guidelines, and high-protein diets aligned with the Dutch
food-based dietary guidelines accounting for greenhouse gas emissions in older Dutch men (A, n=644)
and women (B, n=710) aged 56-101y. The percentage on the +PROT-GHGE diets is the percent
reduction in GHGE applied to the diet. Abbreviations: GHGE greenhouse gas emissions; HAB habitual
diet; PROT high-protein diet; +PROT high-protein diet aligned with the Dutch food-based dietary
guidelines; +PROT-GHGE high-protein diets aligned with the Dutch food-based dietary guidelines
accounting for greenhouse gas emissions.
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3.4. Environmental impact of the habitual and modeled diets

PROT led to higher diet-associated LU and FEU compared to HAB diet, much alike to
GHGE (Figure 4). Taking the FBDG into account resulted in LU and FEU levels similar to
those in the habitual diet for men and slightly higher levels than those in the habitual diet
for women. A progressive reduction in GHGE resulted in a corresponding progressive
reduction in LU and FEU of the diet. While LU decreased in a linear-like fashion similar
to GHGE, FEU decreased in a more geometric-like fashion. The FEU remained close to
habitual levels up to and including a 40% GHGE reduction, and substantially reduced
with >50% GHGE reduction.
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Figure 4. Percent change in greenhouse gas emissions, land use and fossil energy use from the
habitual diet to high-protein diet, high-protein diet aligned with the Dutch food-based dietary
guidelines, and high-protein diets aligned with the Dutch food-based dietary guidelines accounting
for greenhouse gas emissions in older Dutch men (A, n=644) and women (B,n=710) aged 56-101y.
The percentage on the +PROT-GHGE diets is the percent reduction in GHGE applied to the diet.
Abbreviations HAB habitual diet, PROT high-prtoein diet, +PROT high-protein diet aligned with
the Dutch food-based dietary guidelines, +PROT-GHGE high-protein diets aligned with the Dutch
food-based dietary guidelines accounting for greenhouse gas emissions. Abbreviations: FEU fossil
energy use; GHGE greenhouse gas emissions; HAB habitual diet; kg CO2-eq/d kilograms of carbon
dioxide equivalents per day; LU land use; m2*y/d square meter per year per day; MJ/d mega joules
per day; PROT high-protein diet; +PROT high-protein diet aligned with the Dutch food-based
dietary guidelines; +PROT-GHGE high-protein diets aligned with the Dutch food-based dietary
guidelines accounting for greenhouse gas emissions.

3.5. Acceptability of the modeled diets

PROT was most similar to the habitual diet in terms of diet composition, i.e. it resulted in
the smallest departure from HAB on the food group and food item levels (Figure 5).
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+PROT resulted in a greater departure from the habitual diet, approximately two times
greater than that of PROT. Imposing an additional constraint for GHGE did not induce
substantial changes in absolute departure compared to that of +PROT until >50% GHGE
reduction. A GHGE reduction higher than 50% resulted in a considerably larger
departure from HAB in food quantities on both the food group and food item levels,
having a higher risk of lower cultural acceptability.
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Figure 5. Absolute mean departure on food group level and food item level from habitual diet (HAB)
to high-protein diet (PROT), high-protein diet aligned with the Dutch food-based dietary
guidelines (+PROT), and high-protein diets aligned with the Dutch food-based dietary guidelines
accounting for greenhouse gas emissions (+PROT-GHGE) in older Dutch men (n=644) and women
(n=710) aged 56-101y. The percentage on the +PROT-GHGE diets is the percent reduction in
GHGE applied to the diet. Abbreviations: HAB habitual diet, PROT high-protein diet, +PROT high-
protein diet aligned with the Dutch food-based dietary guidelines, +PROT-GHGE high-protein
diets aligned with the Dutch food-based dietary guidelines accounting for greenhouse gas
emissions.
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4. Discussion

A potentially new RDA for healthy older adults of 1.2 g protein - kg BW™ - d* could lead
to netincreases (5-14%) in GHGE of the diet if environmental sustainability is not taken
into account. To meet a potential higher protein recommendation and simultaneously
improve the environmental sustainability of the diet in older adults, it is essential to pay
particular attention to the origin of protein when customizing protein advice for this
population. This diet optimization study shows that a high-protein diet aligned with the
Dutch FBDG and with a 50% GHGE reduction can be achieved while still eating an ample
amount of meat (500 grams per week), mainly by replacing beef and lamb and processed
meat with mainly poultry and some pork. Anincrease in the contribution of plant-protein
from whole grains, legumes, nuts, and meat/dairy alternatives to total protein is needed
tomeet older adults’ high protein demand in the context of the FBDG and environmental
constraints. The results suggest that a reduction in diet-associated GHGE up to and
including 50% are potentially feasible and culturally acceptable, yet changes needed to
meet more stringent GHGE reductions (>50%) risk being unacceptable due to the
substantially higher departures as well as due to compromised protein quality.

The findings of the present paper are consistent with previous modeling studies that
addressed the underlying challenge of simultaneously achieving a healthy and
sustainable diet, supporting the need to shift away from environmentally intensive meats
and energy-dense, nutrient-poor foods towards less environmentally intensive meats
and more nutrient-rich plant foods [51,57,59]. Our results show that when the ratio of
animal- to plant-protein becomes equal or flips to one favoring plant-protein sources,
lysine, methionine, leucine and several other EAA become compromised, which is due to
the lower content of these EAA in plant-based sources compared to animal-protein
sources [60,61]. Findings from a recent trial in healthy older women suggest that
adequate intake of particular amino acids, rather than total protein, may be important for
the maintenance of skeletal muscle mass and function, pointing to the importance of
leucine [62]. While bioavailability of protein and other nutrients was outside the scope
of this study, it is a concern for shifting towards a more sustainable plant-based diet.
However, it was previously shown in a French modeling study that there is enough
diversity in the diet to ensure the quality of protein and other key nutrients despite
smaller quantities of animal products in the diet [63].

Despite slight nutritional improvements after imposing constraints on food groups
aligned with the FBDG, the food group constraints did not necessarily lead to a
nutritionally adequate diet, with most of the modeled diets being compromised in
DHA+EPA for both sexes, and in fiber and calcium for women. However, given that the
nutrient profile of the modeled diets were maintained or improved relative to the
habitual diet, the dietary changes found in this study indeed deliver a nutritional
advantage. Similar to our findings, Salomé et al. [64] found that a higher consumption of
diverse plant-protein sources including whole grains, legumes, nuts, and vegetables was
associated with higher probabilities of adequacy of vitamin C and folate but lower
probabilities of adequacy for DHA+EPA, calcium, and iron, underscoring the importance
of animal-based protein sources for adequate intake of these nutrients.
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The results of our sensitivity analysis support previous linear programming studies,
which have found that fish needed to be increased to make the diet nutritionally
adequate and more environmentally sustainable [50,51,57,59]. When a minimum rather
than a maximum constraint on fish was placed, adequate levels of DHA+EPA were met
in the modeled diets (results not shown). Particularly fatty wild caught fish types are
favored as their high content of omega-3 fatty acids and protein make it a desirable
component of a healthy diet, and its relatively low impact on GHGE make it favorable in
GHGE-restricted diets [65]. Nevertheless, there is a need to consider a maximum
consumption of fish beyond which there are few health gains. Eating more fish than what
is needed for health could have unintended consequences on the environment beyond
climate change, such as overfishing and aquatic biodiversity loss which are not captured
by GHGE or in LCA in general [66]. To meet the HCN recommendation on DHA+EPA
consumption with limited negative environmental effects, Hollander et al. [67] found
that consumption of fish by-catch and discards is needed (by-catch being unwanted fish
caught with the primary target species of a fishery and discards being unwanted fish
caught with the primary target species of a fishery, but are usually discarded due to
having little economic value). Plant-based sources of DHA+EPA, such as seaweed and
algae, may be another solution for a sustainable source of DHA+EPA aswell as of protein,
yet such innovative products are not yet part of the current habitual Dutch diet and thus
were not included in this modeling study.

This study found that synergies exist between GHGE and other environmental impacts,
namely LU and FEU, yet a >50% GHGE reduction was needed to bring FEU below the
habitual FEU level. An explanation of the delayed decline of FEU of the high-protein diets
aligned with the FBDG and with < 50% GHGE reduction is the relative high quantities of
poultry and persistence of milk and milk products, cheese, and eggs in the diet, which all
experienced a reduction with >50% GHGE reduction.

This study has some strengths and limitations. Compared with other modeling studies
[51,57,59], we used three markers of diet sustainability, namely GHGE, LU, and FEU, and
used environmental impact data that were consistently calculated over the entire life
cycle of the product. While this study used only GHGE as an environmental constraint to
have a clear environmental target aligned with Dutch and European climate goals, it
showed that synergies exist between GHGE and the other environmental indicators.
Despite this strength, there are many more markers of environmental sustainability (e.g.
water footprint, eutrophication), as well as non-environmental sustainability dimensions
including animal welfare and diet affordability [68], which were outside the scope of this
study. A limitation of this study is that the modeled diets were not nutritionally adequate
for three nutrients that were considered in this study, suggesting further improvements
could be achieved by taking nutritional quality into account. Not applying constraints for
nutritional adequacy may have influenced the modeling exercise to undervalue animal-
protein sources as they supply essential fatty acids and nutrients, and perhaps overvalue
food products which may contain significant amount of sodium, like cheese and
meat/dairy alternatives. Generalizability of results to older adults in other countries is
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limited as cultural differences are likely to produce different starting diets, and variations
in production systems or regions can lead to different environmental estimates of the
food products [69].

This study addresses two societal challenges confronting many parts of the world:
meeting the protein requirement of a growing older population and meeting this need
within environmental limits. The dietary changes identified in this study can start the
discussion on how to increase protein intake in an environmentally sustainable way in
older adults. We showed that a 50% GHGE reduction is possible with meat and other
animal-based protein sources remaining in the diet, but that a change in meat type is
needed to keep the diet within sound environmental limits. Increasing plant-protein from
whole grains, legumes, nuts, and meat/dairy alternatives also contributed to improved
protein quantity and quality for Dutch community-dwelling older adults within
environmental limits.
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Supplementary Material

Supplementary Figure 1 Percent change in food group quantities from the habitual diet to a high-
protein diet, high-protein diet aligned with the Dutch food-based dietary guidelines (with a
minimum constraint of one serving of fish per week), and high-protein diets aligned with the Dutch
food-based dietary guidelines accounting for greenhouse gas emissions in older Dutch men (A-C,
n=644) and women (D-F,n=710) aged 56-101y. The percentage on the +PROT-GHGE diets is the
percent reduction in GHGE applied to the diet. Panels A and C include protein-rich food groups
derived from animals, Panels B and E include protein-rich food groups derived from plants, and
Panels C and F include other food groups. Bars in panels B and E for the food group meat/dairy
alternatives for +PROT-GHGE-70% and -80% were truncated in figure. Abbreviations: GHGE
greenhouse gas emissions, HAB habitual diet, PROT high-prtoein diet, +PROT high-protein diet
aligned with the Dutch food-based dietary guidelines, +PROT-GHGE high-protein diets aligned
with the Dutch food-based dietary guidelines accounting for greenhouse gas emissions; SSB sugar-
sweetened beverages.
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Supplementary Figure 2 Percent change in food group quantities from the habitual diet to a high-
protein diet, high-protein diet aligned with the Dutch food-based dietary guidelines, and high-
protein diets aligned with the Dutch food-based dietary guidelines accounting for greenhouse gas
emissions in older Dutch men (A-C; n=644) women (D-F, n=710) aged 56-101y. The percentage
on the +PROT-GHGE diets is the percent reduction in GHGE applied to the diet. Panels A and D
include protein-rich food groups derived from animals, Panels B and E include protein-rich food
groups derived from plants, and Panels C and F include other food groups. Bars in panels B and E
for the food group meat/dairy alternatives for +PROT-GHGE-70% and -80% were truncated in
figure. Abbreviations: GHGE greenhouse gas emissions, HAB habitual diet, PROT high-prtoein
diet, +PROT high-protein diet aligned with the Dutch food-based dietary guidelines, +PROT-
GHGE high-protein diets aligned with the Dutch food-based dietary guidelines accounting for
greenhouse gas emissions; SSB sugar-sweetened beverages.
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Supplementary Figure 3 Contribution of the food groups to total protein intake (g/d) and GHGE
(kg CO2eq/d) in the habitual diet (HAB) and the high-protein diet aligned with the Dutch food-
based dietary guidelines accounting for a 50% GHGE reduction in older Dutch men (M, n=644)
and women (W, n=710) aged 56-101y. For clarity purposes, values < 1 g protein and < 0.05 kg
CO2-eq are not shown. Abbreviations: GHGE greenhouse gas emissions; HAB habitual diet; M
men; +PROT-GHGE-50% high-protein diet aligned with the Dutch food-based dietary guidelines
with a 50% GHGE reduction; W women.
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Supplementary Table 1 Habitual intake of 254 food items of older Dutch men (M, n=644) and
women (W, n=710) aged 56-101y, assessed using a validated food frequency questionnaire during
the LASA side study Nutrition and Food-Related Behavior study.

. IntakeM  IntakeW  Portion
Food item Food group &d) &d) size (@
Muesli, cruesli Whole grains 50 5.1 10
Porridge Whole grains 2.0 1.5 6
Cornflakes or other cereal Refined grains 0.5 0.6 4
Full-fat milk with breakfast Dairy except cheese 1.2 0.7 34
Skim milk, buttermilk for breakfast Dairy except cheese 2.1 2.0 47
Soy milk/yogurt for breakfast Meat/dairy alternative 3.3 37 21
Yogurt full-fat Dairy except cheese 40 3.3 21
Yogurt half-fat Dairy except cheese 40 6.8 21
Yogurt skim Dairy except cheese 4.7 7.1 21
Yogurt/quark with fruit for breakfast Dairy except cheese 20 1.0 21
Sweets added with breakfast Sugar and confectionary 1.2 0.8 14
Breakfast drink prepared Dairy except cheese 3.3 2.3 200
Rusks, crackers, etc. light Refined grains 1.1 1.5 10
Rusks, crackers, etc. dark Whole grains 3.1 44 10
Croissants Refined grains 2.2 1.0 62
Bread rolls white Refined grains 43 20 47
Bread rolls brown/corn Whole grains 3.3 2.3 49
Bread rolls whole wheat Whole grains 2.2 0.8 50
Bread rolls grain Whole grains 1.8 1.3 49
Bread rolls with dried fruit and muesli Refined grains 2.6 1.7 50
Bread white Refined grains 6.8 32 30
Bread brown/wheat/ corn Whole grains 28.5 18.1 35
Bread brown whole wheat Whole grains 38.3 345 35
Bread grain with seeds average Whole grains 315 27.1 35
Bread with dried fruit and muesli Refined grains 57 4.7 38
Bread rye Whole grains 7.6 58 41
Breakfast cookie Refined grains 48 6.3 21
Butter with herbs/garlic Fats/oils 2.6 2.4 6
Butter half-fat Fats/oils 0.6 0.9 6
Spread extra light Fats/oils 0.7 0.7 6
Halvarine diet Fats/oils 54 4.9 6
Halvarine/light margarine Fats/oils 6.8 4.6 6
Margarine in package Fats/oils 0.2 0.2 6
Margarine in tub Fats/oils 2.8 1.4 6
Margarine diet Fats/oils 3.0 27 6
Hard Dutch Cheese 48+ or 40+ Cheese 17.5 15.0 23
Hard Dutch Cheese 20+ or 30+ Cheese 8.4 7.5 23
Cheese spread 40+ or 48+ Cheese 1.5 0.8 23
Cheese spread 20+ or 30+ Cheese 0.6 22 23
Cream cheese with herbs Cheese 0.2 0.6 23
Other cheese Cheese 0.8 1.8 23
Liver products Organ meat 2.5 14 14
Meat ham, chicken fillet, smoked meat, roast
beef, fricandeau and the like. Processed meat 7 >/ 14
Meat products cervelat sausage, bacon, Processed meat 50 15 14
bacon, luncheon meat and the like.

Meat products luncheon meat, corned beef,

roast minced meat, cooked sausage and the Processed meat 3.3 1.1 14
like.

Meat products vegetarian Meat/dairy alternatives 0.1 0.1 14
Meat products excluding liver products Processed meat 06 07 14
average

Peanut butter Nuts 3.1 2.0 15
Chocolate sandwich filling Sugar and confectionary 4.4 30 15
Sweet sandwich filling Sugar and confectionary 8.4 8.1 18
Sandwich spread Condiments and sauces 0.3 04 15
Fish salad for lunch/snack 37% Fish and shellfish 1.3 12 30

63% Condiments and sauces
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. IntakeM  IntakeW  Portion
Fooditem Food group @) (@ size (@)
Salad other for lunch/snack 9% Vegetables 0.8 1.0 30

5.5% Poultry

5.5% Pork

34% Egg

46% Condiments and sauces
Egg cooked average Egg 154 15.5 50
Milk full-fat Dairy except cheese 8.5 8.6 200
Milk skim Dairy except cheese 5.8 10.5 200
Buttermilk Dairy except cheese 41.5 52.2 200
Soy milk Meat/dairy alternative 4.1 3.6 200
Drink yogurt with sweetener Dairy except cheese 10.8 7.2 200
Drink yogurt with less sugar Dairy except cheese 22 2.8 200
Drink yogurt with sugar Dairy except cheese 3.1 1.0 200
Milk and fruit Dairy except cheese 2.1 0.5 200
Dairy drink with fruit flavor other Dairy except cheese 1.8 1.6 200
Chocolate milk full-fat Dairy except cheese 3.0 2.8 200
Chocolate milk half-fat Dairy except cheese 6.8 52 200
Chocolate milk skim Dairy except cheese 2.3 1.0 200
Chocolate milk from dispenser Dairy except cheese 0.7 0.8 200
Soy milk diverse flavors Meat/dairy alternative 0.2 1.4 200
Pudding, bavarois, mousse Dairy except cheese 4.5 4.4 150
Custard Dairy except cheese 194 14.1 150
Yogurt/quark full-fat Dairy except cheese 8.1 114 150
Yogurt/quark half-fat Dairy except cheese 13.8 135 150
Yogurt/quark skim Dairy except cheese 10.1 170 150
Yogurt/quark with fruit full-fat Dairy except cheese 2.3 2.1 150
Yogurt/quark with fruit/vanilla half-fat Dairy except cheese 9.3 11.5 150
Yogurt/quark with fruit skim Dairy except cheese 4.9 7.8 150
Yogurt/quark with fruit with sweetener Dairy except cheese 0.5 04 150
Soy dessert/yogurt/ice Meat/dairy alternative 0.7 2.9 150
Sweetener for dessert Sugar and confectionary 1.6 1.6 14
Ice cream milk Sugar and confectionary 4.5 34 40
Ice cream water Sugar and confectionary 0.4 0.4 40
Whipped cream Dairy except cheese 0.9 0.8 10
Soup with pulses/legumes 25% Legumes 155 9.6 225

75% Soup and bouillon
Soup other Soups, bouillon 474 417 225
Pizza 21% Vegetables 8.6 4.9 375

12% Cheese

54% Refined grains

8% Processed meat

2% Fish and shellfish

3% Condiments and sauces
Pancakes Refined grains 57 37 82
Pasta white, bami Refined grains 21.3 13.7 188
Whole wheat pasta cooked Whole grains 8.7 7.5 188
Rice white, nasi Refined grains 14.0 8.3 163
Rice brown, other grain Whole grains 8.0 7.0 163
Pulses/legumes Legumes 15.0 12.6 179
Fries/potato dish prepared Potatoes 3.6 22 132
Fried/potato fish fried at home Potatoes 6.1 35 132
Fried/potato fish prepared in oven at home Potatoes 2.0 1.6 132
Potatoes cooked, baked, puree Potatoes 922 65.0 157
Eggplant cooked Vegetables 1.8 1.8 166
Courgette cooked Vegetables 37 5.1 166
Onion, leek warm Vegetables 5.7 6.4 166
Tomato warm Vegetables 171 24.3 166
Paprika warm Vegetables 11.9 13.7 166
Cauliflower cooked Vegetables 10.0 9.9 166
Broccoli cooked Vegetables 8.0 9.8 166
Carrots warm Vegetables 10.5 12.5 166
Peaswarm Vegetables 6.3 5.5 166
Green beans warm Vegetables 14.5 13.8 166
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. IntakeM  IntakeW  Portion
Fooditem Food group ©) (@ size (@)
Garden beans warm Vegetables 2.6 24 166
Brussel sprouts cooked Vegetables 7.2 7.8 166
Spinach warm Vegetables 7.8 7.6 166
Other vegetables warm Vegetables 135 16.9 166
Lettuce raw Vegetables 3.4 3.5 0
Carrots raw average Vegetables 22 2.5 1
Cabbage varieties raw Vegetables 1.5 1.1 1
Cucumber raw Vegetables 6.3 8.0 2
Onion, spring onion raw Vegetables 2.7 3.0 1
Tomato raw Vegetables 9.2 120 2
Other vegetables raw Vegetables 32 37 1
Vinegar or dressing without oil Condiments and sauces 0.2 0.2 0
Dressing with oil and vinegar Condiments and sauces 14 1.7 0
Salad dressing Condiments and sauces 0.8 1.0 0
Mayonnaise as dressing Condiments and sauces 0.1 0.1 0
Dressing other Condiments and sauces 04 0.6 0
Applesauce/fruit compote Fruit 14.1 9.5 39
Mussels cooked Fish and shellfish 1.6 1.6 100
Shellfish other Fish 2.2 18 100
Herring Fish 2.5 1.9 77
Mackerel, salmon, eel, sardines, etc. Fish 4.9 50 120
Cod, plaice, tuna, pangasius, etc. Fish 54 5.6 120
Trout, salmon trout, tilapia, etc. Fish 1.7 1.5 120
Fish sticks, etc. Fish 24 2.5 120
Tilapia prepared without fat Fish 04 0.3 120
Liver Organmeat 0.6 0.2 97
Beef kidney raw Organ meat 0.1 0.0 97
Chickenraw Poultry 10.3 9.1 93
Chicken with skin Poultry 30 20 93
Chicken without skin Poultry 1.7 1.5 93
Chicken products breaded Poultry 1.0 1.1 93
Minced beef Beef/lamb 8.8 9.3 93
Minced meat half/half 50% Beef/lamb 55 3.2 93

