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This thesis explores the transition toward climate-adapted food consumption,
combining insights from both public and private domains. Through four studies,
the thesis investigates the balance between reducing carbon footprint (CO2e) and
ensuring nutritional adequacy, revealing overlooked tensions in our shift toward
sustainable diets.

Rather than presenting findings by individual studies, this thesis organizes
results around three interrelated themes that emerged across all four papers. The
first theme examines school meals as potential climate champions, revealing both
opportunities and challenges in public meal settings. The second theme explores
how gender shapes nutritional needs and dietary behaviors in climate-adapted food
practices. The third theme investigates the relationship between physical activity
levels and COze, identifying pathways to unite active lifestyles with sustainability.

In school meal menus across Sweden, climate adaptation is taking center stage.
Yet beneath these well-intentioned changes lies an unexpected nutritional
dilemma. The analysis of municipal school meal programs revealed a troubling
relationship, as COze emissions decreased, iron bioavailability declined as well.
This finding raises important questions about the nutritional adequacy of climate-
adapted menus, especially for adolescent gitls.

The paradox became particularly evident in soy-based meals. These meals
contained the highest total iron, simultaneously they had the lowest amount of
absorbable iron, with minimal bioavailability. None of the analyzed menus

provided enough absorbable iron for female pupils with higher needs, highlighting



how climate-adapted meal planning may inadvertently create nutritional blind
spots.

To address this challenge, hybrid recipe formulations that bridged the divide
between climate goals and nutritional needs was developed. By combining plant
ingredients with modest amount of meat together with vitamin C rich foods, these
recipes achieved significant COaze reductions while maintaining adequate
absorbable iron levels. Consumer evaluations revealed that these hybrid
approaches maintained high acceptance levels, suggesting that balancing nutrition,
taste, and sustainability is entirely possible.

Throughout this thesis, gender emerged as a powerful lens for understanding
sustainable food transitions. A consistent pattern appeared: women demonstrated
stronger climate consciousness in their food consumption but faced greater
nutritional vulnerabilities when adopting low-carbon diets.

Female participants consistently consumed less energy than recommended,
creating a nutritional deficit that impacts micronutrient intake. This was especially
pronounced among physically active women, who averaged well below their
estimated requirements. This is concerning given their elevated nutritional needs.
When examining iron specifically, women’s intake fell below recommendations
regardless of dietary preference, with vegetarian and flexitarian diets presenting
additional challenges.

Gender dynamics significantly shape sustainable food practices beyond just
nutritional aspects. The thesis corroborate that women typically lead household
shifts toward climate-friendly diets while experiencing more complicated
relationships with food choices compared to men. Paradoxically, despite
consuming fewer resources and making more climate conscious selections, women
experience a greater risk of nutritional deficiencies and health impacts when
households transition to sustainable diets.

The investigation of recreational athletes and young adults uncovered a clear
relationship of dietary COze emissions to activity level, with CrossFit athletes
exhibiting the highest COze emissions, followed by other highly-active individuals
and moderately-active participants. The primary driver was not simply higher
energy requirements but specifically how these needs were met, predominantly
through animal-based protein sources.

Yet high COze emissions was not inevitable. Several participants achieved
notably lower COze while maintaining high performance levels through strategic
incorporation of plant-based protein sources. These examples challenge the

assumption that athletic performance necessarily demands a high environmental



cost, suggesting that the barrier lies not in physiological requirements but in
cultural norms and established beliefs about nutrition within sports communities.
The findings question the assumption that low-carbon diets automatically promote
health for all populations. The research shows that sustainable food systems
require tailored approaches that consider gender-specific nutritional needs, diverse
activity levels, and cultural contexts. The successful hybrid recipes and examples
of low-COze athletic diets demonstrate that balancing environmental and
nutritional goals is achievable with thoughtful planning.

The path toward truly sustainable food systems must integrate bioavailability
metrics into environmental assessments and address the social practices that shape
our food choices. Only then can we create equitable transitions that protect both
planetary boundaries and human wellbeing—especially for those leading the way

in climate-conscious eating.



Svensk sammanfattning

Denna avhandling underséker méjligheter och utmaningar med 6vergingen till en
klimatanpassad matkonsumtion. Avhandlingen kombinerar insikter frin bade
offentliga maltider och privat matkonsumtion. Genom fyra studier utforskar
avhandlingen balansen mellan att minska koldioxidavtrycket (COze) och
uppritthilla niringsmassigt korrekta maltider.