50% Pork
Minced meat other 50% Beef/lamb 0.3 0.3 93
50% Pork
Lean beef Beef/lamb 8.7 5.9 93
Fatty beef Beef/lamb 8.8 6.3 93
Other beef Beef/lamb 1.5 0.8 93
Lean pork Pork 6.2 4.4 95
Average pork Pork 5.6 4.1 95
Fatty pork Pork 5.1 40 95
Other pork Pork 0.6 0.6 95
Smoked sausage, frankfurters Processed meat 5.7 37 95
Other meat Beef/lamb 3.1 2.0 97
Vegetarian unprepared Meat/dairy alternative 0.6 0.8 100
Tahoe, tempeh Meat/dairy alternatives 0.7 0.9 100
Soy products other Meat/dairy alternatives 0.8 0.9 100
Meat substitute products other Meat/dairy alternative 0.7 1.0 100
Nuts, seeds with warm meal Nuts 1.1 1.5 16
Cheese with warm meal Cheese 24 2.9 11
Cream with warm meal Dairy except cheese 0.9 0.9 17
Tomato sauce from fresh tomatoes Condiments and sauces 0.9 0.8 12
Tomato sauce prepared in jar Condiments and sauces 14 11 12
Peanut/sate sauce Condiments and sauces 1.0 0.7 15
Sauce warm other Condiments and sauces 0.8 10 12
Mayonnaise with warm meal Condiments and sauces 0.8 0.6 20
Garlic sauce with warm meal Condiments and sauces 0.8 0.7 20
Ketchup or other red sauce with warm meal Condiments and sauces 1.0 0.7 25
Other sauce with warm meal Condiments and sauces 0.1 0.2 20
Fat used for frying outside home Fats/oils 0.0 0.0 11
Qlive oil Fats/oils 52 3.6 11
Sunflower oil Fats/oils 2.0 14 11
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. IntakeM  IntakeW  Portion
Fooditem Food group ©@) (@) size (@)
Qil other for frying Fats/oils 0.0 0.0 11
Frying fat liquid <24 g saturated fatty acids Fats/oils 0.4 0.2 11
Frying fat solid> 24.g saturated fatty acids Fats/oils 00 00 1
<10 g trans fatty acids
Other oil for preparing Fats/oils 0.4 0.4 11
Butter for preparing Fats/oils 1.4 1.4 11
Margarine in package for preparing Fats/oils 1.4 1.1 11
Margarine in tub for preparing Fats/oils 0.2 0.1 11
Margarine diet for preparing Fats/oils 0.2 0.3 11
Margarine liquid for preparing Fats/oils 1.0 1.0 11
Margarine light liquid for preparing Fats/oils 0.5 0.3 11
Baking and frying fat in package for preparing Fats/oils 1.7 0.8 11
Baking and frying fat liquid for preparing Fats/oils 3.0 2.9 11
Apples Fruits 39.2 420 127
Banana Fruits 29.2 30.5 130
Orange Fruits 27.6 29.9 140
Mandarin Fruits 28.6 34.4 128
Grapefruit Fruits 1.8 3.7 150
Kiwi Fruits 8.1 12.7 75
Strawberries Fruits 5.1 9.5 100
Grapes with skin average Fruits 19.4 227 119
Other fruit varieties Fruits 138.5 20.9 128
Food biscuit, muesli/cereal bar Refined grains 1.1 1.1 18
Pie/pastry Refined grains 7.2 7.6 98
Cake/big cookie Refined grains 10.8 10.3 46
Small cookies Refined grains 9.3 9.2 9
Candy bars Sugar and confectionary 1.3 0.9 18
Chocolate pure Sugar and confectionary 3.1 37 9
Chocolate milk Sugar and confectionary 1.7 1.8 9
Chocolate white Sugar and confectionary 0.3 0.2 9
Candy Sugar and confectionary 38 3.3 4
French fries as snack or lunch Potatoes 2.5 1.5 150
Fried snacks Warm savory snack 3.6 22 69
Spring roll prepared Warm savory snack 0.8 0.5 69
Sausage/cheese roll Warm savory snack 0.8 04 72
Shawarma/hamburger/meatball roll 15% Vegetables 0.8 0.3 161

7% Cheese

30% Refined grain

42% Processed meat

6% Condiments and sauces
Satay 40% Pork 0.7 0.3 143

60% Condiments and sauces
Warm hearty snacks other Warm savory snack 0.4 0.4 111
M{a\/onnawe, French fry sauce, garlic sauce Condiments and sauces 0.9 05 o5
with snacks
Ketchup or other red sauce with snacks Condiments and sauces 0.5 0.2 25
Satay sauce prepared in jar Condiments and sauces 0.3 0.1 25
Other sauce with snacks Condiments and sauces 0.2 0.1 25
Salad 56% Potatoes 1.4 12 50

14% Vegetables

3% Pork

3% Poultry

4% Fish and shellfish

20% Condiments and sauces
Peanuts, nuts as snack Nuts 6.6 3.2 28
Walnuts unsalted Nuts 1.5 2.1 25
Nut dried fruit mix 50% Nuts 1.2 0.9 25

50% Fruits
Mixed nuts/other as snacks Nuts 3.1 3.1 20
Potato chips, other salty snacks Refined grains 3.9 3.1 11
Salty biscuits, cheese cookies Refined grains 0.7 0.7 5
Cheese as snack Cheese 4.5 3.3 10
Liver sausage Processed meat 0.8 0.5 10
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. IntakeM  IntakeW  Portion
Fooditem Food group ©) (@ size (@)
Sausage other as snack Processed meat 1.4 1.0 11
Toasts with fish, fish salad 23% Refined grains 0.9 1.1 13

54% Fish and shellfish

23% Condiments and sauces
Toasts with pate 27% Refined grains 04 0.3 11

73% Organ meat
Toasts with cheese 25% Refined grains 1.3 1.3 12

75% Cheese
Toasts with other spread 4% Vegetables 1.1 1.5 17

18% Refined grains

21% Processed meat

21% Poultry

16% Egg

5% Cheese

20% Condiments and sauces
Coffee prepared Water, coffee, tea 497.0 416.7 140
Sugar Sugar and confectionary 6.1 1.9 5
Coffee milk diet Dairy except cheese 0.8 1.2 8
Coffee creamer Dairy except cheese 0.4 0.2 3
Coffee milk full-fat Dairy except cheese 1.8 1.3 8
Coffee milk half-fat Dairy except cheese 6.9 55 8
Milk full-fat in coffee Dairy except cheese 1.8 2.3 140
Milk skim Dairy except cheese 2.3 1.7 140
Soy milkin coffee Meat/dairy alternative 0.8 0.3 140
Milk half-fat Dairy except cheese 105.2 69.4 140
Tea prepared Water, coffee, tea 279.6 450.6 170
Sugar/honey in tea Sugar and confectionary 1.9 1.3 5
Water, mineral water Water, coffee, tea 363 544 170
Orange juice Sugar-sweetened beverages 37.1 39.5 175
Other fruit juice Sugar-sweetened beverages 221 220 175
Fruit juice with sweetener Sugar-sweetened beverages 11.9 8.0 175
Fruit juice with sugar Sugar-sweetened beverages 14.2 11.0 175
Syrup lemonade- Karvan Cévitam prepared Sugar-sweetened beverages 8.2 8.2 200
average
Syrup rosehip, fruit mix, multivitamin syrup Sugar-sweetened beverages 42 33 200
prepared
Syrup fruit lemonade light prepared on Sugar-sweetened beverages 4.1 6.5 200
average
?;;ip fruit limp sugar and sweetest prepared Sugar-sweetened beverages 04 1.7 200
Syrup fruitlemonade prepared with sugar Sugar-sweetened beverages 0.5 0.3 200
and sweetener
izgtisgiooswcee Lessinilight prepared Sugar-sweetened beverages 0.3 1.9 200
Syrup (fruit) lemonade- made with sugar Sugar-sweetened beverages 3.1 52 200
Soft drink with sugar Sugar-sweetened beverages 14.2 7.6 200
Soft drink with sugar and sweetener Sugar-sweetened beverages 9.7 22 200
Soft drink with sweetener Sugar-sweetened beverages 264 14.8 200
Energy or sport drink Sugar-sweetened beverages 2.5 04 200
Beer Alcohol 120.7 14.1 200
Wine, sherry, port, vermouth Alcohol 78.5 82.1 114
Liquor, berry/lemon gin Alcohol 2.6 1.3 50
Distilled Alcohol 11.7 2.0 50
Breezer Alcohol 5.7 1.9 175

Abbreviations: LASA Longitudinal Aging Study Amsterdam; M men; W women.
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Abstract

Purpose Food-based dietary guidelines are proposed to not only improve diet quality,
but to also reduce the environmental impact of diets. The aim of our study was to
investigate whether food-related behavioral activation therapy (F-BA) applying
Mediterranean-style dietary guidelines altered food intake and the environmental
impact of the diet in overweight adults with subsyndromal symptoms of depression.
Methods In total 744 adults who either received the F-BA intervention (F-BA group)
or no intervention (control group) for 12 months were included in this analysis. Food
intake data were collected through a food frequency questionnaire at baseline and
after 6 and 12 months. Greenhouse gas emissions (GHGE), land use (LU) and fossil
energy use (FEU) estimates from life cycle assessments and a weighted score of the
three (pReCiPe score) were used to estimate the environmental impact of each
individual diet at each time point.

Results The F-BA group reported increased intakes of vegetables (19.7 g/d: 95% Cl:
7.8t031.6), fruit (23.0 g/d; 9.4 t0 36.6), fish (7.6 g/d; 4.6 to 10.6), pulses/legumes (4.0
g/d; 1.6 to 6.5) and whole grains (12.7 g/d; 8.0 to 17.5) and decreased intake of
sweets/extras (-6.8 g/d; -10.9 to -2.8) relative to control group. This effect on food
intake resulted in no change in GHGE, LU and pReCiPe score, but a relative increase
in FEU by 1.6 MJ/d (0.8, 2.4).

Conclusions A shift towards a healthier Mediterranean-style diet does not necessarily
result in adiet with reduced environmental impact in a real-life setting.
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1. Introduction

Atransition from traditional to current dietary patterns has contributed to arise in global
prevalence of chronic diseases and to unprecedented changes in ecosystems, both of
which are threatening public health [1]. Food production is largely responsible for the
environmental burdens associated with the human diet, including climate change,
biodiversity loss, and pollution [2], with the other stages in the supply chain (i.e.
processing, distribution, retailing, home food preparation and waste) playing a part. Food
production contributes to approximately 16-25% of total global greenhouse gas
emissions (GHGE) [3], and it is estimated that this will increase by 51% from 2005/07 to
2050 if dietary patterns do not change [4]. Currently croplands and pastures cover 37%
of total land area [5], making agriculture the largest use of land on the planet. It is
estimated that food production will need to increase by 25-70% to meet 2050 food
demand [6]. While sustainable intensification of agriculture is proposed as a solution to
increase food production with reduced environmental risks, it will not prevent further
agricultural expansion driven by the projected demand [7]. Thus, dietary change has
been identified as an essential counterpart to reduce the environmental pressures
associated with the diet and to provide food security for future generations [8-10].

Recent research has increasingly focused on evaluating the environmental impact of
habitual dietary choices, predefined diets and alternative dietary patterns in order to
propose more sustainable dietary patterns[1,11-13]. An assortment of sustainable diets
have been proposed, such as vegan and Mediterranean, as well as following national
food-based dietary recommendations. Environmental as well as health benefits of these
diets have been attributed to partial substitution of animal-based foods with plant-based
foods [1,12,14,15], and also to reduced caloric intake [16-19]. While these studies have
predominately examined the environmental impact of hypothetical change from current
to proposed diets, there is limited research on the environmental impact of dietary
change in a real-life setting. Only one previous study has examined changes in GHGE
related to changes in food choice in overweight women who received a diet plan based
on the Nordic Nutrition Recommendations 2004 and found no effect on diet-associated
GHGE, although the women increased their fruit and vegetable intake and decreased
total caloric intake compared to those who didn’t receive the diet plan [20]. Thus the
environmental impact of dietary change in line with dietary guidelines in areal-life setting
needs further investigation.

In the recent MooDFOOD (Multi-country cOllaborative project on the rOle of Diet,
FOod-related behavior, and Obesity in the prevention of Depression) trial [21], 1,025
overweight adults aged 18-75 years with subsyndromal symptoms of depression were
randomized to a 12-month food-related behavioral activation therapy (F-BA)
intervention (F-BA group) and were provided with dietary guidelines based on a
Mediterranean-style diet (Table 1), or to a control group that received no F-BA
intervention. Although the F-BA intervention was designed to change diet and behavior
inorder to prevent the onset of depression, we hypothesized that the F-BA intervention
would improve the environmental sustainability of the diet as it focused on shifting
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habitual eating patterns to a Mediterranean-style diet [22]. Therefore, this study aimed
to investigate whether the F-BA intervention changed food intake and to assess the
environmental impact of the observed dietary change.

2. Methods
2.1. Study design and subjects

The MooDFOOD trial was a 12-month randomized controlled prevention trial that
investigated the feasibility and effectiveness of two different nutritional strategies for
the prevention of depression: multi-nutrient supplementation and F-BA. The design,
methods and primary outcomes of the trial are described in detail elsewhere [21,23], and
summarized below. A sample of 1,025 adults aged 18-75 years with a body mass index
(BMI) of 25-40 kg/m? and elevated symptoms for depression (Patient Health
Questionnaire-9 score > 5) [24] were recruited from The Netherlands, United Kingdom,
Germany and Spain and randomized to one of four trial arms according to a 2 x 2 factorial
design: 1) multi-nutrient supplement with F-BA intervention (n=256), 2) placebo
supplement with F-BA intervention (n=256), 3) multi-nutrient supplement without F-BA
intervention (n=256) or 4) placebo supplement without F-BA intervention (n=257).
Randomization was stratified according to recruitment site (i.e. country) and
participants’ history of depression status at the baseline assessment. Participants,
therapists and researchers were blind to supplement allocation, and researchers were
blind to behavioral intervention status when conducting analyses. The four trial arms
were condensed to two trial arms to make comparisons in food intake between
participants who received the F-BA intervention (F-BA group) and participants who did
not receive the F-BA intervention (control group). We assumed that the multi-nutrient
supplement had a null effect on food intake and thus wasn't a focus in this study. We
confirmed this by adding supplement status to the statistical models when analyzing
intervention effect and it did not affect results.

2.2. F-BAintervention

The F-BA intervention consisted of up to 21 therapy sessions, of which up to 15 were
individual sessions and up to 6 were group sessions. The individual sessions were
provided in single 30-minute or double 1-hour meetings occurring at first weekly and
then every two weeks, while the group sessions included up to 10 people and lasted
about 1 hour, occurring at first monthly and then bimonthly. Among the 512 participants
randomized to the F-BA group, 71% attended at least 8 out of the 21 sessions and were
considered compliant (this cut-off for compliance is described by Bot et al. [23]).
Participants attended a median of 14 out of 15 individual sessions (interquartile range
(IQR) 6-15) and a median of O out of 6 group sessions (IQR 0-4) [23]. The control group
received no F-BA intervention (n=513 participants).

The F-BA intervention focused on changing food-related behaviors and shifting habitual
dietary patterns to improve diet in order to prevent the onset of depressive episodes;
environmental impact of diet was not considered in the design of the intervention. The
F-BA intervention incorporated standard approaches of behavioral activation, which
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focuses on reducing avoidant behaviors and building routines and behaviors that are
rewarding and/or pleasant, proven effective in the treatment of depression [25].
Psychologists familiar with behavioral activation were trained and delivered the F-BA
intervention under supervision of a dietician. The psychologists helped participants to
set goals on introducing healthy foods into their diets as well as reducing consumption of
foods considered to be eaten in excess, taking into account baseline records. Goals were
revisited and modified when necessary during subsequent sessions. During the
intervention participants kept arecord of daily activities and habits, and were able to take
notes about their mood and foods eaten during the day. The records aimed to help in the
identification of triggers to habits and engagement in self-monitoring to improve food-
related behaviors (e.g. regular meals per day, less snacking) and habitual dietary patterns.
The participants were provided with a participant manual with detailed information
about what was discussed.

2.3. MooDFOOQD dietary guidelines

An introduction to healthy eating associated with mood improvement was provided in
the third therapy session, which involved the provision of dietary guidelines based on a
Mediterranean-style dietary pattern, referred to as the MooDFOOD dietary guidelines
(Table 1). The Mediterranean diet served as the basis for the guidelines because
evidence indicates that following such a dietary pattern may prevent the onset of
depression [26-31]. The guidelines were adjusted to be more consistent with the
national dietary recommendations of the MooDFOOD prevention trial sites [32-36].
The MooDFOQD dietary guidelines consisted of general advice (e.g. limit meat intake to
300 grams per week) and more detailed recommendations, and presented examples of
‘good’ and ‘bad’ food choices as well as food exchanges, for example, increase vegetable
intake by decreasing intake of potatoes, rice and/or bread; replace sugared drinks and
sweet snacks by fruit; and replace processed sandwich meats by other sandwich
toppings like low-fat cheese, hummus, egg and fish. No total calorie restriction was
advised. In addition to the MooDFOOD dietary guidelines, a description of the link
between diet and depression was provided in the F-BA participant manual, with greatest
emphasis on the association between consumption of sweets, cakes, pastries and fast
foods and increased risk of depression and consumption of fruit, vegetables, fish and
whole grains and decreased risk of depression. Other foods in the MooDFOOD dietary
guidelines such as low-fat dairy, meat, pulses/legumes and olive oil were only described
as part of a healthy diet, and no direct linkage between these foods and depression was
made in the manual.
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Table 1 MooDFOOD dietary guidelines?

Food group Guideline

Vegetables 300-400 grams/day
Examples®: green leafy and salad vegetables, fruit vegetables (e.g.

cucumber and courgette), flower and flower buds (e.g. broccoli),

bulb and stem vegetables (e.g. onion); root and tubers; sea

vegetables. Excludes potatoes.

Fruit 2-3 pieces/day
Examples. core fruit, stone fruit, berries, citrus fruits, tropical fruits,

dried fruit

Fish 3 times/week

Examples. freshwater fish, salt water fish, white fish, oily fish, shell
fish, sustainable fish

Meat Reduce to 300
Examples of good meat. chicken, turkey grams/week
Examples of protein-rich alternatives:eggs, nuts, soy products like

tofu, fish

Pulses or legumes 3 times/week

Examples. soy beans, peanuts, fresh peas/beans, dried beans/peas,
chickpeas, lentils

Whole grain products Choose
Examples. whole grain pasta & bread, brown rice, oatmeal, muesli,

couscous

Low-fat dairy products 3 servings/day

Examples. low-fat milk & yogurt, mature cheese, fresh cheese, soy
products, cottage cheese

Olive oil Use as principal source
Examples of use. in frying food, tossed vegetables, salads, pasta for cooking

sauces

Processed foods and soft drinks Limit

Examples. (frozen) ready-to-eat meals, processed sandwich meats,

sausages, savory snacks, sweet snacks, fried food, sugar-sweetened

beverages, sugar added to coffee/tea, fruit juice

Examples of healthy alternatives. fruit, vegetables, nuts, fish, water,

tea or coffee

Alcoholic beverages Drink in moderation
Moderate consumption defined as:for men, maximum 2 standard

glass per day; for women, maximum of 1 standard glass per day

2 MooDFOOD dietary guidelines were based on a Mediterranean-style dietary pattern and
provided in the food-related behavioral activation therapy (F-BA) intervention during the 12-
month MooDFOOD depression prevention trial. Guidelines were provided orally and in the form
of a pamphlet to the intervention participants [21].  Examples of all food groups were provided
with pictures along with practical tips to achieve the guideline.

2.4. Dietarydata

Participants reported their usual food intake during the previous month by completing
an online self-administered food frequency questionnaire (FFQ) at baseline (TO), six
months (Té) and at 12 months (T12; end of trial). The FFQ was based on the validated
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GA2LEN FFQ as it showed to be an appropriate tool to estimate food intake across
Europe regardless of cultural and linguistic differences [37]. The FFQ included 210 food
items which were categorized into 18 food groups based on food groups for which
dietary recommendations were made in the F-BA intervention: 1. vegetables, 2. fruit, 3.
fish, 4. meat, 5. egg/soy, 6. pulses/legumes, 7. nuts, 8. potatoes, 9. whole grains, 10.
refined grains, 11. low-fat dairy products, 12. high-fat dairy products, 13. olive oil, 14.
other fats/oils, 15. sweets/extras, 16. soft drinks (including fruit juices), 17. alcoholic
beverages, 18. water/coffee/tea (See Online Resource, Table 1 for FFQ food items and
corresponding food group classification). Standard portion sizes following the Food
Standard Agency Food Portion Sizes Guidelines were used [38]. Consumption frequency
and portion size data were linked with food composition data from the McCance and
Widdowson’s composition of foods dataset (2015) to calculate total energy intake in
kilocalories (kcal) per gram (g) [39]. The percentage of total energy intake (E%)
contributed by each food group was calculated as the food group energy intake divided
by the total energy intake. Food intake was considered missing if a participant completed
<15% of the FFQ. Among the 1,025 participants randomized in the MooDFOOD
depression prevention trial, 86 had missing dietary data at TO and 186 had missing
dietary data at both follow-up measurements and were excluded from this study. In
addition, individuals who under-/over-reported caloric intake were excluded from the
analysis. Energy under-/over-reporting was classified as an energy intake spanning
above or under the mean plus/minus three standard deviations (sd). Median intakes are
reported along with the 25% and 75% percentile.

2.5. Environmental data

Various measures were investigated to estimate the environmental impact of the diet,
namely GHGE expressed in kilograms of carbon dioxide equivalents (kg CO»-eq), land
use (LU) in square meter-year (m2*y), fossil energy use (FEU) in mega joules (MJ) and a
weighted score of the three (pReCiPe score) [40]. GHGE, LU and FEU were used as
indictors due to their availability in reliable datasets and their frequent application in
studies examining the environmental impact of diets [41]. Environmental impacts were
calculated per 100g food with life cycle assessments (LCA) from cradle-to-grave by
Blonk Consultants (Gouda, The Netherlands) using ReCiPe 2016 Midpoint v1.00
method [42]. LCA is a methodological framework for assessing the environmental
impacts over the entire life cycle of a product, from cultivation to packing, consumption
and final disposal [43]. For each food item, GHGE, LU and FEU data were obtained either
from a LCA database containing 94 commonly eaten food products based on European
Food Safety Authority’s Comprehensive European Food Consumption Database
(PROMISS dataset 2017) [44] or a database containing 207 commonly eaten food
products in The Netherlands, based on the Dutch Consumption Survey 2007-2010
(Optimeal dataset 2015) [45]. A weighted combination of GHGE, LU and FEU was used
to calculate a pReCiPe score, a simplified environmental impact score, adapted from the
pReCiPe score developed by Tyszler et al. [40]. The pReCiPe score of each food item was
calculated by:

pReCiPe; = 0.0459 x GHGE; +0.0439 x LU; +0.0025 x FEU;
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where i is a food item and GHGE is expressed in kg CO2-eq/100g, LU in m?*y/100g and
FEU in MJ/100g. This calculation is based on the ReCiPe method which aggregates
fourteen LCA impact categories, such as eutrophication and land transformation [46].
The pReCiPe score only includes three of the sixteen LCA impact categories (i.e. GHGE,
LU and FEU) as they were found to have the most weight in the end score in LCAs of
agricultural products [15,41,47]. Data were expressed per 100g food and were used to
estimate the overall GHGE, LU, FEU and pReCiPe score for each individual diet.
Environmental data sources and values are available in Online Resource 2.

2.6. Statistical analysis

Toanalyze the difference in change in food intake and in environmental impact of the diet
from TOto T12 between the F-BA and control groups, longitudinal analysis of covariance
using mixed model analysis was used. Participants with missing dietary data at TO were
excluded in the analyses as the baseline value of the outcome variable was included as a
covariate, as well as participants with missing dietary data at both Té and T12 as
individuals with only a baseline measurement are not part of the analysis [48]. Those with
missing dietary data at either T6é or T12 were included in the analysis and no imputations
were conducted as mixed model analysis estimated with the maximum likelihood
estimator accounts for missing data [49]. In addition to baseline outcome values,
adjustment was made for sex (male or female), age (years, continuous), and site (added
as another level to the model) for all outcomes. In order to assess the difference in change
in environmental impact of the diet due to change in diet composition between the F-BA
and control groups, adjustment for total caloric intake in kcal/d (continuous, time-
dependent) was applied. However, since the environmental impact associated with the
diet is influenced not only by diet composition but also caloric quantity [17], the main
environmental results presented do not control for caloric intake. To avoid the increased
risk of type | error due to multiple testing of the 18 food groups, Holm-Bonferroni
correction of the P-value was done [50]. This procedure is a sequential approach taking
into account the total number of hypotheses (18 for 18 food groups), and original ~
values, so that the corrected A-value for the th-test is computed as PromBonferroni = (18 -
/+ 1) xp[51]. This was tested in order from the smallest to largest ~value and stopped
when the first non-significant ~value was observed based on a 0.05 o level. While
original Avalues are reported along with 95% confidence intervals (Cl), statistical
significance is determined by the Holm-Bonferonni adjusted Avalue. The analyses were
performed on an intention-to-treat (ITT) basis. Data were analyzed using Stata version
14.2 (StataCorp, TX, USA).

A post-hoc per protocol (PP) analysis was done in order to examine whether those who
were more compliant to the F-BA intervention had a greater change in diet and
environmental impact of the diet. The cut-off for compliance was attending at least 8 out
of the 21 sessions [23]. The same methods were used as in the ITT analysis, but the PP
analyses measured the difference in change in food intake and environmental impact of
the diet between a subgroup of compliant persons in the F-BA group and the control
group over the 12-month period.
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3. Results
3.1. Study participants and baseline characteristics

Intotal 753 participants randomized in the MooDFOOD depression prevention trial had
dietary data at TO and at Té or T12. The baseline mean + standard deviation of total
caloric intake was 2,483.9 + 2,269.9 kcal/d for men and 2,347. 2 + 1,245.9 kcal/d for
women in both groups, resulting in an upper cut-off for implausible caloric intake of
9.293.71 kcal/d and 6,084.78 kcal/d, respectively. This led to the exclusion of 9
participants due to over-reporting caloric intake at either TO or at both Té and T12.
Therefore a total of 744 participants were included in the analyses measuring the
intervention effect (flow diagram is available as Online Resource, Fig 1). In general,
baseline characteristics of those included in the analysis and those excluded from the
analysis were comparable (Online Resource, Table 2).

Similar baseline characteristics of the two study groups were found and are presented in
Table 2. The majority of the study participants were female (75.4%) with a mean age of
47.6 years and BMI of 31.2 kg/m? The baseline median total caloric intake of the study
participants at baseline was 2,159.2 kcal/d. The baseline median value of GHGE was 5.8
kg CO2-eq/d, LU 4.5 m?*y/d, FEU 40.8 MJ/d and pReCipe 0.6 points in both groups.
While contributing to 11.2 E%, total meat intake accounted for approximately 35.1% of
daily diet-associated GHGE, 39.1% of LU and 21.2% FEU in the F-BA group at baseline,
with similar contributions in the control group (Table 3). The impact of dairy on GHGE,
fat on LU and fish and vegetables on FEU was substantial (dairy: 14.1% of GHGE; fat:
10.9% of LU; fish: 16.5% of FEU and vegetables: 15.1% of FEU). Sweets/extras
contributed most to total caloric intake in both groups at baseline (19 E%), yet had a
relatively low impact on GHGE (5.5%), LU (7.0%) and FEU (6.3%).
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Table 2 Baseline characteristics of participants who received food-related behavioral activation
therapy (F-BA) intervention (F-BA group) and participants who did not receive the F-BA
intervention (control group) (N=744)

Characteristic F-BA group (N=373) Control group (N=371)
Sex?

Female 78.3(292) 72.5(269)

Male 21.7 (81) 27.5(102)
Age (years)® 479+12.6 472+134
Education?

Low 8.6 (32) 10.8 (40)

Middle 47.5(177) 46.9 (174)

High 440 (164) 42.3(157)
Site?

Germany 29.0(108) 31.8(118)

United Kingdom 24.1(90) 25.3(94)

Spain 20.6 (77) 22.1(82)

The Netherlands 26.3(98) 20.8 (77)
History of depression?

Yes 31.1(116) 33.4(124)

No 68.9 (257) 66.6(247)
Supplement status®

Multi-nutrient supplement 47.5(177) 49.1(182)

Placebo 52.5(196) 50.9 (189)

BMI (kg/m?)° 31.2+38 312+4.1

Total energy intake (kcal/day)®
Food intake (grams/day)*

Vegetables

Fruit

Fish

Meat

Egg/soy

Pulses/legumes

Nuts

Potatoes

Whole grains

Refined grains

Low-fat dairy

High-fat dairy

Olive oil

Other fats/oils

Sweets/extras

Soft drinks

Alcoholic beverages

Water/coffee/tea
Environmental indicators®

GHGEY(kg CO2-eq/day)

LU® (m?*y/day)

FEU" (MJ/day)

pReCiPe score® (points/day)

2167.8(1689.6;2632.7)

292.0(181.6;437.1)
255.9(166.7;412.6)
44.3(27.1;74.9)
122.4(79.3; 185.6)
25.0(10.7;42.9)
37.9(22.5;62.1)
2.1(0.7;5.0)
24.5(13.9;43.6)
90.6 (46.5; 156.6)
98.6 (62.6; 166.4)
120.0(17.1;220.0)
89.3(39.3; 160.4)
9.4(3.1;17.3)
15.1(8.0;27.5)
117.0(70.3; 187.3)
85.7(28.6; 197.1)
42.9(17.9;114.3)
1314.3(971.4;1657.1)

5.73(4.47;7.44)

4.51(3.49;5.81)
40.33(31.89; 52.35)

0.55(0.44;0.74)

2155.0(1701.6;2701.7)

302.5(219.6;456.2)
260.0 (165.7; 448.6)
42.9 (24.3;70.0)
135.0(86.1;201.2)
27.9(14.3;49.4)
35.7(21.8;62.9)
2.1(0.7;5.0)
24.3(12.1;46.5)
92.8(43.6;170.4)
100.4 (57.1; 163.3)
97.1(17.1;237.1)
94.3(46.1;175.4)
8.6(3.1;13.4)
14.8(7.1;27.1)
125.2(77.9;189.9)
68.6 (25.7;200.0)
45.4(8.9;119.6)
1300.0 (914.3; 1700.0)

5.94(4.50;7.84)

4.61(3.49;6.12)
41.28 (33.09; 56.95)

0.58(0.45;0.77)

2 Values displayed as percentage (frequency); ? Values displayed as mean + sd; € Values displayed
as median with interquartile range (25; 75 percentile); ¢ Greenhouse gas emission; € Land use; f
Fossil energy use; &8 Weighted average of GHGE, LU and FEU.
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Table 3 Food group contributions to total caloric intake (E%) and to daily diet-associated
greenhouse gas emissions (GHGE) (% of total kg CO2-eq/d), land use (LU) (% of total m?*y/d) and
fossil energy use (FEU) (% of total MJ/d) in the food-based behavioral activation therapy (F-BA)
group and control group at baseline

Food group F-BA group (N=373) Control group (N=371)
E% GHGE LU FEU E% GHGE LU FEU

Vegetables 4.2 8.9 4.3 15.1 43 9.5 45 16.1
Fruit 7.3 5.3 6.7 6.6 7.4 5.4 6.8 6.6
Fish 34 9.6 1.6 16.5 3.2 8.9 14 153
Meat

Red meat 8.7 30.0 318 15.9 9.3 30.5 33.0 16.6

Poultry 2.5 5.1 7.3 53 2.5 5.1 74 53
Egg/soy 2.5 1.3 2.3 1.7 2.7 14 2.5 1.9
Pulses/legumes 2.1 1.2 38 1.7 2.2 1.2 3.9 1.7
Nuts 1.3 0.2 1.0 0.3 14 0.3 0.9 0.3
Potatoes 1.7 0.6 0.5 0.8 1.6 0.5 04 0.7
Cereals

Whole grains 84 2.3 4.7 24 8.5 24 5.0 2.5

Refined grains 9.0 3.0 2.5 3.6 8.8 2.9 24 34
Dairy

Low-fat dairy 4.6 6.1 3.1 3.6 4.7 6.2 3.2 3.7

High-fat dairy 8.1 8.0 4.4 3.9 7.9 7.7 43 3.8
Fat

Olive ol 47 0.6 7.8 04 4.2 0.5 6.9 0.3

Other fats/oils 52 1.9 3.1 1.3 50 1.8 3.0 12
Sweets/extras 19.0 5.5 7.0 6.3 18.9 5.3 6.8 6.2
Beverages

Soft drinks 0.8 1.6 1.8 2.8 0.8 1.5 1.6 2.5

Alcoholic 2.5 24 24 3.3 2.5 2.5 24 34

Water/coffee/tea 3.4 5.9 34 8.1 3.5 5.9 3.2 8.0

3.2. Changes infood intake and environmental impact of the diet during the
intervention

No difference in change in total caloric intake was apparent between the groups after 12
months (22.9 kcal/d; 95% Cl: -10.1 to 55.9; P=0.173). Significant increases in reported
daily intake from TO to T12 were observed for vegetables (19.7 g/d; 7.8 to 31.6;
P=0.001), fruit (23.0 g/d; 9.4 to 36.6; P=0.001), fish (7.6 g/d; 4.6 to 10.6; P<0.001),
pulses/legumes (4.0 g/d; 1.6 to 6.5, ~<0.001) and whole grains (12.7 g/d; 8.0 to 17.5,
P<0.001), and while a significant decrease was observed for sweets/extras (-6.8 g/d; -
10.9 to -2.8; P=0.001) in the F-BA group relative to the control group (Figure 1).
Differencesin change in reported intake of olive 0il (0.8 g/d; 0.2 to 1.4, ~=0.006) and soft
drinks (-9.1 g/d; -18.1 to -0.1, £=0.048) in the F-BA group relative to the control group
were not significant after Holm-Bonferroni correction. No difference in change in
reported meat consumption was evident, also when specifying red meat (-3.4 g/d; -6.7 to
-0.04; P=0.047) and poultry (1.7 g/d; -0.9 to 4.4; P=0.197). The difference in change in
red meat consumption was non-significant after Holm-Bonferroni correction.
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Figure 1 Effect of the food-related behavioral activation therapy (F-BA) intervention on intake of
18 food groups in overweight adults with subsyndromal symptoms for depression during the 12-
month MooDFOQOD depression prevention trial (N=744). The bars represent the difference in
change inintake from baseline to 12 months between participants who received F-BA intervention
(F-BA group) and participants who did not receive F-BA intervention (control group) when
controlling for baseline value of outcome, age, sex and site. The lines represent 95% confidence
intervals. * Significant at Holm-Bonferroni-corrected Avalue.

These changes in food intake had no effect on diet-associated GHGE, LU or the pReCiPe
score, but led to a statistically significant 3.6% increase in FEU (1.6 MJ/d, 0.8 to 2.4,
P<0.001) in the F-BA group compared to the control group (Table 4). When the
differences in change in environmental outcomes were controlled for total caloricintake,
i.e. difference in change when energy intake would remain constant over the 12-month
period between the F-BA group and the control group, the results were attenuated.
However, the difference in change in FEU of the diet remained significant (1.2 MJ/d; 0.5
to 1.8; A<0.001) and differences in change in GHGE, LU and pReCiPe score remained
insignificant.
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Table 4 Effect of the food-related behavioral activation therapy (F-BA) intervention on
environmental impact of diet in overweight adults with subsyndromal symptoms for depression
during the 12-month MooDFOOD depression prevention trial (N=744)

Environmental p? SE 95% Cl Pvalue
outcomes
GHGEP (kg CO»-
eqg/day)
Model 1f 0.060 0.060 -0.0581t00.179 0.320
Model 28 0.004 0.045 -0.084t0 0.092 0.933
LU (mZ*y/day)
Model 1 0.024 0.049 -0.071t00.119 0.622
Model 2 -0.017 0.035 -0.084t00.051 0.630
FEUY (MJ/day)
Model 1 1.625 0418 0.807to2.444 <0.001"
Model 2 1.118 0.323 0.5471t0 1.815 <0.001"
pReCiPe score® (points)
Model 1 0.008 0.006 -0.003t00.019 0.173
Model 2 0.002 0.004 -0.006t00.010 0.460

@ Unstandardized beta coefficient of difference in change from baseline to 12 months between
participants who received the F-BA intervention (F-BA group) and participants who did not receive
the F-BA intervention (control group). ® Greenhouse gas emissions; © Land use; @ Fossil energy use;
¢ Weighted average of GHGE, LU and FEU. fModel 1 controls for baseline value of outcome, age,
sex and site. 8 Model 2 is Model 1 plus total caloric intake as a covariate. ~ Significant at Holm-
Bonferroni-corrected Pvalue.

The difference in change in GHGE, LU, FEU and pReCiPe of each food group as well as
the overall diet are shown in the Online Resource, Fig 2-5. The increase in fish intake by
the F-BA group relative to the control group contributed the most to the increasing
effect of the F-BA intervention on diet-associated FEU (Online Resource, Fig 4). The
relative increase in intake of fish contributed to an increase in FEU by 1.2 MJ/d (0.7 to
1.6; P<0.001), vegetables to an increase by 0.4 MJ/d (0.1 to 0.6; £=0.008), fruit to an
increase by 0.2 MJ/d (0.1t0 0.04; £<0.001), whole grains to an increase by 0.1 MJ/d (0.1
t00.2; £/<0.001), and pulses/legumes to anincrease by 0.1 MJ/d (0.03t0 0.10; ~=0.001),
while the relative decrease in intake of sweets/extras contributed to a decrease by 0.1
MJ/d (-0.2t0-0.1; P=0.001) inthe F-BA group compared to the control group during the
intervention.

3.3. Post-hoc per protocol analysis results

In total, 365 out of 512 participants randomized to the F-BA intervention attended at
least 8 therapy sessions and were considered compliant. Among those who attended at
least 8 therapy sessions, 6 had missing dietary data at TO and 45 had missing dietary data
atboth Téand T12. Inaddition, 3 participants had over-reported energy intake at TO and
1 participant at T6é and T12 were excluded from the analysis. Thus 310 participants were
included in the F-BA compliant subgroup. Indeed, the effect of the intervention was
stronger among those who were most compliant to the F-BA intervention compared to
the control group, i.e. a greater change in intake of the same food groups were observed
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compared to ITT analysis. Significant increases in reported daily intake from TO to T12
were observed for vegetables (27.1 g/d; 14.9 to 39.3; £<0.001), fruit (26.1 g/d; 12.0 to
40.2; P<0.001), fish (9.9 g/d; 6.7 to 13.0; £/<0.001), pulses/legumes (5.2 g/d; 2.7 to 7.8,
P<0.001) and whole grains (14.8 g/d; 9.7 to 19.9, £<0.001), while a significant decrease
was observed for sweets/extras (-7.5 g/d; -11.7 to -3.2; ~~<0.001) in the F-BA subgroup
relative to the control group. This in turn led to a statistically significant 4.8% increase in
diet-associated FEU (2.2 MJ/d; 1.3 to 3.0; £<0.001), and no change in GHGE, LU and
pReCiPe score.

4. Discussion

We found that the F-BA intervention led to changes in food intake among overweight
adults with subsyndromal symptoms of depression according to the MooDFOOD
dietary guidelines: significant increases in consumption were reported for some of the
food groups promoted (i.e. vegetables, fruit, fish, pulses/legumes and whole grains) and
a significant decrease was reported for one of the food groups discouraged (i.e.
sweets/extras) by the guidelines. The differences in change are roughly equivalent to
eating an additional % tablespoon of mixed vegetables a day, % of an apple a day, % slice
of whole grain bread a day, 1% servings of salmon a month and 3% tablespoons of
legumes a month, while refraining from eating about 2 teaspoons of sugar a day [52,53].
However, these dietary improvements resulted in an unfavorable increased FEU of the
overall diet equivalent to an additional 1.5 liter of petrol a month [54], and no difference
inchange indiet-associated GHGE, LU or pReCiPe score. Our results indicate that a shift
towards a healthier Mediterranean-style diet does not necessarily reduce diet-
associated environmental impact in a real-life setting.

Our findings are consistent with other studies that modeled hypothetical dietary
changes towards a healthier diet and observed either no change or an increase in
environmental impact of the healthy diet scenarios [40,55-58]. Such studies have found
that there is a greater need for increasing consumption of vegetables, fruit, legumes and
fish than decreasing consumption of meat and dairy products in order to achieve a
healthy diet, resulting in a net-positive effect on environmental impact of the diet (i.e.
higher environmental impact). Yet when meat consumption is substantially reduced,
then the environmental benefits of reducing meat consumption outweigh the increase in
environmental impact due to increased intake of vegetables, fruit, legumes and fishwhen
shifting towards a recommended healthy diet [15,19]. Although the MooDFOOD
dietary guidelines recommended to limit meat intake to 300 grams per week, which was
substantially lower than the baseline median intake of 857 grams per week in the F-BA
group, the intervention did not lead to changes in meat intake. Because the current study
observed the environmental impact of dietary changes in a real-/ife setting, it may
inherently consider constraints such as individual preferences, values and personal
efficacy not accounted for in previous studies examining the environmental impact of
hypothetical dietary change. Consumer behavior studies that have explored attitudes
and intentions towards meat consumption have found that there is low willingness to
change meat consumption behavior in terms of reducing or substituting meat in Europe
[59,60]. For many people meat holds animportant place in the diet as it is associated with
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pleasure and various personal, social and cultural-oriented values such as health and
strength [60,61]. Therefore future dietary interventions should consider current values
attached to meat and other constraints opposing changes in meat consumption if
healthy, sustainable diets are to be achieved.

We found that the increased impacts on GHGE and LU from the increased intake of fruit,
vegetables, fish, pulses/legumes and whole grains were collectively offset by the reduced
impacts on GHGE and LU from the decreased intake of sweets/extras. Our results are in
line with the weight loss trial which found that a reduction in intake of sweets, snacks and
soft drinks and an increase in intake of fruit and vegetables led to no change in overall
carbon footprint of the diet [20]. However, we found that observed dietary change led to
anincrease in FEU of the overall diet, which may be attributable to the relative increase
in fish, as fisheries are generally energy-intensive operations [62,63]. An additional
explanation for finding an increase in FEU of the overall diet may be due to the relative
increase in vegetable consumption combined with the use of Dutch environmental data,
where the impact of vegetables on FEU is relatively high because of the use of
greenhouses running on fossil energy [64]. Similar changes in FEU were found in two
modeling studies, which found that switching from the current average American diet to
a healthy diet recommended in the Dietary Guidelines for Americans would increase
FEU, mainly caused by the recommendation to substantially increase the intake of fruits,
vegetables and dairy products [57,58]. Thus, while the increase in consumption of fruit,
vegetables, fish, pulses/legumes and whole grains may make a diet healthier, it may make
it less sustainable unless replacing other food groups with similar or higher
environmental impact, i.e. meat.

The actual change in the environmental impact of the diet is highly sensitive to the
change infood choices since there is very large variation in the GHGE, LU and FEU levels
per unit food within both the animal-based and plant-based food groups [11,55]. To
achieve healthy and sustainable diets, future dietary interventions must consider the
environmental impact associated with different food groups (e.g. high-impact meat
versus low-impact legumes), and also the environmental impact of various foods within
food groups, such as beef (high impact) and poultry (lower impact) or tomatoes grown in
a greenhouse (high impact) or in a field (lower impact) [55,65]. As there are many
different ways to follow the dietary guidelines provided by the MooDFOOD trial,
different choices within food groups, for example how to meet 300-400 g of vegetables
per day, can lead to different environmental impacts. This was illustrated by Van Kamp
and colleagues who found that compared to the current average Dutch diet, two healthy
diets defined by the Dutch dietary recommendations resulted in either a 3% or 28%
reduction in GHGE, with greater reductions in GHGE when dietary recommendations
were met by including only foods with low impact on GHGE [55]. Furthermore, a
reduction in overall caloric intake without changing the composition of the diet has been
shown to result in lower environmental impact of the diet [16,58]. Thus, for dietary
guidelines to have a positive impact on the environment as well as health, consideration
of the environmental impact of individual foods and food groups as well as total caloric
intake is needed in addition to health considerations.
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Our study has some limitations. First, FFQs are prone to recall bias and selective
misreporting of consumption of certain foods [66]. In particular, the potential of
differential response bias is high as exposure to the intervention itself can create
differential error in reporting, with the treatment group possibly over-reporting foods
promoted during the F-BA intervention (e.g. vegetables) and under-reporting foods that
were discouraged (e.g. sweets) compared to the control group [67]. Second, the study
population was overweight and at high risk of depression, limiting the generalizability of
our findings to other populations. Third, the LCA data used to estimate the
environmental impact of the diet comprised of a mix of data representative of an average
Dutch diet as well as an average European diet. There are differences in geography,
climate and production, processing and distribution systems in Germany, UK, Spain and
The Netherlands which may influence the actual environmental impact of diets in each
country. Thus while the LCA data used does not explicitly represent the production
practices in each country, in the absence of country-specific data this data serves as a
proxy to provide a rough estimation on diet-level impacts. Fourth, while the LCA datasets
used allowed us to study multiple environmental impact indicators, namely GHGE, LU
and FEU, otherimportant aspects such as water use, eutrophication and biodiversity loss
are missing in this analysis because reliable data were not available. For instance, GHGE,
LU and FEU do not reflect the sustainability concerns of increasing fish consumption
with regard to marine biodiversity loss and overfishing. Finally, the studied
environmental indicators also have limitations. The LU indicator does not differentiate
between different types and quality of land, which will bias livestock products to having
higher impacts even if they graze on land unsuitable for cropping [2]. Furthermore,
GHGE and FEU are strongly correlated (0.913, A<0.001) as carbon dioxide emitted from
fossil fuels used in the food chain directly contribute to GHGE of the diet [63]. Despite
the considerable overlap between these two indicators, they measure different
pressures, i.e. GHGE is a proxy for polluting emissions and FEU is a proxy for resource
depletion [41,68]. The strengths of this study include the use of an FFQ validated to
measure food intake across different European countries [37], its large sample size
compared to other dietary interventions looking at changes in food intake [69] and the
use of three environmental impact indicators in addition to a weighted score measuring
the overall environmental impact. Most importantly, the MooDFOQOD trial allowed for
the assessment of environmental impact of dietary change under real-life circumstances,
while previous studies have mainly measured the environmental impact of
hypothetical dietary change.

5. Conclusion

Our research shows that the food-related behavioral activation therapy led to favorable
changes in food intake according to the Mediterranean-style dietary guidelines, but to
no change in GHGE, LU or pReCiPe score and a small unfavorable change in FEU of the
diet. To generate dietary change that is favorable for both health and the environment,
dietary interventions must focus specifically on incorporating environmental
sustainability aspects, in particular focusing on reducing and replacing meat
consumption, choosing foods within a healthy diet that have low environmental impact
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and reducing total caloric intake. Furthermore, cultural, social and personal values
around eating meat should be integrated. Future research should evaluate the
environmental impact of dietary change in individuals who receive dietary guidelines
especially designed to decrease the environmental impact of the diet and improve health,
simultaneously.
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Supplementary material
Online Resource Table 1 Adapted GA2LEN FFQ food sections & items used in MooDFOOD
prevention trial with food group classification

Food section/item Food group classification
1.  Breadandrolls
a)  Any type of bread -
b)  Wholemeal or brown bread (with or without seeds) Whole grains
c)  White bread (e.g. baguette, rolls, sliced) Refined grains
d) Ryebread (any) Whole grains
e) Naanbread Refined grains
f)  Chapatti Refined grains
g) Yeast based bread Refined grains
2. Breakfastcereals
a)  Any breakfast cereals -
b)  Wheat germ Whole grains
c) Quaker (or other oat cereal) Whole grains
d) Corn-flakes Refined grains
e) All-bran cereals Whole grains
3. Semolina
a) Couscous Whole grains
4.  Pasta(and wheat-derived foods)
a)  Anypasta -
b)  Plain (refined) pasta (e.g. spaghetti) Refined grains
c)  Plainwholemeal (unrefined) pasta Whole grains
d) Filled pasta (with meat/cheese/vegetables) Refined grains
e) Noodles (excluding rice noodles) Refined grains

5. Bakery products/desserts

a)  Any cakes or pastries -

b)  Cakes (e.g. sponge, chocolate) Sweets/extras
c) Pastries (e.g. croissants) Sweets/extras
d)  Rolls (with/without filling) Sweets/extras
e) Muffins Sweets/extras
f)  Doughnuts, buns (plain or filled) Sweets/extras
g) Rice pudding Sweets/extras
h)  Cheesecake Sweets/extras
i) Pancakes Sweets/extras
j)  Plain biscuits (with no fillings or cream) Sweets/extras

6. Rice

a)  Anyrice -

b)  White rice Refined grains
¢)  Brown/wholemeal (unrefined) rice Whole grains
d) Rice noodles Refined grains

7.  Sugar&jam

a) Table sugar (white) Sweets/extras
b) Jam Sweets/extras
c) Marmalade Sweets/extras
d) Honey Sweets/extras

8. Sugar products excluding chocolate

a)  Any sweets or bonbons -

b)  Boiled sweets, toffees, caramels Sweets/extras
c) Mixed candies Sweets/extras
d) Cerealbars, flapjacks/fruit bar Sweets/extras
e) lcelolly Sweets/extras

9.  Chocolate

a)  Anychocolates -

b)  Chocolate snack bars (e.g. Mars bar) Sweets/extras
c) Dark chocolate Sweets/extras
d) Milkchocolate Sweets/extras

10. Vegetable oils

a)  Anyvegetable oil (blended) -

b)  Sunflower oil Other fats/oils
c) Oliveoil Olive oil

d) Extravirginolive ol Olive oil

e) Palmoil Other fats/oils
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Food section/item

Food group classification

11

12.