Resultaten presenterar inte som traditionellt varje delarbete f6r sig utan som en
syntes som organiseras kring tre sammanlinkade teman som framkom i de fyra
studierna som ingar i avhandlingen. Det f6rsta temat behandlar skolmaltider som
en grogrund fér framtida klimatsmarta konsumenter och vad som kan vara deras
mojligheter och utmaningar. Det andra temat utforskar genus, hur olika
niringsbehov och beteenden kan skilja omstillningen till en klimatanpassad
matkonsumtion. Det tredje temat undersbker sambandet mellan fysisk
aktivitetsnivd och COze, med fokus pa hur det gar att férena aktiva livsstilar med
klimatpaverkan.

Klimatanpassning har blivit centralt i svenska skolkék. Analysen av kommunala
skolmaltidsmatsedlar avsléjade ett oroande samband: nir COze minskade, sjonk
dven jirnets biotillginglighet. Detta fynd vicker viktiga fridgor om
niringsriktigheten i klimatanpassade menyer, sirskilt f6r tondrsflickor.

Paradoxen blev sirskilt tydlig i sojabaserade maltider. Trots att dessa maltider
innehdll mest jirn totalt sett, hade de ldgst mingd absorberbart jirn med minimal
biotillginglighet. Ingen av de analyserade menyerna tillhandahéll tillrickligt med
absorberbart jirn for flickor med hégre behov, vilket visar hur klimatanpassad
maltidsplanering oavsiktligt kan skapa niringsbrister.

For att anta denna utmaning utvecklades hybridrecept i delstudie II som visade
pa exempel pia hur man kan OGverbrygga klyftan mellan klimatmal och
niringsbehov. Genom att kombinera vixtbaserade ingredienser med sma mingder
kétt och C-vitaminrika livsmedel uppnddde dessa recept betydande COze-
minskningar samtidigt som de bibehéll godtagbara niver av absorberbart jirn.
Konsumentutvirderingar visade att dessa hybridlésningar behéll hég acceptans,
vilket indikerar att det dr m&jligt att balansera niring, smak och klimatpaverkan.

Genus framtridde som ett betydelsefullt perspektiv for att forstd en
omstillning till en klimatanpassad matkonsumtion. Kvinnor uppvisade starkare
klimatmedvetenhet i sin matkonsumtion men tar dven storre ndringsmissiga risker
nir de anammar en kost med ett ligt klimatavtryck.

Kvinnliga deltagare konsumerade genomgiende mindre energi dn

rekommenderat, vilket skapade ett underskott av energi som i sin tur kan paverka



intaget av vitaminer och mineraler. Detta monster var sirskilt uttalat bland fysiskt
aktiva kvinnor, som i genomsnitt lig betydligt under sina beridknade energibehov.
Vid en noggrannare granskning av rapporterat totalt jirnintag ldg de aktiva
kvinnornas intag under rekommendationerna oavsett kostmonster. Vegetarianer
och flexitarianer hade svarast att ni den rekommenderade nivan.

Genus paverkar hillbara matvanor bortom enbart niringsaspekter.
Avhandlingen bekriftar att kvinnor som ofta leder hushéllens omstillning till en
klimatvinligare matkonsumtion, samtidigt upplever de en mer komplicerad
relation till matval jimf6rt med de deltagande minnen. Trots att kvinnor férbrukar
firre resurser (iter mindre) och gér mer klimatmedvetna val, 16per de samtidigt
storre risk for niringsbrist ndr hushallen stiller om till en mer klimatsmart
matkonsumtion. Det framstar som orittvist att just de som leder omstillningen
samtidigt riskerar sin egen hilsa.

Undersokningarna av CrossFit utdvare och aktiva unga vuxna avsléjade ett
tydligt samband mellan fysisk aktivitetsnivi och COze-utslipp frin kosten.
CrossFit-utévare uppvisade de hogsta COze-utslippen, foljt av andra hégaktiva
individer och mattligt aktiva deltagare. Orsaken var inte enbart ett hogre
energibehov utan dven hur dessa behov tillgodosags, frimst genom ett hogt intag
av animaliska livsmedel.