13.

14.

15.
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Margarine and fats of mixed origin

a) Anymargarine or spread (excluding soya spread)

b)  Low-fat margarine

c¢)  Normal margarine

d) Blended spreads

e) Soya-based margarine or spreads

f)  Any margarines or vegetable spreads fortified with omega-3
Butter and animal fats

a)  Anybutter

b)  Low/reduced fat butter

c) Normal butter

d) Lard
Nuts
a)  Anynuts
b)  Peanuts
c) Cashewnuts
d) Almonds
e) Walnuts
Legumes
a)  Anylegumes
b)  Kidney (red), black beans
c) Lentils
d)  Chickpeas (also hummus)
e) Cluster beans (guar)
f)  Frenchbeans (string beans)
g) Favabeans
h)  Soya beans
Vegetables excluding potatoes
a)  Anyvegetables (excluding potatoes)
b) Lettuce
c)  Spinach (including lamb’s quarters)
d) Chard
e) Fenugreek
f)  Wild greens (e.g. watercress)
g) Okra
h)  Tomato
i) Aubergine
j)  Courgette
k) Sweet peppers (e.g.red, green, yellow)
) Cucumber
m) Bitter melon (Karela)
n) Carrots
o) Parsnip
p)  Turnip or Swede
q) Artichoke
r)  Radish
s)  Beetroot
t)  Celery
u) Coleslaw
v)  Sweetcorn
w) Asparagus
x)  Herbs (e.g. mint, fennel, chive, basil, dill, coriander, parsley)
y)  Leek
z)  White/other mushrooms
aa) Onions
bb) Garlic
cc) Cauliflower
dd) Pumpkin
ee) Brussels sprouts

ff)  Peas (green)

gg) Broccoli

hh) Cabbage (e.g. white, green red, Savoy)

ii)  Stuffed vegetables (e.g. vine/green leaves with rice or meat)
jj)  Pickled vegetables (e.g. cucumber, radish, cabbage)

Other fats/oils
Other fats/oils
Other fats/oils
Other fats/oils
Other fats/oils

Other fats/oils
Other fats/oils
Other fats/oils

Pulses/legumes
Nuts
Nuts
Nuts

Pulses/legumes
Pulses/legumes
Pulses/legumes
Pulses/legumes
Pulses/legumes
Pulses/legumes
Pulses/legumes

Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Vegetables
Pulses/legumes
Vegetables
Vegetables
Vegetables
Vegetables
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Food section/item Food group classification
kk) Ginger (e.g.in savoury and sweet dishes, in infusion) Vegetables
16.  Starchy roots or potatoes
a)  Any potatoes -
b) Mashed potatoes Potatoes
c) Baked/roasted/casserole Potatoes
d)  Chips/French fries Sweets/extras
e) Insalads Potatoes
f)  Potato dumpling, bread dumpling, gnocchi Potatoes
g) Potato tortilla (omelette) Potatoes
h)  Sweet potato Potatoes
17.  Fruits
a)  Anyfreshfruits -
b) Apple Fruit
c) Pear Fruit
d) Avocado Fruit
e) Mango Fruit
f)  Apricot Fruit
g) Nectarine Fruit
h)  Peach Fruit
i) Plum Fruit
j)  Cherries Fruit
k)  Rhubarb Fruit
I} Berries (e.g. blueberry, strawberry, blackcurrants, blackberry, raspberry) Fruit
m) Banana Fruit
n) Melon/Watermelon Fruit
o) Grapes Fruit
p) Squeezed fresh fruit Soft drinks
q) Pineapple Fruit
r) Kiwi Fruit
s)  Lemon Fruit
t)  Orange Fruit
u)  Mandarin/tangerine Fruit
v)  Grapefruit Fruit
w) Tinned fruits Fruit
x)  Raisins, sultana Fruit
y)  Figs Fruit
z)  Prunes Fruit
aa) Olives (e.g. black, green) Fruit
bb) Dates Fruit
18.  Fruit juices (1 glass 200 ml)
a) Concentrated juice, with sugar Soft drinks
b)  Concentrated juice, without sugar (with sweetener) Soft drinks
19.  Non-alcoholic beverages (1 glass 200 ml)
a) Carbonated/soft drinks with sugar Soft drinks
b)  Carbonated/soft drinks with artificial sweetener Soft drinks
c) Tapwater Water/coffee/tea
d) Mineral water (e.g. still or sparkling) Water/coffee/tea
20. Tea/coffee
a) Blacktea(any) Water/coffee/tea
b)  Coffee (instant or ground) Water/coffee/tea
c) Greek (Turkish) Coffee Water/coffee/tea
d) Greentea Water/coffee/tea
e) Peppermint tea Water/coffee/tea
f)  Other herbal infusions Water/coffee/tea
21. Beer(1/2pintor 1glass 200 ml)
a) Beer(any) Alcoholic beverages

22. Wine(1glass 125 ml)
a)  Anywine _

b) Redwine Alcoholic beverages

c)  Whitewine Alcoholic beverages

d)  Rosewine Alcoholic beverages
23. Other alcoholic beverages (1 glass 50 ml)

a)  Fortified wines (Liqueurs) (e.g. Sherry, port, Madeira) Alcoholic beverages

b)  Spirits (e.g. whisky, vodka, rum, gin) Alcoholic beverages
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Food section/item Food group classification
24. Red meat and meat products
a) Anyred meat (e.g. beef, veal, lamb, pork, game) -
b)  Hot/cold roast beef, boiled beef, beef steak, fillet, loin Meat
c) Beefburger (hamburger) Meat
d) Minced beef meat (e.g chilli con carne, Bolognese sauce, meatballs) Meat
e) Beefmeatin stew, casserole, incurry Meat
f)  Pork cutlet, chop, steak, fillet, loin, pork ribs, minced Meat
g) Meatpies Meat
h)  Sausages Meat
i) Veal Meat
j)  Small game (e.g. rabbit, goat, pheasant, duck) Meat
k) Other game (e.g. deer, moose) Meat
I} Lamb(e.g. in stews, kebabs) Meat
Smokedycured meat (3 slices)
m) Cured pork (cold or hot-cooked) Meat
n)  Gammon, ham (e.g. Serrano, prosciutto) Meat
o) Dried cured sausages (chorizo, salchichon, salami) Meat
p)  Frankfurter Meat
q) Bacon, bacon cubes Meat
r)  Smoked lamb Meat
s)  Smoked game (any) Meat
25.  Poultry
a)  Any poultry with skin -
b)  Any poultry without skin -
Fresh (unsmoked)
c)  Chicken (e.g. boiled, roasted, chicken burgers) Meat
d) Chicken (e.g. stews or casserole) Meat
e) Turkey (e.g. roasted, boiled, strips) Meat
Smoked or cured poultry
f)  Any smoked/cured poultry Meat
26. Offal
a) Liver (e.g. panita), patés, potted meat Meat
b)  Other offal (e.g. tongue, brain, heart, kidney, tripe) Meat
27. Fishand seafood
a)  Anyfish or seafood (fresh, tinned, smoked, etc) -
b)  Fresh oily fish (e.g. salmon, tuna, trout, anchovy, herring, mackerel, sardine,  Fish
gravalax, eel)
c)  Freshwhite fish (e.g. hake/turbot, cod, haddock, plaice, whiting) Fish
d) Other fresh fish/seafood products (e.g. taramasalata) Fish
e) Fresh crustaceans and molluscs (e.g. mussel, crab, calamari, octopus, cuttlefish, — Fish
shrimp, clam)
f)  Cured or smoked oily fish (e.g. sardines, tuna, salmon, kipper) Fish
g) Cured or smoked white fish (e.g. cod, bacalao, salt cod) Fish
h)  Tinned fish (sardine, tuna or salmon) Fish
i) Tinned crustaceans and molluscs (e.g. mussel, crab, calamari, octopus, cuttlefish, ~ Fish
shrimp, clam)
28. Eggs (fromhen)
a)  Anyeggs -
b)  Eggs (fried/poached/boiled/hard boiled/in sandwiches) Egg/soy
c) Egg-based savoury dishes Egg/soy
d) Egg-based desserts (e.g. egg cakes, tarts, egg and nut sweets) Egg/soy

29. Milk, dairy and soya

a)  Any milk (excluding soy)
Cow milk

b)  Full-fat milk

c)  Semi-skimmed milk

d)  Skimmed milk

e) Milkfortified with omega 3 fatty acids

f)  Yogurt (any type including fromage)
Soy

g)  Soymilk

h)  Yogurt from soy

i) Tofu
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Food section/item Food group classification
30. Cheese

a)  Anycheese High-fat dairy

b) Hard cheeses (e.g. Cheddar, parmesan) High-fat dairy

c) Soft cheeses (e.g. Brie, camembert, Philadelphia, tomini, boursault, brinza, — High-fat dairy
chaource, coulommiers, Humboldt fog, kochkase)
d) Semi-hard cheeses (e.g. Gouda, Emmental/Edam) High-fat dairy
e) Cottage cheese (cheese curd natural/with flavouring) Low-fat dairy
f)  Hard and semi-hard Greek cheeses (e.g. Kaseri, kefalotiri, Grafiera, . .
) . High-fat dairy
Kefalograviera, Ladotiri)

g) Freshcheeses (e.g. Feta, mozzarella) Low-fat dairy
31 Other milk-derived products
a) lcecream Sweets/extras
b)  Single cream High-fat dairy
c) Crémefraiche High-fat dairy
d)  Sour cream High-fat dairy
e) Double or clotted cream High-fat dairy
32. Miscellaneous food
a) Dressingsauces (e.g. French, Cesar, thousand island) Other fats/oils
b) Mayonnaise Other fats/oils
c)  White sauce Sweets/extras
d) Ketchup Sweets/extras
e) Instant soup Sweets/extras
f)  Pizza(any) Sweets/extras
g) Brownsauce Sweets/extras
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Online Resource Table 2 Baseline characteristics of participants of the MooDFOOD prevention
trial included in the mixed model analysis and excluded from analysis due to missing dietary data or
implausible reported total caloric intake at TO or at both T6 and T12

Characteristic Included Excluded
n=744 n=281
Sex?
Female 75.4(561) 75.1(211)
Male 24.6 (183) 24.9 (70)
Age (years)® 47.6+13.1 438+ 12.6
Education?
Low 9.7(72) 11.0(31)
Middle 47.2(351) 52.3(147)
High 43.1(321) 36.7 (103)
Site?
Germany 30.4 (226) 18.1(51)
United Kingdom 24.7 (184) 24.9 (70)
Spain 21.4(159) 33.1(93)
The Netherlands 23.5(175) 23.8(67)
History of depression®
Yes 32.3(240) 36.7 (103)
No 67.7 (504) 63.3(178)
Pills®
Multi-nutrient 48.3(359) 54.4(153)
Placebo 51.7 (385) 45.6(128)
BMI (kg/m?)P 31.2+40 31.8+40
Total energy intake 2078.4(1636.0; 2554.6) 2218.6 (1761.1; 2848.9)¢
(kcal/day)°

2Values displayed as percentage (frequency); ® Values displayed as mean + sd; ¢ Values displayed as
median with interquartile range (25; 75 percentile); ¢ Total caloric intake of those who over-
reported energy intake only (n=9)
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Online resource Fig 1 Flow diagram of MooDFOOD depression trial participants included in the

[ Randomized (n=1,025) ]

ITT analysis

Allocated to F-BA (F-BA group) (n=512)

. Allocated to multi-nutrient (n=256)
. Allocated to placebo (n=256)

¢ ~

ost to follow-up (n=123)

Reasons:
. No time/not interested
(n=46)
. Contact lost (n=29)
. Physical health reasons
(n=15)
. Mental health reasons (n=6)

. Other (n=27)

K . Unknown (n=0)

/

4 R
Missing FFQ (n=134)
. Missing FFQ at TO (n=34)
. Missing FFQ at T6 and T12
(100)
J
Implausible total caloric intake (n=5)
. Implausible caloric intake at TO
(4)
. Implausible caloric intake at T6
and T12 (1)

- /

( ™
Analyzed N=373

Excluded from analysis N=139

\ J

Allocation

Allocated to no F-BA (control group) (n=513)

. Allocated to multi-nutrient (n=256)
. Allocated to placebo (n=257)

-

~

Lost to follow-up (n=123)
Reasons:
. No time/not interested
(n=37)
. Contact lost (n=34)
. Physical health reasons
(n=18)
. Mental health reasons (n=8)
. Other (n=22)
. Unknown (n=4)

/

Ve

s

\
Missing FFQ (n=138)
. Missing FFQ at TO (n=52)
. Missing FFQ at T6 and T12 (86)
/

.

~

Implausible total caloric intake (n=4)

. Implausible caloric intake at TO
(4)

. Implausible caloric intake at T6
and T12 (0)

J

v

Analyzed N=371
Excluded from analysis N=142

173



Chapter 6

Online Resource Fig 2 Effect of the food-related behavioral activation therapy (F-BA) intervention
on diet-associated greenhouse gas emissions in overweight adults with subsyndromal symptoms
for depression during the 12-month MooDFOOD depression prevention trial (N=744)
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The bars represent the difference in change in greenhouse gas emissions (GHGE; kg CO2-eqg/day)
from baseline to 12 months between participants who received the F-BA intervention (F-BA
group) and participants who did not receive the F-BA intervention (control group) when controlling
for baseline value of outcome, age, sex and site. The lines represent 95% confidence intervals.
*Significant at Holm-Bonferroni-corrected Avalue
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Online Resource Fig 3 Effect of the food-related behavioral activation therapy (F-BA) intervention
ondiet-associated land use (LU) in overweight adults with subsyndromal symptoms for depression
during the 12-month MooDFOOD depression prevention trial (N=744)
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The bars represent the difference in change in land use (LU; m2*a/day) from baseline to 12 months
between participants who the F-BA intervention (F-BA group) and participants who did not receive
the F-BA intervention (control group) when controlling for baseline value of outcome, age, sex and
site. The lines represent 95% confidence intervals. *Significant at Holm-Bonferroni-corrected ~
value
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Online Resource Fig 4 Effect of the food-related behavioral activation therapy (F-BA) intervention
on diet-associated fossil energy use (FEU) in overweight adults with subsyndromal symptoms for
depression during the 12-month MooDFOQOD depression prevention trial (N=744)
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The bars represent the difference in change in fossil energy use (FEU; MJ/day) from baseline to 12
months between participants who received the F-BA intervention (F-BA group) and participants
who did not receive the F-BA intervention (control group) when controlling for baseline value of
outcome, age, sex and site. The lines represent 95% confidence intervals. *Significant at Holm-
Bonferroni-corrected Pvalue
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Online Resource Fig 5 Effect of the food-related behavioral activation therapy (F-BA) intervention
on pReCiPe score in overweight adults with subsyndromal symptoms for depression during the
12-month MooDFOQOD depression prevention trial (N=744)
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The bars represent the difference in change in pReCiPe score (points) of diet from baseline to 12
months between participants who received the F-BA intervention (F-BA group) and participants
who did not receive the F-BA intervention (control group) when controlling for baseline value of
outcome, age, sex and site. The lines represent 95% confidence intervals. *Significant at Holm-
Bonferroni-corrected P-value
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Abstract

Purpose Diet modelling studies suggest that increasing protein intake with no
consideration for sustainability results in a higher environmental impact of the diet.
To better understand the impact in real life, the aim of this study was to assess the
effect of dietary advice to increase protein intake on food consumption and the
environmental impact of the diet in community-dwelling older adults.

Methods Food consumption and environmental impact were analyzed among 124
Dutch older adults with lower habitual protein intake (< 1.0 g/kg aBW/d) participating
in the six-month PROMISS trial. Dietary intake data from a combination of three food
diaries and three 24-hour dietary recalls and results from life cycle assessments were
used to examine the differences in changes in food consumption and environmental
impact between those who received dietary advice to isocalorically increase protein
intake to >1.2 g/kg aBW/d (Protein+; n=84) and those who did not receive dietary
advice (Control; n=40).

Results Compared to the Control, Protein+ increased protein intake from animal-
based food products (11.0 g protein/d, 95% Cl 6.6-15.4), plant-based food products
(2.1 gprotein/d, 95% C1 0.2-4.0) and protein-enriched food products provided during
thetrial (18 gprotein/d, 95% Cl 14.5-21.6) at the 6-month follow-up. Diet-associated
greenhouse gas emissions increased by 16%, land use by 13%, terrestrial acidification
by 20%, and marine eutrophication by 26% in Protein+ compared to the Control.
Conclusion This study found that the dietary advice increased protein intake, favoring
animal-based protein, and increased the environmental impact of the diet in older
adults.
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1. Introduction

While proteinis a key component of the diet for optimal physical function throughout all
life stages, it is of particular importance amongolder adults as they frequently experience
a reduction in muscle mass and function [1]. As people age, physiological, psychological
and environmental changes associated with reduced food consumption increase the risk
of suboptimal protein intake [1-3]. Lower protein intake has been shown to be associated
with sarcopenia [4,5], which is characterized by a decline in muscle mass, strength, and
physical function [6], increased risk of mortality and comorbidities [7,8]. While several
short-term metabolic and observational studies suggest that older adults aged 65 years
and older need to consume more protein compared to younger adults to maintain
adequate muscle mass and strength [9-13], evidence from randomized controlled trials
is not conclusive [14]. Nevertheless, several expert groups propose an increase of the
recommended daily allowance (RDA) of protein from 0.8 g/kg body weight (BW)/d to
1.0-1.2 g/kg BW/d for older adults [15-17].

It has been previously argued that increasing protein intake based on current food
consumption patterns is likely to have unfavorable consequences for the natural
environment [18-20]. Globally, current food production and consumption are dominant
drivers of climate change, eutrophication, acidification, and biodiversity loss and are a
considerable drain on resources such as land, water, energy, and nutrients [21,22].
Notwithstanding the various components of the human diet, all of which have some
impact on the environment, animal-based protein sources have been identified as having
the largest impact on the environment than other dietary components [23,24]. In the
Netherlands, animal-based protein constitutes 60% of total protein consumed by young
and older adults alike [25,26]. A theoretical high-protein diet, modelled based on actual
food intake data of Dutch community-dwelling older adults, showed that increasing
protein intake from 1.0 to 1.2 g/kg BW/d, with isocaloric replacement and no
consideration of environmental sustainability, increased the contribution of animal-
based protein to 65% of total protein and increased diet-associated greenhouse gas
emissions (GHGE) by 12-14%, land use (LU) by 10-12%, and fossil energy use by 9-10%
[20]. This study used diet optimization, which is a powerful tool to model realistic diets as
it simultaneously combines a given set of nutritional and environmental constraints while
staying as close to the habitual diet as possible. However, given the diversity and
complexity of food consumption behavior, understanding the effect of increasing protein
intake on diet composition and diet sustainability in real life remains warranted.

Therefore, this study aimed to assess the change in consumption of protein-rich foods
achieved by the PRevention Of Malnutrition In Senior Subjects inthe EU (PROMISS) trial
and to examine the effect of these changes over six months on the environmental impact
of the diet. The PROMISS trial provides a unique opportunity to investigate the effect of
the personalized dietary advice aiming at isocalorically increasing protein intake on food
consumption and diet sustainability in community-dwelling older adults with low protein
intake under real-life circumstances [27].
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2. Methods
2.1. Study design and subjects

The PROMISS trial was a 6-month randomized controlled trial that investigated the
effect of personalized dietary advice aiming at increasing protein intake with or without
advice regarding timing of protein intake to close proximity of any usual physical activity,
onchange in physical functioning among community-dwelling older adults with a habitual
protein intake of < 1.0 g/kg adjusted (a)BW/d. The design, methods, and primary
outcomes of the trial are described in detail elsewhere [27,28] and are summarized
below. A sample of 276 community-dwelling older adults (>65 years) were recruited
from the Netherlands and Finland and randomized to one of three groups: (1)
intervention group 1 received personalized dietary advice aiming at increasing protein
intake to at least 1.2 g/kg aBW/d (n=96); (2) intervention group 2 received personalized
dietary advice aiming at increasing protein intake to at least 1.2 g/kg aBW/d and advice
to optimize the timing of protein intake in close proximity of usual physical activity
(n=89); and (3) control group did not receive any intervention (n=91). In addition to being
>65 years and having a habitual protein intake <1.0 g/kg aBW/d, eligibility criteria
included having normal cognition or mild dementia as determined by a Mini-Mental State
Examination (MMSE) score >20, ability to walk 400 m within 15 minutes, and body mass
index (BMI) >18.5 kg/m? and <32.0 kg/m?. The eligibility criteria described above were
assessed during a clinic visit, where body weight and height were measured. Participants
also completed a baseline questionnaire, which included demographics like education.
Randomization was stratified according to participants’ baseline habitual intake (<0.9 or
0.9-1.0 g/kg aBWY/d) and sex across the two countries. For the purposes of this study,
only participants from the Netherlands (n=132) are included because the environmental
data used is specific for food products consumed in the Netherlands. Further, to assess
the effect of the dietary advice aiming at increasing protein intake, the two intervention
groups were condensed into one to make comparisons between participants who
received dietary advice to increase protein intake (Protein+ group, n=84) and those who
did not (Control group, n=40). The advice on timing of protein intake had no effect on
food consumption; this was checked by adding both intervention groups as dummy
variables to the statistical models and it did not affect results.

2.2. Intervention: Personalized dietary advice to increase protein intake

Trained nutritionists provided participants in the intervention groups with personalized
dietary advice toincrease proteinintake to >1.2 g/kg aBW/d with isocaloric replacement
based on personal habitual dietary characteristics, protein intake and BW of participants
as assessed at baseline. Advice was personalized based on food preferences and
practices, taking into account whether the participants usually prepared their own meal,
where and with whom they ate (e.g. family, friends’ or community home), and whether
they typically ate ready-to-eat meals or used a meal service. Participants received both
written dietary advice and a verbal explanation from the nutritionist. Advice included the
use of habitually consumed protein-rich food products and protein-enriched food
products that were not habitually eaten prior to the trial. The protein-enriched food
products, which included protein bars, cereals, puddings, coconut whey water and whey

182



Effect of advice to increase protein intake on food consumption and environmental impact

powder, were provided for free by the research team and sent to participants’ home.
Guidelines on how to incorporate the protein-enriched food products within their diet
were provided. It was also advised to consume at least one daily meal consisting of >35g
protein to stimulate muscle protein synthesis [29,30].

The nutritionists consulted with the participants from the Protein+ group several times
throughout the intervention period to ensure that they have understood and are able to
adhere to the advice. Changes inthe dietary advice were made if necessary. For example,
participants were requested to contact the nutritionists when a BW change of >2 kg
occurred, so the dietary advice could be adapted accordingly. Participants allocated to
the Control group were also contacted at similar time points as the intervention groups
to ask how they are doing. To stimulate commitment to the trial, two lectures on non-
health-related themes were organized and participants received incentives after three
months.

2.3. Dietarydata

Food consumption was assessed by a combination of three food diaries and three 24-
hour dietary recalls one week prior to baseline and one week prior to the 3-month and 6-
month follow-up clinic visit. The participants were asked to keep track of their dietary
intake by filling out a food diary for three consecutive days (three weekdays or two
weekdays and one weekend day). They received a diary and booklet with pictures of
portion sizes to help them accurately fill out the diary. Nutritionists called the
participants to go through their food diary of the day before (24-hour dietary recall). In
case one of the three days was reported by the participant as not representative, mean
intake was based on two instead of three days (n=5).

Food intake datawere entered into the program ‘Eetmeter’ of the Netherlands Nutrition
Center using an extended version of the Dutch Food Composition Table [31,32]. Food
consumption data were categorized into 20 main food groups, modified from the
GloboDiet food group classification, which were used to determine protein-rich food
groups for the analysis [33]. Protein-enriched food products provided during the trial
were a separate food group, making a total of 21 main food groups (Supplementary Table
1). The energy value provided by protein for each food item was calculated in energy
percent (E% protein) [(g protein x (4 kcal / 1 g protein)) / total kcal of the food)] and were
averaged across the food items in each food group. Food groups with at least an average
12 E% protein were considered protein-rich, as the European Commission recognizes
food with at least 12 E% protein as a source of protein [34]. The ‘Meat and meat products’
food group was further stratified into subcategories due to their different impacts on
health and the environment. Further, food groups were classified by protein source
category: animal-based, plant-based and miscellaneous. Miscellaneous sources contain
both animal and plant-based sources of protein (e.g. meat and dairy substitutes, soups
and mixed dishes).

2.4. Environmental data

Various environmental impact indicators were investigated to assess diet sustainability,
namely GHGE expressed in kilograms of carbon dioxide equivalents (kg CO2-eq), LU in
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square meter-year (m2*y), terrestrial acidification in kg sulfur dioxide equivalents (kg
SOz-eq), freshwater eutrophication in kg phosphorous equivalents (kg P-eq), marine
eutrophication in kg nitrogen equivalents (kg N-eq), and blue water use, representing
irrigated water from ground and surface water, in cubic meter (m®). The life cycle
assessment (LCA) approach was applied to calculate the environmental impact of foods
and beverages throughout the entire life cycle, including farming, processing,
distribution, through to waste. Primary LCA data was available for 242 foods
representative of the Dutch situation and were calculated by Blonk Consultants (Gouda,
the Netherlands) [35]. An extended dataset including extrapolated data for foods and
beverages for which primary data were not available was used [36]. The extended
dataset covered 84% of all foods consumed by the trial participants. Additional
extrapolations from the primary data were made for foods and beverages for which data
were not available, including protein-enriched food products provided during the trial.
Extrapolations were made based on similarities in types of food, production systems and
ingredient composition by expert judgement. For composite dishes, standardized
recipes were used where available, and if not available, recipes were based on label
information.

2.5. Statistical analysis

Descriptive statistics were produced to describe the baseline characteristics of the study
participants stratified by study group. Education was categorized into three groups,
namely lower education (includes elementary education or less), middle education
(includes lower vocational education and general intermediate) and higher education
(includes intermediate vocational education, general secondary, higher vocational,
college or university). Mean daily consumption of protein-rich foods groups and protein
source categories (i.e. animal, plant, miscellaneous), GHGEs, LU, blue water use,
terrestrial acidification, freshwater eutrophication, and marine eutrophication were
calculated for each participant over three days and at each time point (baseline, 3-month,
6-month follow up).

Longitudinal analysis of covariance was carried out using mixed effects models to assess
the effect of the dietary advice on food consumption and the environmental impact of
the diet. To assess the trial effect on food consumption, protein intake (in grams protein
per day) by protein source (i.e. animal-based, plant-based, and miscellaneous) and
consumption of the protein-rich food groups (in grams food per day) were analyzed. To
assess the trial effect on the environmental impact of the diet, GHGE, LU, terrestrial
acidification, freshwater and marine eutrophication, and blue water use were analyzed.
A random intercept was added to the models to take into account the dependency of the
repeated observations within the participants. Participants with missing dietary data at
only one of the follow-up measurements were included in the analyses and no
imputations were conducted, as mixed model analysis estimated with the maximum
likelihood estimator accounts for missing data [37,38]. Drop-outs, i.e. participants with
missing dietary data at the 3-month follow-up and the 6-month follow-up, were excluded
in the analyses (n=8), and therefore the analytical sample included 124 participants.
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Adjustment was made for the baseline value of the outcomes to increase precision
[37,38]. Further adjustment was made for sex and baseline energy intake due to group
differences at baseline (see Table 1). To explore the effect of only the compositional
changes on the environmental impact of the diet, secondary analyses were conducted to
adjust for energy intake at each time point. Regression coefficients and 95% ClI along
with pvalues are presented. For all statistical tests the 2-sided significance threshold was
set to a p-value of 0.05. The analyses were performed on an intention-to-treat basis.
Statistical analyses were conducted with Stata 16 (StataCorp. 2019. Stata Statistical
Software: Release 16. College Station, TX: StataCorp LLC).

3. Results
3.1. Study participants and baseline characteristics

Baseline characteristics of the two study groups are presented in Table 1. The
participants had an average age of 74 years and an average body mass index of 26 kg/m?.
The Protein+ group had a slightly higher proportion of males and a higher proportion of
participants who completed higher education compared to the Control group at baseline.
The baseline mean + sd protein intake of the study participants was 62.9 + 11.5 g/d or
0.84 +0.13 g/kg aBWy/d.

Table 1. Baseline characteristics of participants who did not receive personalized dietary advice to
increase protein intake (Control group) and participants who received personalized dietary advice
to increase protein intake (Protein+ group) (N= 124)

Characteristic Control group (n=40) Protein+ group (n=84)
Age (y) 74+5 74+4
Sex, n (%)

Male 20 (50%) 45 (54%)

Female 20 (50%) 39 (46%)
Education®, n(%)

Lower - 2 (2%)

Middle 13(32%) 8 (10%)

Higher 27 (68%) 74 (88%)
BMI® (kg/m?) 267 +3 262+3
Energy intake (kcal/d) 1678.9 +289.3 1759.5 +409.6
Protein intake (g/d) 63.2+10.1 62.8+12.2
Protein intake (g/kg aBW/d) 0.83+0.12 0.84+0.14
Greenhouse gas emissions (kg CO2-eqg/d) 41+10 42+13
Land use (m**y/d) 25+0.5 25+0.7
Terrestrial acidification (kg SO2-eq/d) 0.04+0.01 0.04+0.01
Freshwater eutrophication (kg P-eq/d) 3.1x10% + 7.6x107 3.3x10% + 1.3x10*
Marine eutrophication (kg N-eq/d) 7.4x10°% +5.0x10° 6.5x10° + 3.1x10°
Blue water use (m®/d) 0.2+0.1 0.2+0.1

Results presented in mean + standard deviation unless reported otherwise. @ Lower education includes
elementary education or less; Middle education includes lower vocational education and general intermediate;
Higher education includes intermediate vocational education, general secondary, higher vocational, college or
university. ® Body mass index.
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3.2. Intervention effect on consumption of protein and protein-rich food groups

The dietary advice aiming at increasing protein intake among community-dwelling older
adults led to an increase in protein intake by 46% (95% Cl 38% to 55%) [29.2 g /d (95%
Cl 23.9 to 34.5 g/d, p<0.001) or 0.4 g /kg aBW/d (95% Cl 0.3 to 0.5 g/kg aBW/d,
p<0.001)] relative to the Control group. The intervention resulted in more participants
reaching or exceeding the recommended protein intake of 1.2 g/kg aBW/d at 6 months:
58% of older adults in the Protein+ group compared to 10% in the Control group.
Although advice aimed for an isocaloric increase in protein intake, the Protein+ group
increased their energy intake by 115.3 kcal/d (95% Cl 6.9 to 223.6 kcal/d, p=0.037) from
baseline to the 6-month follow-up compared to the Control group. Nevertheless, no
difference in mean body weight change was found between the Protein+ and Control
group (p=0.371). When energy intake at the different time points was taken into account,
protein intake increased by 24.7 g/d (95% 19.8 to 29.7 g/d, p<0.001) in the Protein+
group relative to the Control group.

A statistically significant change in protein intake from plant-based and animal-based
sources resulted from the dietary advice relative to the control, but no change in protein
intake from miscellaneous sources (Figure 1). The Protein+ group increased their
consumption of plant-based protein by 2.1 g /d (95% Cl 0.2 to 4.0 g/d, p=0.031) and
animal-based proteinby 11.0g/d (95% Cl 6.6 to 15.4 g/d, p<0.001) from baseline to the
6-month follow-up compared to the Control group. Further, the Protein+ group
increased their consumption of protein from the PROMISS protein-enriched food
products by 18 g of protein (95% Cl 14.5t0 21.6 g/d, p<0.001), which were derived from
a daily average consumption of 160 g of these products (Table 2). Among the 84
participants in the Protein+ group, 84% consumed at least one of the PROMISS protein-
enriched food products during the trial. Those who ate the products consumed a daily
average 36.3 g of protein bar (8.4 g protein/d, n=26), 39.1 g of cereal crunch (6.5 g
protein/d, n=27), 10.8 g protein powder (9.4 g protein/d, n=51), 269.0 g coconut whey
water (16.4 g protein/d, n=43), 138.9 g chocolate pudding (14.6 g protein/d, n=9) and
154.2 g vanilla pudding (16.2 g protein/d, n=6). When looking at the relative changes in
consumption of the other protein-rich food groups during the trial, only an increase in
consumption of milk and milk products was found in the Protein+ group compared to the
Control group (Table 2).
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Figure 1 Six-month change in protein intake (in g/d) by protein source among those who received
dietary advice aiming at increasing protein intake (Protein+ group) compared to those who did not
receive dietary advice (Control group) during the PROMISS trial (N=124), adjusted for sex,
baseline energy intake and baseline value of outcome. The dots represent the effect size estimates
and lines represent 95% confidence intervals. * p<0.05 ** p<0.001
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Table 2 Consumption of protein-rich food groups (in g food/d) at baseline and 6-month follow-up
of those who did not receive dietary advice (Control group) and those who received dietary
advice aiming at increasing protein intake (Protein+ group) during the PROMISS trial

Control group Protein+ group Difference in change
. 6-month . 6-month between Protein+ and
B(isge‘:ge follow-up B(ﬂiﬁf follow-up Control group (95%
(n=39) (n=82) Cly
PROMISS
protein-enriched - - - 1600+ 157.0* (116.6 - 198.4)
v 159.3
foods
Animal-based
Fish 19.2+268 17.6+315 22.4+30.5 23.2+340 52(-6.5-17.0)
Meat and meat 5124403  714+505  470+417  723+608 8.5 (-7.0 - 24.0)
products
Beef,veal,lamb 547, 959 2154256 1654228 2584311 72(-14-158)
and goat
Pork 20.2+20.8 33.0+40.1 22.3+29.6 23.6+288 04(-49-57)
Poultry 10.3+16.8 16.8+334 8.3+185 21.6+36.8 1.9(-6.1-9.9)
Processed meat 13.6+21.2 13.3+214 174+ 241 16.3+22.8 -2.8(-9.3-3.5)
Eggs 2114267  21.9+244  195+200 21.3+243 2.3 (-4.4-89)
Milk and milk 2750+ 269.7 + 205.8 + 2875+ . B
products 1715 166.6 157.9 165.4 72.77(31.9-1136)
Cheese 290+210 28.7+21.7 28.2+20.0 34.7+265 6.7(-0.6-14.2)
Plant-based
170.2 + 1960+ 184.4 + 160.5 +
Vegetables 1039 11343 1034 881 -14.0(-42.0- 14.0)
Legumes 59+150 6.2+152 95+225 10.5+20.1 3.1(-20-8.1)
Cereal and cereal 119.6 + 130.8 + oA
products 1164+ 65.3 593 129.6 +67.5 564 8.2(-70-23.4)
Nuts and seeds 16.4+16.7 140+17.1 16.6+21.4 16.5+16.6 29(-14-7.1)
Miscellaneous
Meat and dairy 20478  55+143  146+419  163+486 43(-89-17.5)
substitutes
Soups 54.1+785 59.0+80.7 79.1+999 59.6+952 -24.1(-52.5-4.3)
Mixed dishes 504+ 117.7 37.7+68.5 41.3+68.3 325+58.1 -20.2(-41.3-1.0)

Values displayed as mean + standard deviation. 2 Unstandardized regression coefficients and 95%
confidence intervals of difference in change from baseline to 6-month follow up between Protein+
group and Control group, controlling for sex, baseline energy intake and baseline value of outcome.
b PROMISS protein-enriched food products included protein bars, cereals, puddings, coconut
whey water and whey powder. * Statistically significant at p<0.05.
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3.3. Intervention effect on environmental impact of diet

The dietary advice aiming at increasing protein intake among community-dwelling older
adults led to anincrease in GHGE by 0.66 kg CO2-eq/d (95% CI 0.29 to 1.02 kg CO»-
eq/d), LU by 0.46 m?*y/d (95% Cl 0.28 to 0.67 m?*y/d), terrestrial acidification by 0.01
kg SO2-eq/d (95% C10.002 to 0.01 kg SO2-eq/d), and marine eutrophication by 1.04x10
Skg N-eq/d (95% Cl 7.27x107° to 2.01x10°3 kg N-eq/d) (Table 3). The dietary advice had
no effect on freshwater eutrophication or blue water consumption. Adjustment for
energy intake over time attenuated the effect on GHGE (0.40 kg CO2-eqg/d, 25% C1 0.09
to 0.71 kg CO2-eq/d), LU (0.30 m?*y/d, 95% CI 0.13 to 0.47 m?*y/d) and terrestrial
acidification (0.005 kg SO2-eq/d, 95% Cl 8.69x10°¢ to 0.01 kg SO2-eq/d) and no longer
had a statistically significant effect on marine eutrophication (1.3x10° kg N-eqg/d, 95%
Cl-3.1x10° to 1.1x10?kg N-eqg/d).

Table 3 Effect of dietary advice aiming at increasing protein intake on the environmental impact
of the diet in Dutch community-dwelling older adults during the PROMISS trial (N=124)

Difference in change

Environmental outcomes from baseline to 6 95%Cl Pvalue
months?
Greenhouse gas emissions (kg CO»-eqg/d)
Model 1° 0.69 0.33-1.06 <0.001
Model 2¢ 0.66 0.29-1.02 <0.001
Land use (m**y/d)
Model 1 0.50 0.28-0.71 <0.001
Model 2 0.46 0.24-0.67 <0.001
Terrestrial acidification (kg SO2-eq/d)
Model 1 0.01 0.003-0.01 0.004
Model 2 0.01 0.002-0.01 0.010
Eutrophication - Freshwater (kg P-eq/d)
Model 1 4.14x107° 3.8x107 - 8.24x10° 0.048
Model 2 3.57x10° -3.37x10°¢-7.47x10°  0.073
Eutrophication - Marine (kg N-eq/d)
Model 1 1.24x10° 2.50x10% - 2.24x10° 0.014
Model 2 1.04x10° 7.27x10° - 2.01x10° 0.035
Blue water use (m®/d)
Model 1 -0.01 -0.02-0.01 0.304
Model 2 -0.01 -0.03-0.01 0.329

@ Unstandardized beta coefficient of the difference in change from baseline to 6-month follow-up
between participants who received dietary advice (Protein+ group) and participants who did not
receive dietary advice (Control group). ® Model 1 controls for sex, baseline energy intake and
baseline value of outcome. ¢ Model 2 controls for sex, energy intake over time, and baseline value
of outcome.

3.4. Contribution of food groups to total protein intake and environmental impacts

At baseline, the top three food groups contributing most to total protein intake across
the total study population were cereal products (18% of total protein intake), meat
products (16%), and milk products (15%). At the 6-month follow-up, the dominant
protein sources in the Protein+ group were the PROMISS protein-enriched food
products (19% of total protein intake) followed by meat products (17%) and milk
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products (14%), whereas meat products (23%), cereal products (16%), and milk products
(13%) were dominant sources in the Control group (Supplementary Figure 1 and 2).

For GHGE, LU, terrestrial acidification and marine eutrophication, meat and meat
products were the largest contributors at baseline and 6-month follow-up for both
groups (Supplementary Figure 1). Milk and milk products were second largest
contributor to total GHGE, terrestrial acidification, and marine eutrophication at
baseline and 6-month follow-up for both groups. The second largest contributor to LU
was drinks for both groups except for the Protein+ group at the 6-month follow-up, for
which the PROMISS protein-enriched food products contributed the most. Drinks
contributed most to freshwater eutrophication at baseline, followed by meat and meat
products, but the order switched at the 6-month follow-up for both groups. For blue
water use, fruits, drinks, and nuts and seeds were the main contributors at baseline and
6-month follow-up for both groups. Among the protein-rich food products, meat and milk
products hold most weight in the diet's environmental impact across all indicators,
except blue water use, for which nuts and seeds hold most weight.

4. Discussion

Dietary advice aiming at increasing protein intake among community-dwelling older
adults with lower habitual protein intake (<1.0 g/kg aBW/d) led to a change in food
consumption and an increase in four out of six environmental impact indicators. Older
adults who received dietary advice increased their protein intake by 46% compared to
older adults who did not receive advice. This result was explained by a small but
significant increase in protein intake from plant-based foods, a large significant increase
in protein intake from animal-based foods, and an introduction of protein-enriched food
products in the diet. These changes made to the diet yielded a significant increase in
GHGE by 16%, LU by 13%, terrestrial acidification by 20%, and marine eutrophication
by 26% compared to the control group. Once energy intake over time was accounted for,
the environmental impacts were attenuated and the trial no longer had an effect on
marine eutrophication.

Our findings are consistent with previous studies that modelled theoretical dietary
changes from current diets to high-protein diets, which expose a tendency to value
animal-based protein, leading to higher environmental impacts. In Switzerland, a
hypothetical protein-oriented diet consisted of greater amounts of animal-based foods
compared to the current Swiss diet, resulting in a 50% increase in GHGE and a 20%
increase in land, nitrogen and phosphorus footprint [18]. Similarly, the diet optimization
study among Dutch older adults found that an increase in protein intake from the
average intake of 1.0 to 1.2 g/kg BW/d, with no consideration of diet sustainability, led
to increases in animal-based protein and an increase GHGE, LU and fossil energy use
[20]. The present study shows that in real life, dietary advice aiming at increasing protein
intake resulted in increased protein intake mainly from animal-based protein sources,
and especially from milk and milk products, and protein-enriched food products. This in
turn led to increases in GHGE, LU, terrestrial acidification and marine eutrophication,
but no change in freshwater eutrophication and blue water use.
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What is unique about this study compared to the aforementioned modelling studies is
the inclusion of protein-enriched food products. Protein-enriched food products
contributed to approximately one fifth of total protein intake, but to only 5% GHGE, 13%
LU, 3% terrestrial acidification, 4% freshwater eutrophication, 3% marine
eutrophication, and 2% blue water use in the diet of the Protein+ group at the 6-month
follow-up. Protein-enriched foods, which are protein-dense given its volume, are thus
efficient in delivering protein with relatively low environmental impact. Although
consumer studies have shown that older adults tend to be skeptical towards protein-
enriched foods [39,40], this study supports findings from previous trials that show
protein-enriched foods are acceptable and can be successfully implemented in the menu
of older adults [41-43]. The protein-enriched food product consumed by the most
participants was the whey protein powder, which has a relatively high environmental
impact being derived from milk. An LCA study shows that 14 kg CO2-eq can be avoided
by replacing 1 kg whey with 1 kg soy protein [44]. However, whey is a waste product
created from cheese making, and therefore its production is inevitable given the high
demand for cheese [45]. This creates an opportunity for the dairy industry to channel an
environmentally burdensome waste product into protein-enriched foods and beverages
for older consumers, although technological innovation is needed to bring down the
environmental impact of whey processing and transportation [46].

Evidence is clear that a protein transition is needed to achieve more environmentally-
friendly diets [19,22,47]. To increase protein intake in an environmentally friendly way
in older adults, the diet optimization study showed that a shift towards a more plant-
based diet was needed, one in which the animal- to plant-protein ratio shifts from 60:40
to 50:50 [20]. This is in line with the Health Council of the Netherlands’ advice to shift
towards a more plant-based diet (i.e. a diet in which 50% of total protein consumed is
derived from animal sources and 50% from plant sources) to reconcile the environmental
pressures of the current diet, as well as to reduce the risk of chronic diseases associated
with high consumption of red and processed meat [48,49]. When it comes to the
transition to plant-based diets, protein quality remains a concern. In general, animal-
based proteins are superior to plant-based protein in terms of their higher digestibility
and better composition of essential amino acids, but it has been shown that consuming
sufficient amounts and a diverse assortment of plant-based foods can provide adequate
protein [47]. When it comes to preserving muscle mass among older adults, a higher
amount of protein consumed, regardless of protein type, was found to be beneficial, and
there was no added value of having a higher animal- to plant-protein ratio [50]. Because
aserving of plant-based food contains on average less protein compared to an equivalent
portion of animal-based food, more plant-based foods would need to be consumed to
obtain sufficient protein intake [51]. This might be problematic for older adults who have
physical problems with eating or low appetite who are at higher risk of low protein intake
[51,52]. Inthis case, protein-enrichment of habitually consumed foods and beverages, in
addition to consuming more plant protein in place of animal protein, might support the
shift towards environmentally-friendly high-protein diets. Nevertheless, exclusion of
food groups like meat is not necessary to improve the sustainability of diets [20].
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This study provides insight into the effect of increasing the current RDA for protein on
changes in food consumption and diet sustainability among older adults. Although
energy intake and body weight were carefully monitored during the trial, which would
not happen if the RDA were to change, the Protein+ group increased their energy intake
by 115 kcal compared to those in the Control group. However, there was no difference
in body weight change between the Protein+ and control group [28]. Higher total energy
intake, regardless of source, has also been associated with higher environmental impact
of the diet [53,54], explaining the attenuation of the trial effects on GHGE, LU and
terrestrial acidification when energy intake over time was accounted for. Nevertheless,
even if energy intake remained constant, the observed increases in GHGE, LU, terrestrial
acidification and marine eutrophication serve as a warning. If we are to meet the 2030
GHGE targets of the Intergovernmental Panel on Climate Change (IPCC) report,
designed to limit the global average temperature rise to 1.5°C, the GHGE of the average
Dutch diet should be 2.04 kg CO2-eq/d, half of the baseline GHGE estimate [55]. In light
of a growing older population and the impending climate crisis, it is necessary to consider
environmental sustainability in addition to the nutritional adequacy of the diet in older
adults.

The present study has a number of strengths and limitations. A strength of this study was
the provision of personalized dietary advice tailored to each participant’s preferences
and practices, which is a more effective strategy to change food consumption compared
to generalized dietary advice [56]. This allowed us to examine the environmental impact
of dietary change within a relatively short period of time (6 months). Further, trained
nutritionists performed three 24-hour dietary recalls at baseline and two follow-up
moments to capture usual protein intake at the population level [57]. The use of the food
diary, which served as a memory aid for participants, might have yielded more accurate
recalls since some older adults may have a poorer short-term memory. A drawback to
this is that respondents may have unintentionally changed their dietary habits through
self-reflection, or intentionally to make their responses socially desirable [58]. A
disadvantage to 24-hour dietary recalls is their susceptibility to error including
misreporting and day-to-day variation, which we did not take into account to establish
the distribution of usual dietary intake [59]. It is possible, for instance, that differential
response bias due intervention exposure may have led to over-reporting of protein-rich
foods among those in the Protein+ group [60]. Day-to-day variation, however, is a
random error and is not expected to influence mean intake of the population, because on
average random errors cancel out. Another strength is the use of five environmental
impact indicators, which give a more nuanced insight into diet sustainability compared to
the majority of studies that focus on GHGE [36]. The environmental impact indicators in
our study do not include other metrics like biodiversity loss and antibiotic use in poultry
production, due to a lack of robust data. Nevertheless, LCA data have a high level of
uncertainty due to various factors such as limited data and variations in local
environments [61]. More than 20% of the foods in this study are based on extrapolated
data, adding more uncertainty to the environmental estimates [36]. However, the
ranking of food groups is unlikely to be affected, and besides, our LCA data is complete
[36].
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The need for considering environmental sustainability in dietary guidance is clear [62].
Evidence consistently indicates that the impacts of animal-based foods exceed those of
plant-based alternatives across multiple environmental indicators including GHGE, LU,
acidification, eutrophication, and water use [63,64]. Nevertheless, there is great
variability in impacts between different food products among animal- and plant-based
sources. For instance, compared to non-ruminant meat (e.g. poultry, pork), ruminant
meat (e.g. beef, goat, lamb) has a much larger environmental impact because ruminants
do not efficiently convert feed into body weight and they emit methane, a potent
greenhouse gas, as a by-product of enteric fermentation during their digestive process
[24,63]. Dietary advice aiming at increasing protein intake among older adults should
therefore address the proportion of animal- to plant-protein in the diet and recommend
low-impact alternatives (e.g. poultry vs. beef). More research is warranted to assess the
effect of increasing protein intake mainly from plant-based sources like legumes, nuts,
and whole grains with isocaloric replacement on (long-term) functional outcomes in
older adults. In addition, further research is needed to evaluate the environmental
impact of dietary change due to dietary advice aiming at increasing protein intake that
also considers environmental sustainability.