Detta var dock inte det genomgiende moénstret. Flera deltagare hade mirkbart
ligre COze-utslipp samtidigt som de bibeholl hoga prestationsnivaer, frimst
genom att de anvinde en hogre grad av vixtbaserade livsmedel. Dessa exempel
utmanar antagandet att idrottsprestationer nédvandigtvis kriver ett hégt COaze-
utslipp, vilket tyder pad att hindret inte bara ligger i fysiologiska krav utan i
kulturella normer och etablerade uppfattningar om hur en boér idta som
idrottsutévare.

Resultaten ifrdgasitter antagandet att en kost med lagt klimatavtryck
automatiskt frimjar hilsa for alla befolkningsgrupper. Avhandlingen visar att en
héllbar matkonsumtion kriver skriddarsydda tillvigagingssitt som tar hinsyn till
kénsspecifika behov, olika aktivitetsnivaer och kulturella ssmmanhang.

Vigen mot en verkligt hillbar matkonsumtion miste bdde ta hinsyn till
biotillginglighet nir klimatanpassade maltider planeras och hantera de sociala

praktiker som formar vira matval.
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Introduction

In a bustling school cafeteria, children eagerly line up for lunch—today, a plant-
based meal inspired by new climate-conscious guidelines. At a nearby table, a
teacher discusses her efforts to reduce her carbon footprint (COz¢) with a fellow
colleague. Across town, a family gathers around a dinner table, sharing a meal that
aligns with their values of sustainability. Meanwhile, in a gym not far away, an
athlete drinks a post-workout protein shake after an intense CrossFit session,
striving to meet the elevated nutritional demands of a rigorous training routine. As
societies around the world shift towards climate-adapted meals, from public
institutions like schools to private homes, we celebrate these efforts to mitigate
CO2e emissions. But, beneath the sutrface of these choices, lies 2 more nuanced
dilemma.

While plant-based meals often carry the promise of sustainability, they
introduce difficulties in meeting diverse nutritional needs across different
population groups. The challenge lies in ensuring that climate-conscious eating
does not compromise essential nutrition. As we adapt our diets, we must also
consider another vital aspect: taste. Sensory properties like flavor, texture, aroma
and overall enjoyment of food should not be overlooked in the pursuit of
sustainability. After all, food is more than fuel; it is a source of pleasure and culture,
factors that influence long-term dietary adherence.

As we explore the intricacy of diet, another layer of tension emerges.
Nutritional and energy requirements are not one-size-fits-all. Factors such as age,
gender, physical activity, and metabolic differences create a mosaic of individual
needs. The challenge intensifies when we consider how physical activity, often
recommended for optimal health, raises energy demands. In a world striving to
reduce COze, this increased need for energy, if met with the certain dietary choices,
could lead to an unintended increase in COze emissions. Through this thesis the
intersection of climate-adapted food consumption and human nutrition is
explored, grappling with some opportunities and challenges that arise in both
public and private domains. The question remains: can we nourish our bodies and

planet without compromise?
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* OPPORTUNITIES AND CHALLENGES...

To further highlight the inherent conflicts of climate-adapted meals, this thesis is
a synthesis of the four included papers and is organized around three interrelated
themes.

First, the role of public-school meals in driving climate-adapted food
consumption will be explored. Schools are not only spaces of education but also
critical institutions in shaping habits such as eating. This section will explore how
school meal programs can serve as a model for low-carbon, nutritionally sound
diets, and the challenges they face in doing so.

Second, a gender perspective is important, as nutritional needs and dietary
habits are often shaped by gendered roles and biological differences. This theme
will cover how gender influences both the requirements of key nutrients, such as
iron, and the broader societal dynamics that affect food choices.

Third, the thesis will address the conflict between the recommendation of
physical activity and the COgze emissions of food. While physical activity is a
cornerstone of health, its increased energy demands often lead to higher calorie
consumption, which can inadvertently increase the carbon impact of one’s diet.
This theme look in to if we can balance the climate impact of food with the
nutritional requirements of active lifestyles.

Summing up, these themes offer a versatile view of the opportunities and
challenges in achieving both planetary and personal sustainability through climate-

adapted diets.



List of original papers

This thesis is based on the following papers, referred to in the text by their Roman

numerals.