5. Conclusion

Personalized dietary advice aiming at increasing protein intake led to a small increase in
protein intake from plant-based sources, a larger increase in protein intake from animal-
based sources, and an increase in protein intake from protein-enriched food products.
These dietary changes together yielded anincrease in GHGE, LU, terrestrial acidification
and marine eutrophication, but no change in freshwater eutrophication and blue water
use. Once energy intake over time accounted for, the intervention no longer had an
effect on marine eutrophication. To meet the protein needs of a growing older
population, dietary guidance must incorporate environmental sustainability aspects, in
particular reducing the animal- to plant-protein ratio and replacing high-impact protein
sources with lower-impact protein sources within each protein source category (e.g.
poultry to replace beef). Consumers would benefit from receiving clear guidance on how
much and what type of foods can sustainably deliver their daily protein needs.
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Supplementary Material

Supplementary Table 1 Mean energy content, energy value provided by protein and greenhouse
gas emissions (GHGE), land use (LU), terrestrial acidification, freshwater and marine
eutrophication, and blue water use per 100g of food groups, based on actual consumption by the
Dutch participants of the PROMISS trial?

GHGE Terrestrial

. . ... Freshwater  Marin BI
Main food Energy Protein (kg LU acidificatio ' o> 'fte . a eh‘ . ue
groups kea) (E%) COr (m2y/d) n(keSOp Cutrophicatio eutrophicatio wateruse

n(kgP-eq/d) n(kgN-eq/d) (m¥%d)
eq) ea/d)
FPROMISS 253 70 036 031 0003 20x10-5 5.9x10-4 0004
products®
Animal-based
Fishand 83 50 068 009 0002 8.7%10-5 26x10-4 0004
shellfish
Meatandmeat 557 43 158 094 0022 96x10-5 35%10-3 0015
products®
Bectveal 04 55 293 146 0052 1.3x10-4 87103 0025
lamb and goat
Pork 201 44 139 099 0017 1.0x10-4 24x10-3 0013
Poultry 144 68 7200 068 0008 82x10-5 7.5x10-4 0013
; . 0;[@556‘7 254 35 139 089 0019 9.2x10-5 2.9x10-4 0013
Fegs 148 36 043 039 0006 40x10-5 48x10-4 0011
Mikandmik g5 50 027 010 0003 7.9%10-6 4.5x10-4 0002
products
Cheese 344 28 715 050 0016 38x10-5 23x10-3 0010
Plant-based
Vegetables' 28 24 016 005  59%104  14x105 1.4x10-4 0007
Legumes 185 22 037 005  86x104  3Ix10-5 31x10-4 0007
Cerealand y05 14 014 017 o001 1.7%105 29x10-4 0004
cereal products
Nuts and 622 14 048 082 0003 76x10-5 9.2x10-4 0145
seeds®
Potatoesand 445 g 017 007 0001 18x10-5 18x10-4 0002
other tubers
Fruits 89 5 026 009 0001 1.9x10-5 1.5x10-4 0036
Miscellaneous
Meatanddairy - g 24 029 025 99104 19x10-5 22x10-4 0004
substitutes
Soups 31 18 014 006 0001 10x10-5 2.1x10-3 0003
Mixeddishes 164 16 043 031 0005 32x10-5 1.0x10-3 0016
Condiments — pg7 g 036 033 0002 3.5x10-5 47x10-4 0011
and sauces
Miscellaneous’ 198 7 023 014 0002 2.3x10-5 3.4x10-4 0004
Cakes 413 5 032 024 0002 3.2x10-5 5.2x10-4 0012
Sugar and 392 2 026 028 0002 67x10-5 4.7x10-4 0.007
confectionary
Drinks 18 1 005 003 0003 5.8x10-6 5.8x10-5 0004
Fats 641 0 068 092 0.007 5.6x10-5 1.3x10-3 0056

2 Protein-rich food groups, italicized, have at least 12 energy percent (E%) of protein. ® PROMISS
protein-enriched food products included protein bars, cereals, puddings, cocowhey water and
whey powder. ¢ Meat and meat products includes the subcategories listed in the table (3.1-3.4) plus
offal. 9Vegetables include pod vegetables such as peas, broad beans, string beans and green beans.
¢ Nuts and seeds include peanuts and peanut butter. © Miscellaneous food items include
unclassified food products and snacks.
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Effect of advice to increase protein intake on food consumption and environmental impact

Supplementary Figure 1 Average (a) protein intake in grams protein per day, (b) greenhouse gas
emissions in kg CO2-eq per day, (c) land use in m2*y per day, (d) terrestrial acidification in kg SO2-
eq per day, (e) freshwater eutrophication in kg P-eq per day, (f) marine eutrophication in kg N-eq
per day, (g) blue water use in m® per day by those who received dietary advice aiming at increasing
protein intake (Protein+ group) and those who did not (Control group) at baseline and at the 6-
month follow-up of the PROMISS trial
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Supplementary Figure 2 Percent contribution of protein source to (a) protein intake in grams
protein per day, (b) greenhouse gas emissions in kg CO2-eq per day, (c) land use in m2*y per day,
(d) terrestrial acidification in kg SO2-eq per day, (e) freshwater eutrophication in kg P-eq per day,
(f) marine eutrophication in kg N-eq per day, (g) blue water use in m3 per day by those who received
dietary advice aiming at increasing protein intake (Protein+ group) and those who did not (Control
group) at baseline and at the 6-month follow-up of the PROMISS trial
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Chapter 8

1. Introduction

This thesis examines individual- and diet-level factors related to sustainable nutrition
among two subpopulations in Europe, namely overweight adults with subsyndromal
depressive symptoms and older adults. The overall aim of this thesis was to evaluate the
environmental impact of health-oriented dietary guidance and provide insight into how
to make such guidance more environmentally sustainable for these two specific
subpopulations. To this end, we employed diverse quantitative methods and used
personal, cognitive, behavioral and dietary data collected within two European-wide
projects, MooDFOOD and PROMISS, and linked it with nutritional and life cycle
assessment (LCA) data to assess the environmental sustainability of diets.

This final chapter starts with a summary and reflection of the main findings for the two
objectives addressed in this thesis. It then continues with a discussion on methodological
considerations, directions for future research, and implications for practice.

2. Mainfindings and interpretations

2.1. Objective 1: To identify individual-level factors that pose as facilitators and
barriers to environmentally sustainable food-related behavior

Various individual-level factors were investigated in relation to two consumer behaviors
critical to change for more environmentally sustainable food-related behavior, namely
food waste behavior and meat/alternative protein consumption. The individual-level
factors studied in this thesis included socio-demographic characteristics (e.g., sex,
education, etc.), psychographic characteristics (e.g., acceptability, food choice motives,
attitudes, etc.), and life situation (e.g., health status). Facilitators and barriers to
environmentally sustainable food-related behavior were identified by having a strong or
consistent positive or negative association with one of the studied behaviors
(summarized in Figure 1).
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Individual factors|

* Food choice motives:

Health and sustainability * Food choice motives:
(Ch3&4) Sensory appeal and
* Green eating behavior familiarity
(Ch 3) (Ch3&4)
* Positive attitudes * Positive attitudes
towards plant-based towards meat (Ch 4)

‘meat’ substitute (Ch 4)

oy

Consumer behaviors

|EnV|ronmenta| impact of diets

Figure 1. Schematic overview of findings for objective 1 of this thesis: to identify individual-level
factors that pose as facilitators and barriers to environmentally sustainable food-related behavior.
The green box represents factors positively associated with environmentally sustainable
consumer behavior (facilitators) and the orange box represents factors negatively associated with
environmentally sustainable consumer behavior (barriers). Factors with mixed results are not
shown in image, but include socio-demographics (Chapters 2, 3, 4), food fussiness (Chapters 3 &
4) and life situation (Chapter 4).

2.1.1. Individual-level factors that pose as facilitators to environmentally
sustainable food-related behavior

In general, community-dwelling older adults (>65y) living in Europe are meat eaters, with
less than 2% reporting to follow a vegetarian or vegan diet (Chapter 3 and Chapter 4).
While older adults are less willing to accept to consume alternative protein sources
compared to conventional sources like dairy, meat, and fish, their relatively high
acceptability of plant-based protein sources poses as an opportunity to increase protein
in an environmentally sustainable way (Chapter 3). To illustrate, approximately 62%
respondents reported (high) acceptability to consume meat while 58% of the
respondents reported (high) acceptability to consume plant-based protein, which is
promising compared to 20% who reported to accept single-cell protein, 9% to accept
insect-based protein, and 6% to accept in vitro meat-based protein. When older adults
were segmented into groups based on their meat consumption and meat liking, we found
that three consumer groups prevailed, namely heavy meat consumers (i.e. high meat
consumption and moderate meat liking score, 27% of study sample), medium meat
consumers (medium meat consumption and high meat liking score, 52%), and light meat
consumers (low meat consumption and low meat liking score, 21%) (Chapter 4). A

207



Chapter 8

summary of the attitudes and motivations of the different consumer segments are
summarized in Figure 2.

Meat liking
+

Heavy meat consumer
- Positive attitudes towards

Medium meat consumer meat (health, taste, value for

- Positive attitudes towards money, conditioning to eating
meat (health, taste, value for meat)
money, conditioning to eating @ - Sensory appeal and familiarity
meat) important food choice motives

- Health and sustainability °

important food choice
motives

- * + Meat consumption

Light meat consumer

- Positive attitudes towards
plant-based ‘meat’ substitutes
(health, animal welfare, taste)

- Taste of meat not appreciated

- Health and sustainability
important food choice
motives

- Fussy eaters

Figure 2. Summary of attitudes and motivations of the three older consumer segments based on
meat consumption and meat liking among older adults living in the United Kingdom, the
Netherlands, Poland, Spain and Finland (Chapter 4). The axes represent average values of
consumption (x-axis) and meat liking (y-axis) and the black dots represent average values for the
consumer segments.

Individual-level factors that serve as facilitators to the acceptability of alternative, more
sustainable protein sources and low meat consumption include health and sustainability
food choices motives, ‘green’ eating behavior, and positive attitudes towards plant-based
‘meat’ substitutes. Placing more importance on health when making food choices was
associated with a higher acceptance to eat plant-based protein sources (Chapter 3) and
for being classified as a medium and light meat consumer as compared to a heavy meat
consumer (Chapter 4). A positive association was found between sustainability food
choice motive and the likelihood for being classified as a medium and light meat
consumer as compared to a heavy meat consumer (Chapter 4). Although sustainability
food choice motive was not associated with acceptability of alternative protein sources,
older adults who reported practicing more ‘green’ eating behaviors like purchasing local
or organic food were more accepting of eating alternative, more sustainable protein
sources (Chapter 3). Medium meat consumers, who on average consumed less meat but
reported to like meat more than heavy meat consumers, had a slightly more positive
attitude towards animal welfare compared to heavy meat consumers, although not
statistically significant (Chapter 4). Light meat consumers agreed more strongly with
meat not being good for health nor the environment, that they do not like the taste of
meat and did not grow up with it, and that they value animal welfare, while they agreed
more strongly with plant-based ‘meat’ substitutes tasting good and being good for health
and better for animal welfare.
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Further, we found that the life situation of older adults also differed between meat
consumer segments (Chapter 4). Older adults who live alone, do their own grocery
shopping, and decide what to eat for themselves were more likely to be classified as a
light meat consumer compared to a medium or heavy meat consumer. Light meat
consumers had on average a lower appetite and had a higher probability of having low
protein intake compared to the medium and heavy meat consumers.

2.1.2 Individual-level factors that pose as barriers to environmentally
sustainable food-related behavior

Placing more importance on sensory appeal and familiarity when making food choices
and having positive attitudes towards meat were found to be barriers to environmentally
sustainable food-related behavior among older adults in Europe. Valuing sensory appeal
was found to be negatively associated with acceptance to consume insect- and single-
cell-based protein sources (Chapter 3), as well as with being classified as a light meat
consumer compared to a heavy meat consumer (Chapter 4). Also placing importance on
familiarity when making food choices was found to be negatively associated with being
classified as a light meat consumer compared to a heavy meat consumer (Chapter 4).
Heavy and medium meat consumers reported more positive attitudes towards meat
compared to light meat consumers, agreeing more strongly that meat is important for
health, tastes good, is good value for money, they grew up eating meat, and because the
people they live with want to eat meat (Chapter 4).

2.1.3. Individual-level factors with mixed results or no association

The role of socio-demographic factors in predicting food waste behavior (FWB) and
explaining meat/alternative protein consumption is varied. Our study showed that age,
employment status, sex, and household size were associated with FWB, and that the
number of socio-demographic predictors of FWB differed by country (Chapter 2).
Younger adults and individuals with a full-time job were found to practice more FWB
compared to older adults and those not working full time in both Denmark and Spain.
Men and individuals in four-person households were associated with more FWB
compared to women and individuals living single-person households in Denmark but not
in Spain. Nevertheless, the socio-demographic characteristics studied provided modest
predictive power for FWB. With regards to meat/alternative protein consumption
among older adultsin Europe, females were less likely to accept to eat insect-, single-cell-
,and in vitro meat-based protein sources compared to males (Chapter 3) but were more
likely to be classified as a light meat consumer as compared to a medium or heavy meat
consumer (Chapter 4). While higher educated individuals were more likely to accept
alternative protein sources (Chapter 3), they were equally distributed among the
different meat consumer segments (i.e., heavy, medium, and light meat consumer
segments) (Chapter 4). The country of residence influenced both alternative protein
acceptability and meat consumption behavior. Older adults living in Poland were more
likely to eat plant-based protein sources and less likely to eat in vitro meat-based protein
sources compared to those living in the UK (Chapter 3). Those living in the Netherlands,
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Finland and Spain were also more likely to eat insect-based protein sources compared to
those living in the UK. Further, medium meat eaters more commonly lived in Poland and
less in the Netherlands compared to the heavy and light meat consumers (Chapter 4).

Food fussiness was examined among older adults living in five European countries as it
has been previously found to influence older consumers’ meal experience [1] and
therefore likely to influence food choice. A higher score on the food fussiness scale was
associated with being less likely to accept to consume alternative, more sustainable
protein sources (Chapter 3) but more likely to be classified as a light meat consumer as
compared to a heavy meat consumer (Chapter 4).

Further, convenience and price food choice motives were not significant determinantsin
our study with the exception of price consciousness being positively associated with the
acceptance to consume in vitro meat-based protein sources (Chapter 3). Food
sustainability knowledge, assessed using an ad hoc scale, was not found to be related to
meat consumption behavior (Chapter 4).

2.2. Objective 2: To assess the environmental impact of dietary change due to health-
oriented dietary guidance

Health-oriented dietary strategies increased the environmental impact of the diet in the
modelling study and in both trial studies (Figure 3).

)
/N FEU (Ch 6)
> N GHGE, LU, terrestrial acidification &
marine eutrophication (Ch 7)

4

Modelled high-protein diet:
N GHGE, LU, FEU (Ch 5)

Figure 3. Schematic overview of findings for objective 2 of this thesis: to assess the environmental
impact of dietary change due to health-oriented dietary guidance. Abbreviations: GHGE
(greenhouse gas emissions), LU (land use), FEU (fossil energy use).

We performed a modelling study to identify dietary changes needed to increase protein
intake in an environmentally sustainable way among 1,354 older adults (56-101y) from
the Longitudinal Aging Study Amsterdam cohort (Chapter 5). Using diet optimization
techniques, we modelled several high-protein diets with minimal deviation from habitual
food consumption (as large changes may not be considered culturally acceptable) and
applied stepwise constraints to see the gradual effect of reducing diet-associated

210



General discussion

greenhouse gas emissions (GHGE). Starting from an average habitual diet with a protein
content of 1.0 g protein/kg body weight (BW)/d, we found that achieving a high-protein
diet containing 1.2 g protein/kg BW/d, without considering GHGE, resulted in an
increased contribution of animal-based protein to total protein intake from 60 to 65%.
Thisinturnled to a 12-14% increase in GHGE, 10-12% increase in land use (LU), and 9-
10% increase in fossil energy use (FEU). Based on these findings, we hypothesized that
dietary advice aiming at increasing protein intake would favor animal-based protein and
increase the environmental impact of the diet in real life, which was confirmed in Chapter
7. During the 6-month PROMISS randomized controlled trial, 120 Dutch community-
dwelling older adults aged 65 years and older with low protein intake (< 1.0 g/kg adjusted
body weight (aBW)/day) received personalized dietary advice to increase protein intake
to 1.2 g/kg aBW/day [2]. The advice did not consider environmental sustainability.
Compared to older adults who did not receive dietary advice, older adults who received
dietary advice aiming at increasing protein intake increased protein intake from animal-
based foods (11 g protein/d, 95% Cl 7-15) and PROMISS protein-enriched food
products (18 g protein/d, 95% Cl 15-22), and marginally from plant-based foods (2 g
protein/d, 95% Cl 0.2-4). These changes were found to increase diet-associated GHGE
by 16%, LU by 13%, terrestrial acidification by 20%, and marine eutrophication by 26%.
Toincrease protein intake in an environmentally sustainable way among older adults, we
found that a change in meat type, an increase in diverse plant-based protein sources
including whole grains, legumes, nuts and meat/dairy alternatives, and a reduction in
discretionary food were needed (Chapter 5). A (partial) replacement of beef/lamb and
processed meat with poultry and pork was required to reduce the environmental impact
of meat, which remained at the maximum healthy limit (500 grams meat per week as
recommended by the Dutch food-based dietary guidelines) with moderate GHGE
reductions. GHGE reductions greater than 50% resulted in a shift in the animal- to plant-
based protein ratio to one favoring plant protein and to larger changes in quantities of
food groups and food items from the habitual diet, compromising the cultural
acceptability of the diet.

When it comes to overweight adults (18-75y) with subsyndromal depression symptoms,
dietary changes towards a Mediterranean-style dietary pattern were hypothesized to
reduce the environmental impact of the diet, as previous studies investigating a
theoretical Mediterranean diet showed that it produced lower environmental impacts
compared to current diets [3]. During the 12-month MooDFOOD depression
prevention randomized controlled trial, 744 overweight adults with subsyndromal
depression symptoms from the UK, Germany, Spain, and the Netherlands either
received food-related behavioral activation (F-BA) therapy applying Mediterranean-
style dietary guidelines (n=373) or no therapy (n=371). Our findings showed that adults
who received F-BA therapy increased consumption of vegetables, fruit, fish,
pulses/legumes, and whole grains and decreased consumption of sweets/extras relative
to the control group. These changes were found to have no impact on GHGE, LU, and
pReCiPe score (i.e., aweighted average of GHGE, LU, and FEU), but led to a 4% increase
in FEU.
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3. Discussion of the main findings
3.1. Individual-level factors influencing food choice and food-related behavior

In order to support the transition to more environmentally sustainable diets, more
knowledge on determinants of consumer food choice and food-related behavior is
needed. In light of the complex nature of consumer behavior, the evidence on drivers of
food choice and food-related behavior, and barriers and facilitators to change food
choice and behavior, remains scattered. The individual-level factors studied in this thesis
proved to have a limited role in explaining FWB and meat/alternative protein
consumption. Nevertheless, as food choices and food-related behavior vary between
subgroups differing on individual-level factors [4,5], information on these differences
can contribute to targeted nutritional messages and interventions for improving health
and diet sustainability.

Taking an individualistic perspective of food waste, one framework to identify factors
that contribute to food waste include motivation (i.e. awareness and attitudes),
opportunities (i.e. aspects from the environment), and abilities (i.e. skills and knowledge
sets) [6,7]. This framework expands on insights gained from the theory of planned
behavior [8], which propose that attitudes, subjective norms, and perceived behavioral
control shape an individual’s intention to reduce food waste [9-13]. Studies in this line of
research suggest that factors other than motivation are of influence as well, including
emotion and habit [14]. Socio-demographic factors may influence individuals’
motivation, opportunity, or ability to behave in certain ways and thus may be important
drivers of FWB. Most research, including our study, however, reveals that socio-
demographic factors are often insufficient or poor predictors of FWB [13,15-17]. Our
findings are in line with previous studies which have demonstrated that being younger
[11,13,18], male respondents [18,19], being employed [19], and having a larger
household size [20] resulted in more food waste compared to being older, female
respondents, being unemployed or retired, and having a smaller household size (Chapter
2). Yet some studies show opposite results, or show that socio-demographic
characteristics have no influence on food waste [16].

In respect to socio-demographic characteristics influencing meat consumption behavior,
evidence from younger samples suggests that females are more willing than males to
reduce meat consumption [21-24]. We found a similar pattern among older European
consumers, in which older women were more likely to be classified as a light meat
consumer as to a medium or a heavy meat consumer than older men (Chapter 4). But
when looking at acceptance of alternative protein sources, we see that older women
were less likely to accept insect-, single-cell-, and in vitro meat-based protein sources
than older men (Chapter 3). However, other studies have found that plant-based protein
sources are more accepted by females [25,26]. This was elucidated in Chapter 4, which
showed that the light meat consumer segment, dominated by older females, consumed
greater amounts of and had more positive attitudes towards plant-based ‘meat’
substitutes compared to medium and heavy meat consumer segments. Further, we
found that education played a role in acceptability of alternative protein sources
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(Chapter 3) but not in meat consumption behavior (Chapter 4) among older adults.
Previous studies have also found that higher educated individuals are more willing to
accept alternative protein sources [27] while no clear association between education
and willingness to reduce meat consumption has been found [28]. Furthermore, culture
and ethnicity are also important drivers of meat/alternative protein consumption
[23,29]. Country differences in both survey studies were found between the UK, the
Netherlands, Poland, Spain and Finland (Chapter 3 and 4), which are likely due to
differences in food cultures and penetration of alternative protein sources in the market
[29,30].

Apart from socio-demographics, individual-level factors like psychographic attributes
may alter with age, as age-related changes like lower appetite, declining (oral) health, and
being alone influence eating habits and motivations among older adults [31,32]. Previous
studies focusing on older consumers found that taste, price, sensory appeal, and
convenience mainly influence older adults’ meal decisions [33,34]. While previous
studies did not find that health was an important motivation for food selection among
older adults, except among higher educated individuals [34], we found that older
individuals who value health when making food choices were more likely to accept to
consume plant-based protein sources (Chapter 3) and were more likely to be classified
as amedium or light meat consumer than a heavy meat consumer (Chapter 4). Despite a
perceived match between health and sustainability when it comes to plant-based foods
[35], we did not find sustainability food choice to influence acceptance of plant-based
protein sources (Chapter 3). Nevertheless, older adults practicing more ‘green’ eating
behaviors were more likely to accept to consume alternative protein sources, suggesting
that there is willingness among those already practicing more sustainable behaviors to
make their food consumption more sustainable [36]. Still, sustainable food choice motive
was found to be more important for light and medium meat consumers compared to
heavy meat consumers (Chapter 4). Although medium meat consumers had a higher
meat liking score compared to heavy meat consumers, they reported significantly less
meat consumption which may be due to their higher motivation for health and
sustainability when making food choices and more positive attitudes towards animal
welfare. Previous studies found that animal welfare attitudes influence diet choice, with
more positive attitudes being associated with less meat consumption [37,38]. Appealing
to animal welfare and health and sustainability motivations may therefore encourage the
reduction of meat consumption and following more plant-based diets among older adults
[39,40].