I. Wollmar M, Post A, Thorén Olausson A, Hulthén L, Sjéberg A.
Climate-adaption practices, nutrition and absorbable iron in Swedish

school meals (in manuscript)

II. Wollmar M, Post A, Elf M, Pettersson J, Prim M, Sjoberg A.
Balancing trade-offs — iron bioavailability, carbon footprint, and taste in
hybrid school meal recipes (Submitted)

III. Wollmar M, Sjoberg A, Post A. (2022)
Swedish recreational athletes as subjects for sustainable food consumption:
focus on performance and sustainability

International Journal of Food Sciences and Nutrition (2022)
https://doi.org/10.1080/09637486.2022.2141208.

IV. Wollmar M, Post A, Sjoberg A. (2024)

Food choice, activity level, and carbon footprint: exploring potential for
sustainable food consumption practices in young adults

Frontiers in Nutrition (2024) 11:2024
https://doi.org/10.3389/fnut.2024.1449054

The two published research papers are both published open access,
distributed under the terms of the Creative Commons Attribution Licence
(CC BY 4.0). This permits use, sharing, adaptation, distribution, and
reproduction in any medium or format, as long as given appropriate credit to
the original author(s) and the source, providing a link to the Creative
Commons licence', and indicating if changes were made.

https://cteativecommons.org/licenses/by/4.0/



16 * OPPORTUNITIES AND CHALLENGES...

Abbreviations
BMR Basal metabolic rate
COze Carbon dioxide equivalent
EI/RMR Energy intake relative to resting metabolic rate
1D Iron deficiency
IDA Iron deficiency anemia
IPCC Intergovernmental Panel on Climate Change
JAR Just-About-Right (scale used in sensory evaluation)
LCA Life Cycle Assessment
LCIA Life-cycle impact assessment
MET Metabolic equivalent
NNR Nordic Nutrition Recommendations
PAL Physical Activity Level
PBMA Plant-based meat alternatives
SDG Sustainable Development Goals

Key nutritional and environmental concepts

Carbon footprint: The quantifiable measure of greenhouse gas emissions,
expressed as carbon dioxide equivalents, associated with a product, service, or
activity throughout its complete lifecycle from production to disposal.
Bioavailability: The extent to which ingested nutrients are absorbed in the
digestive tract and subsequently utilized in metabolic processes, representing the
physiological efficiency of nutrient utilization rather than dietary content.
Absorbable iron: The fraction of total dietary iron that can be effectively
absorbed across the intestinal epithelium and incorporated into functional
compounds within the body, determined by both dietary composition and
physiological factors.

Heme iron: Iron incorporated within the porphyrin ring structure of hemoglobin
and myoglobin proteins, exclusively found in animal-derived foods, characterized
by superior absorption efficiency (15-35%) that remains relatively consistent
regardless of meal composition.

Non-heme iron: Iron not associated with heme-containing proteins, present in
both plant and animal sources, with substantially lower absorption efficiency that
is highly influenced by enhancing and inhibiting dietary factors consumed

simultaneously.



Background

The background section establishes how food systems contribute to climate
change. It examines Swedish school meal programs, which evolved from charitable
initiatives in the early 20th century to universal free meals today, historically
focused on improving children’s health and academic performance but now also
take responsibility for reducing the climate impact of food. The section then
systematically examines both the opportunities and challenges of climate-adapted
diets, highlighting the tensions between traditional nutritional recommendations
and environmental considerations. Emphasis is placed on nutritional
considerations such as iron intake and bioavailability, with attention to significant
gender differences in dietary patterns, iron requirements, and deficiency risks. It
proceeds to analyze how meal development methodologies and individual taste
preferences influence dietary choices and their resulting climate impact. The
background also explores how varying physical activity levels affect nutritional
requirements, with special attention given to athletes as a distinct demographic
group with substantially higher energy requirements, examining how their

nutritional needs can be met while minimizing environmental consequences.

Climate impact of foods

The global food system significantly impacts environmental change, though this
impact is frequently underestimated. Our food production and distribution
networks alter Earth’s ecosystems by releasing greenhouse gases and disrupting
ecological systems (Tubiello et al., 2021).