Yet, in light of previous literature and the results of our studies, placing importance on
sensory appeal and familiarity when making food choices may present challenges in
changing meat/alternative protein consumption among older adults. Heavy meat
consumers placed more importance on sensory appeal and familiarity as compared to
light meat consumers and reported more positive attitudes towards meat with regards
to health, taste, value for money and reported to have grown up with meat (Chapter 4).
In addition, food fussiness may be a barrier to acceptance of alternative protein sources
as it was consistently negatively associated with acceptance of alternative protein
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sources (Chapter 3). Given its overlap with food neophobia [41], it is coherent that fussy
eaterswould be less likely to accept alternative protein sources which are not so familiar.
However, fussy eaters were more likely to be classified as a light meat consumer than a
heavy meat consumer, suggesting that other factors may be underlying food fussiness in
older adults, such as low appetite (Chapter 4) [42]. Addressing motivations for sensory
appeal and familiarity may involve increasing awareness and acceptance of hybrid meats
(i.e. meat products in which a proportion of meat is partially replaced by plant-based
functional ingredients [43]) and meat analogues (i.e. meat products that mimic meat in
taste, texture, etc. [44]) as they may provide similar sensory experiences and enable them
to maintain their familiar meal patterns and dishes.

3.2. Environmental sustainability of health-oriented dietary strategies for specific
subpopulations

The health-oriented dietary strategies studied in this thesis were shown to improve
health outcomes of the target populations, but consistently led to a higher environmental
impact of the diet. The findings from our studies are in line with previous studies which
have shown that shifts towards healthier diets do not always result in lower
environmental impacts [45-49].

3.2 1. Mediterranean-style dietary pattern for prevention of depression

In the MooDFOOQOD trial, overweight adults with subsyndromal depressive symptoms
who received F-BA therapy sessions focused on changing food-related behaviors (e.g.
snacking) and shifting habitual dietary patterns towards a Mediterranean-like diet had
significantly lower anxiety symptoms compared to the control group [50]. Our findings
show that the F-BA therapy led to significant increases in consumption of several
promoted foods (i.e. vegetables, fruit, fish, pulses/legumes, and whole grains) and a
significant decrease in consumption of one discouraged food (i.e. sweets/extras)
(Chapter 6). To have a neutral or reduced environmental impact, reductions in
environmental impacts of discouraged foods, like red and processed meat and
discretionary foods, need to counterbalance or exceed increases in environmental
impacts of recommended foods like vegetables, fruits, whole grains, legumes, etc. [46].
Despite having higher amounts of vegetables, fruits, grains, fish, and legumes compared
to current diets, theoretical Mediterranean diets perform better in terms of
environmental impact because they contain significantly less meat, milk, cheese and
discretionary products [51,52]. In this thesis, an offset in environmental impact was
partly observed among those who received F-BA therapy promoting a Mediterranean-
like diet during the MooDFOOQD trial, as the dietary changes observed led to no change
in GHGE, LU, and the pReCiPe score. In a modeling study, reducing discretionary food
intake was also shown to allow for a small increase in emissions from core foods,
particularly vegetables, dairy, and grains, thereby providing a nutritional benefit at little
environmental expense [53]. At the same time, we found that the F-BA therapy led to an
increase in FEU, which is likely attributable to the relative increase of FEU from fish, due
to high energy inputs to operate fishing fleets [54], and from vegetables, due to fossil-
energy heated greenhouses inthe Netherlands [55]. Dietary scenarios that found higher
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environmental impacts when shifting towards healthier dietary patterns reveal that
there is greater need for increasing consumption of vegetable, fruits, legumes, and fish
than reducing consumption of meat and dairy [48,56]. Nevertheless, it is widely
acknowledged that meat consumption needs to be considerably reduced in high-income
countries [57]. The F-BA group had a baseline intake of about 860 g meat per week,
which is substantially higher than the 300 grams per week recommended by the
MooDFOOD dietary guidelines. The MooDFOOD dietary guidelines promoted
consumption of white, lean meat like chicken and turkey in place of red and processed
meat, which is in line with the planetary health diet [58]. The guidelines also named
protein-rich alternatives to meat, including eggs, nuts, soy products like tofu, and fish.
Despite the recommendations for reduced meat consumption, meat consumption did
not change in the F-BA group relative to the control group.

322 High-protein diet for healthy aging

During the PROMISS trial, personalized dietary advice to increase protein intake was
found to improve the physical function of community-dwelling older adults with low
habitual proteinintake, measured by 400-mwalk time and leg strength [59]. Our findings
show that personalized dietary advice to increase protein intake led to significant
increases in protein intake, deriving mainly from animal sources and protein-enriched
food products, and marginally from plant-based sources (Chapter 7). Such dietary
changes led to increases in GHGE, LU, terrestrial acidification, and marine
eutrophication, and no change in freshwater eutrophication and blue water use. The
dietary advice did not take environmental sustainability into account, but food
preferences and practices. The environmental outcomes were expected, based on our
modelling study (Chapter 5) and previous studies showing that a high-protein diet favors
animal protein and has a high environmental impact [60]. While a reduction in total meat
intake in older adults with low protein intake may not be desirable as meat is suggested
to be more effective in stimulating muscle protein synthesis compared to plant-based
protein sources [61], a change in meat type could be beneficial in reducing the
environmental impact of meat consumption. Our diet modelling study showed that a
change in meat type, in which poultry partially replaced beef/lamb and processed meat,
could reduce the environmental impact of total meat intake consumed by older adults
(Chapter 5). This reduction in environmental impact of total meat intake gives room for
increases in environmental impact of plant-based protein food sources, like whole grains,
legumes, nuts, and meat/dairy alternatives. The reduction in environmental impact of
meat consumption by changes in meat type have been demonstrated in previous studies
[62].

On the contrary, the habitual meat intake among community-dwelling older adults who
participated in the Longitudinal Aging Study Amsterdam Nutrition and Food-Related
Behavior ancillary study was on average above the healthy limit of 500 grams per week
recommended by the Dutch food-based dietary guidelines (FBDG) (Chapter 5). We
found that especially to be the case for men, as they had to reduce their meat intake by
29% to adhere to the FBDG. In this case, reductions in meat to the maximum advised
amount are needed, and increases in protein intake should come from a diverse array of
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plant-based sources, including whole grains, legumes, nuts, and plant-based meat/dairy
alternatives. We showed that high-protein diets with GHGE reductions up to 50%
resulted in a higher protein quality, which was determined by higher quantities of nine
essential amino acids compared to the habitual diet of older adults. At a 50% GHGE
reduction, when the contribution of animal- and plant-based protein to total protein was
equal, only lysine fell below habitual levels. High-protein diets with >50% GHGE
reduction had compromised protein quality (seven of the nine essential amino acids fell
below habitual levels), but were also at risk of being unacceptable due to the substantially
higher departures from food quantities in the habitual diet. A shift to equal contribution
of animal-and plant-based sources to total proteinintake, which in our study led to a 50%
GHGE reduction, is in line with the Netherlands Nutrition Center’s recommendation for
asustainable, plant-based diet [63].

3.2.3. Note about energy intake

The health-oriented dietary strategies in this thesis focused on changing diet
composition and did not intervene in total caloric intake. It has been suggested, however,
that consuming no more food than needed to maintain a healthy body weight can lead up
to a 10% reduction in the climate impact of the diet, depending on assumed energy
requirements, and has co-benefits for health [62,64,65]. When energy intake over time
was accounted for when studying the trial effects on the environmental impact of the
diet, we saw that effect sizes were attenuated but in general remained statistically
significant.

3.3. Dietary strategies that could benefit both the health of the population and the
environment

Most research points to the need for a shift towards healthy plant-based diets, but paints
a slightly different picture depending on baseline dietary intake and nutritional needs.
The studies in this thesis substantiate this general consensus and add nuance for specific
population groups in Europe, namely overweight adults with subsyndromal depressive
symptoms and older adults. Inlight of our findings and previous literature, four strategies
are recommended that could have win-wins for population and planetary health: 1)
reduce total meat intake to a healthy limit by targeting values and attitudes around meat,
2) moderate fish consumption, 3) replace high impact foods with lower impact foods and
4) achieve energy-balanced diets.

3.3 1. Reduce meat consumption

Reconciling overconsumption of meat, i.e., consumption of meat that is more than the
recommended daily intake, is needed to combat the negative impact of diets on
environmental and human health [66]. Individuals in developed countries are on average
consuming 50% more meat than the quantity recommended for a healthy and
sustainable diet [67]. While removal of meat and other animal-based foods from the diet
resultsinthe lowest environmental impact, reducing meat consumption, and in particular
red and processed meat, to a healthy limit defined by national guidelines can also have
substantial reductions in environmental impact and also benefits for health [67,68].
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Overweight adults with subsyndromal depressive symptoms consumed close to triple
the amount of meat recommended by the MooDFOOD dietary guidelines (Chapter 6).
While we saw changes in consumption of several foods towards the recommended
amounts during the 12 month trial, we saw no change in meat consumption among the
F-BA group. There can be many reasons for not observing a reduction in meat
consumption, including the positive entrenched attitudes and beliefs with regard to meat
consumption, low willingness and awareness to reduce meat consumption, and lack of
cooking skills to prepare non-meat dishes [69]. When it comes to overweight adults with
subsyndromal depressive symptoms, targeting the reduction of meat consumption, and
red and processed meat in particular, is likely to not only lead to reduced environmental
impact of the diet, but to have benefits for depression prevention [70].

When it comes to community-dwelling older adults in Europe, targeting the replacement
of meat with more sustainable protein sources is important to reduce the environmental
impact of diets while maintaining or increasing their total protein intake. Replacing meat
with dairy, fish, and eggs may be beneficial for maintaining intake of high-quality protein
and essential nutrients, but would elicit more adverse effects for the environment
compared to promoting intake of plant-based protein sources like legumes, whole grains,
and nuts. One study showed that small, realistic changes that increase the share of plant
proteinincrease the overall nutritional adequacy and the environmental sustainability of
the diet in French young adults [71]. We found that a reduction in meat consumption to
the advised maximum of 500 g/week and increases in whole grains, nuts, vegetables,
legumes, and meat and dairy alternatives led to increased protein content and essential
amino acid quantities and moderate GHGE reductions of the diet (Chapter 5).

However, previous studies have indicated that older adults with low protein intake
generally have a lower intake of meat [72,73]. This was also found in our study that
showed that among the light meat consumer segment, 61% of the older adults had a high
probability of low protein intake (Chapter 4). Because meat is an efficient source of
protein and other nutrients like vitamin B12, iron, and zinc, targeting meat reduction
among older adults with low protein intake and already low consumption of meat is
discouraged [74]. However, gains in protein intake should be made by diverse,
sustainable protein sources like legumes, whole grains, vegetables, and nuts (Chapter 5).

3.32 Moderate fish consumption

One well-acknowledged trade-off between healthy and sustainable diets is fish
consumption. In Chapter 5, the sensitivity analysis showed the important role of fish in
increasing protein intake with reduced GHGE of the diet in older adults. In Chapter 6,
fish consumption was promoted for the prevention of depression, with the MooDFOOD
dietary guidelines recommending three portions of fish a week. While fish is prized for
its high content of protein, omega-3 fatty acids, and other important nutrients,
approximately 94% of the world’s marine fish stocks are fully exploited or overfished
[75]. When applying commonly used environmental impact indicators like GHGE and LU,
fish performs relatively well compared to its animal counterparts. Some exceptions exist,
for example with fish and seafood caught by nets dragged across the ocean floor (i.e.
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trawling), which have higher emissions than seafood caught by non-trawling [46].
Choosing fatty wild caught fish types like sardines and herring are favored because of
their high content of omega-3 fatty acids and low impact on GHGEs [54]. Nevertheless,
there are other environmental issues that are not accounted for in traditional LCAs, such
as overfishing and aquatic biodiversity loss. In the Netherlands, the food-based dietary
guidelines changed from recommending two portions of fish a week to one portion, as
more than one portion does not add reduction of disease risk but poses a risk to
biodiversity [76,77]. When we applied the Dutch FBDGs to the optimization of high-
protein diets, we saw that fish consumption needed to be reduced by 33-36% to one
serving of fish per week among older adults (Chapter 5). The modelled diets with one
serving of fish per week were compromised in omega-3 fatty acids. To consume fish with
limited negative environmental effects, consumption of fish by-catch and discards can be
solution (by-catch being unwanted fish caught with the primary target species of a
fishery and discards being unwanted fish caught with the primary target species of a
fishery, but are usually discarded due to having little economic value) [78]. Development
of a supply chain for fish by-catch and discards, as well as more sustainable methods of
aquaculture, are needed to provide fish in an environmentally sustainable way.

3.3.3 Replace high impact foods with lower impact foods

There are many different ways to follow food-based dietary guidance. Considering the
great variability in the environmental impacts of different food products, the actual
change in the environmental impact of diets is highly sensitive to the change in food
choice[62,79]. Previous studies simulating replacements of high impact foods with lower
impact foods within and between food groups have shown such changes to be very
effective in lowering the environmental impact of the diet [80,81]. When it comes to
meat, replacing beef, veal, lamb, and sheep with poultry and pork has shown to reduce
the GHGE impact of total meat intake [58,62]. This was also shown in Chapter 5, when
meat content of the diet remained the same but the environmental impact of meat
reduced due to partial substitution of beef/lamb and processed meat with pork and
poultry. Animal-based foods often have a higher environmental impact than plant-based
food because of the inefficiency with which animals convert feed into human-edible food.
Ruminant animals (e.g. cattle, sheep, goats) have an additional impact because of the
methane released by their digestive symbionts. When it comes to vegetables and fruits,
choosing seasonal products that are grown in the field rather than in greenhouses, and
are not airfreighted, can lead to more environmentally friendly consumption of
vegetables and fruits [82].

3.3.4. Achieve energy-balanced diets

While the dietary interventions included in this thesis focused on changing dietary
composition and not on improving possible energy imbalances, this is another
component that can result in co-benefits for both health and environmental
sustainability. Eating beyond one’s needs contributes to avoidable environmental
impacts and promoting energy-balanced diets has benefits for obesity prevention [83].
Reducing overall caloric intake without changing the composition of the diet has been
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shown to result in lower environmental impact of the diet [48,53,56]. However, from an
environmental standpoint, it is important to consider the source as well as the amount of
calories we consume. The environmental impact of the reduction in overall caloric intake
with compositional changes will depend on the types of food in the diet. For instance, if
an energy-restricted, high protein, low carbohydrate diet were adopted, it would be
unlikely to reduce GHGE if the diet is high in meat and dairy products [45]. Over-eating
has also been considered as food loss, having as big as an impact on the environment as
food wasted by consumers [83]. Springmann et al. showed that limiting excessive energy
intake could lead to a 19-30% lower prevalence of being overweight and obese around
the world [84]. Lowering consumption to be closer to nutritional requirements is
therefore a strategy to improve the health and sustainability of diets [65].

3.4. Role of alternative, more sustainable protein sources in sustainable diets

Inthe quest to feed an ever-growing population within environmental limits, researchers
are quantifying the nutritional and environmental benefits and trade-offs of alternative
protein sources that can act as meat substitutes, such as plant-based sources, insects,
and in vitro meat (also known as lab-grown, cultured or clean meat) [85]. In this thesis,
we found that the acceptability to consume alternative, more sustainable protein
sources is generally low among European older adults with the exception of plant-based
protein sources (Chapter 3). When it comes to plant-based sources, there is a broad
variety of more sustainable protein sources that can replace meat, including traditional
plant-based sources (e.g. legumes, nuts, seeds, whole grains), soy-based protein foods
(e.g. tofu, seitan, tempeh), novel protein foods like mycoprotein (quorn) or microalgae,
and ultra-processed plant-based meat substitutes which are designed to imitate meat
(e.g.the Impossible Burger). Meat and dairy alternatives, such as soy milk and vegetarian
burgers, contributed to <1% of total habitual protein intake among Dutch older adults
(Chapter 5). However, in the high-protein diet aligned with the Dutch food-based dietary
guidelines with a 50% GHGE reduction, meat and dairy alternatives contributed to
approximately 5% of total protein. The quantities of meat and dairy alternatives in the
high-protein diets increased incrementally with a stepwise reduction in GHGE,
suggesting their role in providing protein in an environmentally sustainable way. While
such alternative protein sources have been found to have environmental benefits and be
comparable to animal-based protein sources in terms of protein content [86,87], there
are nutritional concerns regarding the ultra-processed plant-based substitutes [88-90].
Until recently, plant-based meat and dairy substitutes were a niche market targeting
vegetarian and vegan consumers, but are now consumed by a wider range of consumers
who for various reasons want to reduce their meat intake [91]. Recently, researchers
found that consuming ultra-processed plant-based substitutes in place of meat and dairy
could potentially lead to higher calorie, fat, salt, and sugars intakes, and risk adequate
intake of calcium, potassium, magnesium, phosphorous, zinc, iron, and vitamin B12 [90].

To have maximum co-benefits for health and sustainability, it is better to promote whole
plant-based protein sources like legumes and nuts and soy-based sources like tofu than
ultra-processed alternatives where less desirable nutrients are hidden [89]. The concern
now, however, is protein quality. Plant-based foods do not contain all essential amino
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acids as do animal-based foods, having a lower anabolic effect [92,93]. Nevertheless, a
plant-based diet can achieve optimal protein quality by combining different plant-based
sources so that the amino acids of one protein source may compensate for the limitations
of the other [94]. In the context of diverse diets consumed in Europe, the quality of
protein and other key nutrients may not be affected when animal products are reduced
in the diet [925].

4. Methodological considerations

Compared to previous research on sustainable diets, strengths of the studies in this
thesis include the use of individual-level dietary intake data and multiple environmental
impact indicators to evaluate the environmental impact of dietary change in real-life as
well in a theoretical setting using diet optimization techniques. Further, this thesis uses
large population-based surveys to describe consumer behavior and identify individual-
level factors influencing behavior. There are, however, some methodological
considerations that need to be addressed.

4.1. Dietary assessment
4.1.1. Dietary assessment methods for individual-level dietary intake

The dietary assessment methods most commonly used in research evaluating the health
and environmental sustainability of diets, and used in this thesis, are diet records
(Chapter 7), repeated 24-hour dietary recalls (Chapter 7) and food frequency
questionnaires (FFQs) (Chapter 5 and Chapter 6) [96]. Diet records (or food diaries) and
24-hour dietary recalls are open-ended surveys and collect detailed information
regarding intake of an unlimited number of food items consumed by an individual over a
specific time period, with portion sizes and preparation practices [97]. Because of high
day-to-day variation and seasonal changes of food intake, a single diet record or 24-hour
dietary recall represents the current diet and not the habitual diet. However, using
multiple, repeated diet records and 24-hour recalls, one can estimate habitual intake at
the population level [97-99]. In Chapter 7, a combination of three diet records and 24-
hour dietary recalls were used to assess dietary intake of community-dwelling older
adults participating in the PROMISS trial to assess habitual food intake at multiple time-
points, i.e. baseline, 3-month follow up, and 6-month follow up. A diet record was used as
amemory aid, as participants record intake at the time the foods are eaten, which helped
inform the 24-hour dietary recall. The benefit of this was to minimize recall bias.
However, is it possible that by conducting repeated measurements, respondents may
have unintentionally changed their dietary habits through self-reflection, or intentionally
to make their responses socially desirable [97].

Incontrast todiet records and 24-hour dietary recalls, FFQs capture intake of food items
over a designated time period from a finite list. Given their ability to assess long-term
dietary intakes in a relatively simple, inexpensive and time-efficient manner, FFQs are
widely used to assess habitual dietary intake of large populations [97]. FFQs are suitable
for ranking individuals according to their usual food intake in order to examine
relationship between dietary intake and health/disease outcomes [100]. Because FFQs
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are used in a closed format, it is critical to have an appropriate selection of foods for the
target population, as differences exist in culturally specific food intake patterns. Its
validity is highly dependent on the correct selection of the foods in the questionnaire, the
choice on the correct portion size, and nutrient content assumption for each foods [101].
Two validated FFQs were used in this thesis. The GA2LEN FFQ was used in the
MooDFOQOD trial (Chapter 6) to assess dietary intake of participants across four
European countries, i.e. Germany, United Kingdom, Spain, and the Netherlands. The
GA2LEN was developed to estimate food intake across Europe regardless of cultural and
linguistic differences [102]. The Healthy Lifeinan Urban Setting (HELIUS) FFQ was used
to assessed dietary intake of Dutch older adults participating in the Longitudinal Aging
Study Amsterdam (Chapter 5) [103,104]. While FFQs are subject to low accuracy (recall
bias) [97], the use of the FFQs enabled the assessment of habitual food intake among
larger samples compared to the use of the 24-hour dietary recall.

4.1.2 Assessment of food and nutrient intake

Measurement error from the dietary assessment methods used may have led to over- or
underestimations of food and nutrient intakes. Systematic errors like intake-specific and
person-specific bias are inherent to dietary assessment methods described above. An
example of systematic error is the tendency of obese individuals to underreport total
food consumption compared to lean individuals [105]. There are also intervention-
associated biases that could influence dietary intake, including differential response bias
due to exposure to intervention [106]. For instance, those who received dietary
counselling are likely to overreport promoted foods and underreport discouraged foods
targeted in the intervention [106]. This might have resulted in a stronger trial effects
especially in Chapter 7, as meat and other animal-based foods are commonly regarded
as superior sources of protein compared to plant-based foods [93]. Yet, because the
RCTs were not focused on sustainability, it is not expected that participants misreported
due to sustainability reasons (e.g. reporting less meat).

The other type of measurement error that dietary assessments are prone to are random
errors like within-subject variation, seasonality, and weekdays vs. weekend consumption
differences that often result in attenuation of associations [107]. When accounting for
random error in a 24-hour dietary recall, correlations with GHGE and pReCiPe were
stronger compared to when random error was not taken into account [108]. While
methods exist to statistically correct for random error attributable to within-person
variation in food intake [109], they were not used in this thesis as we were interested in
estimating and comparing mean habitual intake of intervention and control groups and
not assessing the distribution of habitual intake.

4. 1.3 Assessment of diet-related environmental impact

The availability of life cycle assessment (LCA) data on single food products allows for
researchers to study environmental impact of diets using dietary intake data collected at
the individual level. Measurement error due to the dietary assessment methods
discussed above may have led to less accurate estimates of environmental impact of
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diets. FFQs may be inferior to 24-hour dietary recalls when evaluating the
environmental impact of diets as they aggregate and incorporate food items that
differentiate diets with respect to dietary quality rather than environmental impact
[108]. An evaluation study found that the FFQ slightly underestimated environmental
impact when compared to the 24-hour dietary recall [108]. The dietary assessment
methods in this thesis did not include information on production method, country of
origin of foods, cooking methods, and food waste. Therefore, we could only include the
mean environmental impact of food items. To assess the environmental impact of relative
dietary composition rather than absolute intake levels of foods, one should adjust for
energy intake. Isocaloric replacement was conducted in Chapter 5, and therefore
changes in environmental impacts were due to changes in diet composition. The primary
environmental outcomes of the trial studies, however, did not take into account energy
intake over time, as we were primarily interested in the environmental impact of all
changes made to the diet.

4.2, Estimating diet-related environmental impacts
4.2 1. Life cycle assessments

Environmental impact of foods are commonly assessed using attributional LCAs that
describe the environmental impact of a food product throughout its entire life cycle at
one specific moment in time. There is high level of uncertainty in LCA data due to lack of
data, unrepresentative process data, differences in geographical or temporal scopes of
data collected, etc. [110]. Because many emissions cannot be directly measured, they
have to be estimated with models given their diffuse nature [111]. Emissions strongly
depend on climate, soil, topography and can vary considerably even in the same region.
Further, because the LCAs are a measurement at one specific point in time, they do not
take into account the changing climatic conditions, food waste, trade patterns, and
GHGE- and water-intensity of production. Over time, these factors will change in ways
that are difficult to anticipate, e.g., due to changing diets, climate, etc. [81]. Most LCAs
are static and therefore do not represent system feedbacks that incorporate changes in
demand because of production efficiency enhancements, or marginal changes in
environmental effects involved in large-scale dietary shifts [112].