The food system is a major source of greenhouse gases, making up about one-
fifth to one-quarter of all human-caused emissions (IPCC, 2022). Farming alone
produces over 50% of global methane and 75% of nitrous oxide emissions (FAO,
2020). Including related activities like fertilizer manufacturing, transportation,
processing, and waste management, food systems account for 20-40% of human
COze emissions (Rosenzweig et al., 2020), with recent research suggesting it
accounts for about one-third of total human-generated greenhouse gases (Crippa
et al,, 2021).
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The livestock sector represents a significant contributor to climate change. Animal
agriculture generates approximately 8-10.8% of global greenhouse gas emissions
(IPCC, 2022), with cattle playing a particularly important role in this climate impact
(O'Mara, 2011). Through biological processes such as enteric fermentation and
manure management, these animals produce substantial methane emissions (Sejian
et al, 2011). Furthermore, beef production requires extensive land use, which
often leads to deforestation and reduces the Earth's capacity to naturally capture
carbon. (Gerber et al., 2015).

Farming methods add further complexity to this issue. Growing crops, from
rice fields (Qian et al., 2023) to large single-crop farms, releases significant amounts
of greenhouse gases, including nitrous oxide and carbon dioxide (Basheer et al.,
2024; IPCC, 2022). Intensive farming not only creates immediate emissions but
also damages soil health, reducing the land’s ability to store carbon (IPCC, 2022;
Shameem et al., 2019).

The food system’s environmental impact extends past just production to
include transportation, processing, and distribution. The global food supply chain
mostly depends on fossil fuel-powered vehicles (Tchonkouang et al., 2024), while
processing, packaging, refrigeration, and storage use considerable energy and
produce additional greenhouse gases (Shabir et al., 2023). These systems transform
food from a necessity into a difficult environmental challenge.

The considerable environmental impact of food systems presents numerous
opportunities to cut emissions across supply chains. Food choices and
consumption habits are particularly powerful ways to reduce food-related
greenhouse gases (Schanes et al., 2016; Scheuermann et al., 2024; Schulze et al.,
2024). Food production and consumption affect our climate at every stage, from
farming to waste disposal. With our growing understanding of these relationships,
we now need reliable methods to measure the climate impact of various foods and

meals—enabling people to make more sustainable choices in their everyday lives.

Measuring the climate impact of foods and meals

Life Cycle Assessment (LCA) studies measure environmental impacts through
multiple indicators including global-warming potential, which is expressed as
carbon dioxide equivalents (COze) (Cucurachi et al., 2019). COze standardizes
greenhouse gases based on their warming impact over 100 years, with carbon
dioxide equal to 1, methane equal to 25, and nitrous oxide equal to 298
(Glossary:Greenhouse Gas (GHG) - Statistics Explained, 2020). This COze mettic



BACKGROUND *

is widely used to calculate and compare the climate impact of food products (R66s
et al,, 2013) and serves as the primary measurement in this thesis. COze is a key
metric for measuring greenhouse gas emissions across a food product’s lifecycle.
Research shows that COze effectively correlates with other environmental impacts
like land use and acidification (van Dooren et al., 2018), making it a reliable proxy
for broader environmental assessment (Hartison et al., 2022). This makes COze
particularly useful for evaluating dietary impacts and shaping sustainable food
policies (Aldaya et al., 2021; Ran et al., 2024).

Shifting to a sustainable food consumption in Sweden

This thesis is framed within global sustainability initiatives, as guided by climate
science authorities and international development frameworks (IPCC, 2022; UN
General Assembly, 2015). Research indicates that food systems contribute
approximately 25-30% of global greenhouse gas emissions (IPCC, 2022). The 2030
Agenda emphasizes climate-resilient food practices and connects to several
Sustainable Development Goals relevant to this project: health and well-being,
gender equality, responsible production and consumption, and climate action (UN
General Assembly, 2015). Additionally, the European Green Deal promotes
healthier, more sustainable food choices, including plant-based diets, to reduce
environmental impacts (European Commission & Directorate-General for
Communication, 2021).

Research shows that moving toward plant-based diets helps achieve
sustainability goals (Aiking & de Boer, 2020; Aleksandrowicz et al., 2016; Willett
et al., 2019). The Nordic nutrition recommendations (NNR2023) now integrate
nutritional advice with climate concerns, promoting more plant foods and less
animal products (Blomhoff et al., 2023). Diets with limited animal products
typically produce less COze, with vegetarian diets found to benefit both climate
and health (Aleksandrowicz et al., 2016; Hansson et al, 2024). Even diets
containing moderate amounts of animal products but abundant in fruits,
vegetables, nuts, legumes, and whole grains provide health advantages
(Aleksandrowicz et al., 2016; Stubbendorff et al., 2022; Willett et al., 2019).