The geographical scope of the LCA data used in this thesis is the Netherlands. While we
applied this data to Dutch food consumption data in Chapter 5 and Chapter 7, we also
applied it to food consumption data from Germany, Spain, and the UK in Chapter 6.
However, LCAs for foods are particularly sensitive to geographical system boundaries.
Differences between these countries and the Netherlands in terms of geography,
climate and production, processing, and distribution systems may influence the actual
diet-related environmental impact in each country. However, in the absence of country-
specific data, our LCA data served as a proxy to provide a rough estimation on diet-level
impacts. This uncertainty is expected to have minor influence when determining the
differences inthe environmental impact between the control and intervention groups, as
the rankings of the environmental impact of foods are likely to be similar despite country
of consumption [113].
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4.2 2 Environmental impact indicators

This thesis makes use of several environmental impact indicators, namely GHGE, LU,
FEU, blue water use, terrestrial acidification, freshwater eutrophication, and marine
eutrophication. Previous studies commonly use GHGE as a proxy for the total
environmental impact due the high correlation between GHGE and other environmental
impacts [80]. However trade-offs have been observed between carbon and water
[49,114]. Further, it made use of the pReCiPe score, which is a weighted combination of
GHGE, LU, and FEU [115]. Although various environmental impact indicators were used,
the environmental impact indicators in our study do not include other metrics like
biodiversity loss and antibiotic use in poultry production, due to a lack of robust data.
Data availability remains a challenge, even for the environmental indicators available.
Food items consumed were linked to LCA data either by direct matching or extrapolation
based on similarities in the type of food or production methods. The LCA datasets used
had primary data for 94 to 242 foods and beverages, and food items without primary
data were based on extrapolations. Despite the increased uncertainty due to
extrapolations, we had complete LCA data for all our studies.

5. Implications for future research

Given the need to delineate pathways to achieve sustainable nutrition in specific
contexts, this thesis focused on gaining a better understanding of individual-level factors
influencing consumer behavior, evaluating the environmental sustainability of health-
oriented dietary strategies and identifying health and sustainability co-benefits and
trade-offs for two subpopulations in Europe. Still, as we work towards the development
of more environmentally sustainable guidance for population and planetary health, more
insight is needed into 1) the context in which dietary intake and food-related practices
take place for specific subpopulations, 2) dietary changes needed that integrate a holistic
perspective of sustainability for specific subpopulations, and 3) the impact of dietary
guidance that incorporates both health and environmental sustainability objectives.

5.1. Better understand the context in which dietary intake and food-related practices
take place for specific subpopulations

This thesis focuses on individual-level factors influencing food choice and food-related
practices, particularly food waste behavior among European consumers and
meat/alternative protein consumption behavior among community-dwelling older adults
in Europe. Consumer food choice and food-related practices are complex and subject to
multiple influences related to individual-level factors as well as social and physical
environments and political and economic drivers. While many studies, including Chapter
2, Chapter 3, and Chapter 4, provide insights into various individual-level factors
associated with food choice and food-related behavior, literature remains scattered with
no overarching rationale or theoretical framework [69]. More research is needed to
integrate such insights into an overarching theoretical framework of behavior change to
better understand the context in which dietary intake and food-related practices take
place for specific subpopulations to inform future dietary interventions. To realize
behavior change, it isintegral to understanding behavior in the broader food system, also
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addressing the influence of the built and retail environment on food-purchasing
decisions [116]. One example of a framework that helps put behavior into context is the
COM-B model of behavior [117], which recognizes that for any behavior to occur,
individuals must have the Capability (e.g. knowledge, skills), Opportunity (e.g. social
influences and physical environment), and Motivation (e.g. intentions, goals) to enact a
concerned Behavior. Having a better understanding of the context of consumer behavior
in terms of their capability and their environment can help identify what motivates
dietary change as well as food-related practices like food waste prevention.

5.2. ldentify dietary changes that integrate a holistic perspective of sustainability for
specific subpopulations

More work is needed to develop context-specific environmentally sustainable diets
taking into account nutritional, social, cultural, economic, and ecological circumstances
to make such diets available, accessible, affordable, healthy, safe, and desirable [118].
While this thesis focuses primarily on environmental, nutritional, and acceptability
dimensions of sustainable diets, the economic (e.g. affordability) and social aspects (e.g.
animal welfare) are also important. One way to integrate these different dimensions into
dietary guidelines is provided by mathematical optimization methods, which was applied
in Chapter 5 and in various other settings [77]. Starting with a representative baseline
diet of a specific subpopulation, one can optimize the diet for multiple environmental
impact indicators, nutritional quality or adequacy, and cultural acceptability, and identify
dietary changes need to achieve the best trade-off between various sustainability
dimensions[119]. Itis critical to do this for specific subpopulations, as differences in food
culture, habits, and nutrient needs with regards to age, sex, country, ethnicity, etc. will
lead to different optimized diets [120].

Further, such research should acknowledge trade-offs and feedbacks of the multiple
components and the local-specific nature of food systems [121]. This thesis relies on LCA
to determine the environmental impacts of food products, but it doesn’t include other
sustainability dimensions (e.g. animal welfare, livelihoods, biodiversity etc). LCA is
currently limited to certain temporal and spatial scales and does not take into account
feedback loops. It is essential that research moves forward to utilizing metrics that are
intrinsically holistic and capable of detecting nuanced effects (unintended consequences
or feedback loop) [122]. Analyses should better quantify the diverse effects of food
production and fishing/aquaculture on biodiversity and ecosystems. Integration of a
more diverse range of biodiversity indicators are needed [112].

5.3. Evaluate the impact of dietary guidance that incorporate both health and
environmental sustainability objectives

Future research should evaluate the healthiness and environmental sustainability of
dietary change in individuals and populations who receive dietary guidance designed to
decrease the environmental impact of the diet and improve health simultaneously. For
instance, if the dietary advice to increase protein intake provided during the PROMISS
trial was designed considering the environmentally-friendly dietary changes identified in
Chapter 5, what would have been the impact on older adults’ functional status and
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environmental impact of the diet? Sustainable food replacements should be the focus of
future applied clinical nutrition research to assess the impact on overall nutrient intake.
Most sustainable diets remain theoretical. Given the complexity of dietary change and
the physiological and behavioral feedback loops that affect food choices, total amount of
food eaten, and nutrient/energy density of the diet as awhole, what looks like simple food
replacement on paper is seldom possible in practice [96]. Therefore testing a posteriori
the acceptability, feasibility, or effectiveness of dietary recommendations designed
based on evidence for sustainable diets or using diet optimization would add value to the
theoretical solutions by identifying barriers and opportunities for change.

6. Implications for practice

The nutritional health of a population is contingent upon a resilient food system [123-
125]. Nutritional and dietary recommendations that disregard environmental
sustainability will have negative long-term consequences on the environment and in turn
do not adequately promote and protect the nutrition and health of populations. While
many overlaps between a healthy and environmentally sustainable diet exist, various
trade-offs need to be made, as nutrient-rich foods are not always environmentally
sustainable and environmentally sustainable foods are not always nutritious. Therefore,
nutritionists and dieticians must play a role in outlining the way forward through their
expertise for rigorous dietary assessment and analysis [125] and, together with public
health authorities, in delivering messages to facilitate behavioral change required so that
food choices are both healthy and sustainable [126]. At the end of both the MooDFOOD
and PROMISS projects, the respective multidisciplinary consortiums came together to
develop dietary strategies based on the research conducted in each project. Dietary
strategies were developed and tailored for specific stakeholders, including policy-
makers, health care professionals, food industry, dieticians, researchers, and the public.
The results from this thesis guided the recommendations for environmentally
sustainable strategies. The strategies developed for policy-makers can be found in in Box
1 and 2. The recommendations, which are also available for dieticians and other
healthcare professionals, food industry, researchers and the public, can be retrieved on
the projects’ websites (https://moodfood-vu.eu/ and https://www.promiss-vu.eu/).

Box 1. MooDFOQD dietary strategies - Recommendations for policy-makers
Following a healthy dietary pattern, consistent with national dietary guidelines, may reduce
depressive symptoms and improve mental health. A healthy dietary pattern includes:

e  Lotsof fruits and vegetables

e Morelegumes

e Wholegrain breads and cereals

e  Atleast one serving of oily fish a week

e  Dairy products

e Healthy vegetable oils

e Lower amounts of red and processed meats
As people move towards a healthy dietary pattern that is rich in plant foods like fruits,
vegetables, and legumes, contains a moderate amount of sustainably sourced fish, and is low
intake of red meat, their environmental footprint is reduced.
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Box 2. PROMISS dietary strategies - Recommendations for policy-makers

e  QOlder people should eat more plant-based protein such as legumes, cereals, nuts, and
seeds, although it is not necessary to go completely vegan or vegetarian.

e Older people should eat less animal-based protein (such as beef, lamb, and processed
meats) and choose chicken and pork if meat is eaten.

e  Fish should not be eaten more than once a week, and when choosing fish, eco-labels
on certified fish products such as the Marine Stewardship Council (MSC) logo, and
Aquaculture Stewardship Council (ASC) logo should be considered.

A transition toward plant-based diets is essential for meeting the climate change
mitigation targets and remaining within planetary boundaries [58,127,128]. Policies and
other measures to increase the sustainability and nutritional value of diets in Europe are
broadly related to reducing consumption of animal-based sources, however, the
direction and extent depends on population groups. Nutritionists can set the standard
for the required nature and extent of change in food consumption patterns through
dietary guidance. Formulating dietary guidance should begin with evidence of the
relationship between dietary patterns and health outcomes, and then to review the
evidence for foods in terms of health and environmental sustainability [129]. Putting
emphasis on nutritional adequacy in place of diet-disease risk relationships may lead to
negative consequences, including the promotion of fortified processed foods in order to
fulfill recommended intakes of nutrients, albeit their high content of fat and salt [130].
While fortified processed foods could play arole inimproving healthin select populations
(e.g. proteinenrichment for older adults), they are becoming more mainstream especially
when it comes to ultra-processed meat and dairy replacements. Further, in addition to
recommending consumption of certain food groups, another important strategy is to
minimize food waste, including tips on how to improve consumers’ ability to plan
accurately, shop smartly, cook creatively, estimate food safety, and prolong the shelf-life
of foods, and aligning this information with goals of consumers (e.g. health, convenience,
food safety, etc.) [7].

In terms of policies, few national dietary guidelines panels across the world have
explicitly incorporated environmental sustainability into its recommendations
[131,132]. Nevertheless, more work is needed to translate the evidence into culturally
acceptable, environmentally sustainable food-based recommendations for specific
populations. The EAT-Lancet planetary health diet, for instance, provides a global
direction for a healthy and sustainable diet but needs to be scaled down to each
country/region [58]. Furthermore, a concerted effort is needed across the food system
to change food environments to make the healthy and sustainable choice the easy choice.
A holistic approach has to go beyond putting the responsibility solely on individuals
[133]. For instance, the European Public Health Association has recognized an
opportunity to implement sustainable healthy diets via the EU Common Agricultural
Policy (CAP), which currently subsidizes meat and dairy, encouraging their production
and consumption which is not environmentally sustainable [134]. Despite proposals for
a reform to align with the European Green Deal, the CAP is very focused on the
productionside (e.g. sustainable farming practices). It must broaden its criteriatoinclude
the food system including consumption to build on the link between environmental
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sustainability and health of populations. Other policies influencing the food environment,
such as food group-specific taxes, may be effective in reaching nutrition and
environmental sustainability targets [135]. But the inclusion of nutritionists and
dieticians in such policies is critical to identify win-wins and trade-offs between health
and sustainability.

7. Overall conclusions

The food system is failing to deliver a healthy diet for humans and the planet. The high
environmental impact and disease burden of current food systems necessitates urgent
attention towards more environmentally sustainable food consumption. The findings of
this thesis show that health-oriented diet interventions may have negative
environmental outcomes if environmental sustainability is not taken into account in the
development of recommendations. We showed that increasing consumption of
recommended foods like vegetables, fruits, fish, legumes, and whole grains may lead to a
net increase in the environmental impact of the diet if meat consumption is not reduced.
Further, we showed that focusing on increasing protein intake leads to increases in
environmental impact due to the tendency of favoring animal-based protein. This
stresses the importance of promoting plant-based protein in place of animal-based
protein. For older adults at risk of low protein intake, it would be important to maintain a
healthy level of meat consumption but to replace meat types with a high environmental
impact with low-impact meat types. Furthermore, individual-level factors including
personal and psychographic factors were found to influence pro-environmental food
consumption behavior.

In light of this thesis as well as previous literature, reducing consumption of meat and
animal-based protein must be targeted in dietary guidance and interventions, and more
efforts are needed to moderate fish consumption, replace foods with high environmental
impact with lower impact foods, and achieve energy-balanced diets to have a reduced
impact on the environment. Future research is needed to assess the environmental
impact of dietary advice that considers the environmental impact of foods, and to better
understand drivers of food choice and contextual barriers to better stimulate
populations to consume healthier and more environmentally friendly diets. There is a
plethora of variation across and within countries and over time in the nature of food
consumption and the characteristics of food systems that a “one-solution-fits-all”
mentality will not succeed. Therefore, it is important to develop nuanced guidance and
interventions that considers both health and environmental sustainability aspects to
promote the health of populations and the planet.
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SUMMARY

Introduction

Food systems are at the nexus of human and planetary health. The health and
environmental impacts of present-day food production and consumption are relatively
well understood and include all forms of malnutrition and noncommunicable diseases, as
well as climate change, biodiversity loss and environmental degradation. Dietary choices
in particular play a critical role in linking human health, nutrition and the environment.
Poor quality diets, which contain low amounts of vegetables, fruit, and whole grains, high
amounts of refined carbohydrates, fats, sodium, added sugars, red and processed meat,
and excessive calories, pose threats to public health and place a high burden on natural
resources. This is further compounded by high amounts of food waste, the majority
stemming from households in Europe, which results in unnecessary and avoidable
environmental degradation and perpetuated social inequalities. While the evidence for
what constitutes a healthy and sustainable diet is increasing, it is clear that there is no
one-size-fits-all solution and that we need solutions tailored to different contexts,
including nutritional needs and health considerations of specific subpopulations, that
deliver high human health benefits and low environmental impacts.

Embedded within two European-wide projects, this thesis explores individual- and diet-
level factors related to sustainable nutrition for two subpopulations in Europe, namely
overweight adults with subsyndromal depressive symptoms (MooDFOOD project) and
older adults (PROMISS project). The overall aim of this thesis is to evaluate the
environmental impact of health-oriented dietary guidance and provide insight into how
to make such guidance more environmentally sustainable. The two main objectives of
this thesis are:

1. Toidentify individual-level factors that pose as opportunities and challenges to
achieving more environmentally sustainable food-related behavior, and

2. To assess the environmental impact of dietary change due to health-oriented
dietary guidance.

In order to address these objectives, we applied diverse quantitative methods and used
personal, cognitive, behavioral and dietary data collected within the MooDFOOD and
PROMISS projects, and linked food consumption data with nutritional and life cycle
assessment (LCA) data to assess the environmental sustainability of diets and dietary
change. This thesis takes a holistic approach to diets, considering nutrition
recommendations, the environmental impact of food consumption, and the adaptability
to European cultural contexts, to inform the development of environmentally
sustainable dietary guidance to promote health among European subpopulations.
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Individual-level factors that pose as opportunities and challenges to achieving more
environmentally sustainable food-related behavior

In Chapter 2 of this thesis, we identified socio-demographic predictors of food waste
behavior (FWB) in Denmark and Spain. Because self-reported food waste
underestimates actual amount of food wasted, we hypothesized a new model for food
waste as an aggregate of self-reported food waste and food-related behaviors, including
planning routines, shopping routines, practices related to handling leftovers and food
beyond its best-before date, and food preparation practices. Using structural equation
modeling based on confirmatory factor analysis, we found that age, employment status,
sex and household size were associated with FWB, and that the number of socio-
demographic predictors of FWB differed by country. Nevertheless, consistent with
previous research, our findings show that socio-demographic factors provide modest
power in predicting FWB.

In Chapter 3, we ascertained the level of acceptability to consume alternative, more
sustainable protein sources among older adults aged 65y+ living in the United Kingdom
(UK), the Netherlands, Poland, Spain and Finland. Dairy-based protein was the most
accepted protein source, with 75% of the respondents reporting dairy to be acceptable
or very acceptable, followed by meat- and seafood-based protein, with approximately
62% reporting (high) acceptability. With regards to alternative, more sustainable protein
sources, 58% of the respondents reported to accept plant-based protein, which is
promising compared to 20% who reported to accept single-cell protein, 9% to accept
insect-based protein and 6% to accept in vitro meat-based protein. Further, we found
that valuing health, sensory appeal, and price when making food choices, as well as
gender and country of residence were found to influence acceptance, although not
consistently across all the protein sources. While fussy eaters were less likely to accept
eating alternative, more sustainable protein sources, older adults who were more active
in sustainable food consumption (e.g. purchases organic food) and who were highly
educated were more likely to accept eating alternative, more sustainable sources.

In Chapter 4, older consumers from the UK, the Netherlands, Poland, Spain and Finland
were grouped into segments based on their meat consumption and meat liking to better
understand their meat consumption behavior. Three groups of older consumers were
identified: heavy meat consumers, medium meat consumers, and light meat consumers.
The groups differed significantly in several socio-demographics and background
characteristics, appetite, protein intake, attitudes towards meat and plant-based ‘meat’
substitutes, and liking of protein sources other than meat. The light meat consumer
segment was accounted by more older adults who were female, living alone, with low
appetite and at higher risk of low proteinintake compared to the medium and heavy meat
consumer segments. Health and sustainability food choice motives were important
determinants for being classified as a medium or light meat consumer compared to a
heavy meat consumer whereas food fussiness, sensory appeal, and familiarity were
important determinants for being classified as a heavy meat consumer compared to a
light meat consumer. Light meat consumers had more negative attitudes towards meat
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and more positive attitudes towards plant-based ‘meat’ substitutes with regards to
health, environmental reasons, taste and animal welfare.

On the one hand, we found that health and sustainability food choices motives, ‘green’
eating behavior and positive attitudes towards plant-based ‘meat’ substitutes may serve
as facilitators to the acceptability of alternative, more sustainable protein sources and
low meat consumption among older adults. On the other hand, placing more importance
onsensory appeal and familiarity when making food choices and having positive attitudes
towards meat may be barriers to environmentally sustainable food-related behavior
among older adults in Europe. Other individual-level factors, including socio-
demographic characteristics and food fussiness, showed mixed results in terms of FWB,
acceptability of alternative protein sources and meat consumption behavior.

Environmental impact of dietary change due to health-oriented dietary guidance

In Chapter 5, we conducted mathematical optimization techniques to identify dietary
changes toincrease protein intake to 1.2 g/kg body weight (BW)/d in Dutch older adults.
Starting from an average habitual diet of 1354 older adults (56-101y) from the
Longitudinal Aging Study Amsterdam cohort, we modelled several diets by applying
nutritional, environmental, and acceptability conditions and calculated the differences in
intakes between the modelled diets and the average diet to determine what and how
much change in food intake is needed. We found that increasing protein intake from the
habitual intake of 1.0 g/kg BW/d to 1.2 g/kg BW/d without considering greenhouse gas
emissions (GHGE) resulted in an increase in animal protein and a 5-12% increase in
GHGE in men and 9-14% increase in women. To achieve a high-protein diet aligned to
the Dutch food-based dietary guidelines with a moderate GHGE reduction (i.e. <50%
reduction), the quantity of fish had to be reduced to one serving per week and meat
needed to be reduced to 500 grams per week (i.e. the amount recommended by the
national food-based dietary guidelines). However, no change in total meat intake was
needed for women (consumption was already within healthy limits). Further, a
replacement of beef/lamb and processed meat with poultry and pork was needed, as well
as increases in whole grains, nuts, and meat/dairy alternatives and decreases in
discretionary food products like sweets for both men and women. GHGE reductions
greater than 50% resulted in a shift in the protein animal- to plant protein ratio to one
favoring plant protein and to larger changes from the habitual diet, compromising the
supposed cultural acceptability of the diet.

In Chapter 6 and Chapter 7, the environmental impact of dietary change in a real-life
setting was assessed in the context of two diet interventions. Randomized controlled
trials were carried out 1) to examine the effect of food-related behavioral activation
therapy applying Mediterranean-style dietary guidelines on the prevention of
depression in overweight adults with subsyndromal depressive symptoms
(MooDFOOD, n=744) and 2) to examine the effect of dietary advice aiming at increasing
protein intake on physical functioning in older adults with lower habitual protein intake
(PROMISS, n=120). Both interventions led to a net increase in the environmental impact
of the diet.
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While dietary changes towards a Mediterranean-style dietary pattern were
hypothesized to reduce the environmental impact of the diet, our findings indicated
otherwise (Chapter 6). We found that adults who received food-related behavioral
activation therapy applying Mediterranean-style dietary guidelines increased intake of
vegetables, fruit, fish, pulses/legumes and whole grains and decreased intake of
sweets/extras relative to the control group. These changes were found to have no impact
on GHGE, land use (LU) and pReCiPe score, but to have a 4% increase in fossil energy
use (FEU).

Based on findings from Chapter 5, we hypothesized that dietary advice aiming at
increasing protein intake would favor animal-based protein and increase the
environmental impact of the diet, which was confirmed in Chapter 7. Dutch older adults
who received dietary advice aiming at increasing protein intake largely increased protein
intake from animal-based foods and PROMISS protein-enriched food products, and
marginally from plant-based foods relative to the control group. These changes were
found to increase GHGE by 16%, land use by 13%, terrestrial acidification by 20% and
marine eutrophication by 26%.

Conclusion

This thesis shows that dietary changes towards a healthier diet does not necessarily lead
to a more environmentally sustainable diet. This stresses the need for explicit
incorporation of environmental sustainability considerations into the development of
dietary guidance, whether working with groups and individuals with specific health and
nutritional needs or in setting national food-based dietary recommendations. This thesis
also shows that personal factors (e.g. socio-demographics) and psychographic factors
(e.g. attitudes and preferences) influence dietary choice and food waste behavior, but
only explain a small fraction of consumer behavior. Results from the trial studies show
that dietary change towards healthier diets is possible, but that individual or behavioral
factors may encumber change in consumption of certain products like meat.

To have a reduced impact on the environment, studies from this thesis and from
literature show that reducing consumption of meat and animal-based protein must be
targeted in dietary guidance and interventions. In addition, trade-offs of fish
consumption need to be carefully considered, and more efforts are needed to replace
high impact foods with lower impact foods and improving possible energy imbalances.
Fish consumption needs to be moderated, as the environmental impact as determined by
LCAs is low but the biodiversity impact immense. Nevertheless, an increase in fish
consumption was mainly responsible for an increase in FEU of the diet among those who
received dietary advice aligned with the Mediterranean-style dietary pattern. When it
comes to achieving high-protein diets among older adults, we found that an ample
amount of meat could remain in the diet but a change in meat type is needed, more
specifically fully replacing beef and lamb and partially replacing processed meat with
poultry. Meat and dairy substitutes displayed an important role in achieving high-protein
diets with low environmental impact in the modelling study while protein-enriched food
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products showed to be promising for increasing protein intake with limited
environmental impact in older adults in real life.

Future research is needed to assess the environmental impact of dietary advice that
considers the environmental impact of foods, and to better understand drivers of food
choice to better stimulate populations to consume healthier and more environmentally
friendly diets. Nutritionists can play an important role in setting the standard for dietary
change, but they need to develop interdisciplinary knowledge to consider the broader
food system and how it affects diet, nutrition, and the health of populations and the
environment. The diversity in food production and consumption patterns, food cultures,
and health and nutritional needs necessitates tailored solutions to improve the health
and environmental sustainability of diets. Therefore, it is important to develop dietary
guidance and interventions that consider environmental sustainability aspects discussed
inthis thesis in addition to health and nutritional needs of subpopulations to promote the
human health and planetary health.
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