The climate impact of food is receiving growing attention in scientific literature
and key strategies to reduce COze include adopting plant-based diets (Willett et al.,
2019) and consuming only enough food to maintain energy balance. This could
reduce COze by about 20% (Hallstrom et al., 2015; Ridoutt et al., 2017).

19
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Plant-based diets offer important climate benefits but come with their own
considerations. Plant-based diets typically generate lower COze emissions because
they avoid animal products, which require significantly higher COze per kilogram
to produce than plant foods (Cartlsson-Kanyama & Gonzalez, 2009). Research
such as the EAT-Lancet Commission study suggests the possibility of meeting
both climate and most nutritional objectives (Willett et al., 2019).

Plant-based diets help address climate concerns, but we must ensure they
provide proper nutrition. Plant foods typically contain fewer calories by volume
than animal-based foods, meaning people need to eat larger portions to meet
energy requirements, though plants can offer substantial nutrients (Milner et al.,
2015; Ridoutt et al., 2017). This creates a challenge when designing diets that are
both sustainable and nutritious. Many climate-adapted dietary frameworks,
including the EAT-Lancet diet, do not fully account for how well minerals are
absorbed from plant sources (Beal et al., 2023; Leonard et al., 2024). While plant-
based eating is a promising climate strategy, it requires careful consideration to

deliver both nutritional and climate benefits.

Food consumption in Sweden

Swedish schools increasingly offer climate-adapted meal options, as part of a
broader trend toward plant-based eating. Food-related emissions in Sweden
reached 1.45 tons COze per person and year in 2021, showing improvement from
previous years, with 2020 marking the lowest level at 1.42 tons COze
(Naturvardsverket, 2022). This reduction corresponds with more people adopting
flexitarian diets and greater acceptance of vegetarian foods (Patterson et al., 2021).

The national Riksmaten 2010-11 survey highlichted gender differences in
eating habits. Men consumed more energy daily and ate significantly more meat
(85 g daily versus 53 g for women) (Livsmedelsverket, 2012). For reference,
Sweden’s National Food Agency advises limiting weekly consumption of red meat,
processed meats to 500 g or less (Livsmedelsverket, 2024a).

When analyzed against these recommendations, men’s average weekly red and
processed meat consumption reached 791 g, exceeding the guidelines, while
women’s intake averaged 476 g weekly, within the recommended limit. By
comparison, the Riksmaten 2016-17 adolescent survey showed that girls in the 8t
grade had a considerably lower intake of red and processed meat, averaging 350 g
weekly, compared to boys who had an intake of 532 g weekly (Livsmedelsverket,
2018).
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These dietary patterns reflect broader gender differences in food choices, not just
in quantity consumed. Young women make up a notably larger proportion of those
following vegetarian and vegan diets. Research in Sweden shows that
environmental considerations strongly influence these choices, with 68% of
women between 16-34 years old identifying climate concerns as their primary

reason for selecting vegetarian foods (Eustachio Colombo et al., 2020).

The Swedish Food Agency’s eco-smart food choices

The Swedish Food Agency now includes climate impact in its nutrition guidelines
(Livsmedelsverket, 2018). This aligns with Sweden’s commitment to national
environmental goals as part of the Agenda 2030 sustainability framework(UN
General Assembly., 2015). These environmental goals consist of an overarching
generational goal, 16 specific objectives, and various milestone targets. Changes in
food systems directly affect nine of these 16 objectives. The agency considers
sustainability through three dimensions: economic, social, and ecological.
Together, these environmental goals establish a vision for Sweden’s desired future
(Naturvardsverket, n.d.).

The Swedish Food Agency recognizes that both consumers and food
companies influence environmental outcomes. To help reduce climate impact, the
agency provides regulations, advice, guidance, and information. This advice
appears in the official recommendation for public meals and is relevant for
procurement considerations. In 2017, the Swedish government established a goal
that 60 percent of public food consumption by 2030 should consist of certified
organic products. The Swedish Procurement Agency offers support for sustainable
procurement (Upphandlingsmyndigheten, n.d.). The national guidelines for school
meals (Livsmedelsverket, 2019) suggest schools purchase products with the
“Keyhole” symbol, which indicates nutritious foods with less sugar and salt, more
whole grains and fiber, and healthier fats (Amcoff et al., 2015).

Meat replacement products

To reduce the COze emissions from food often involves increasing vegetarian
options and decreasing meat dishes. This climate adaptation typically includes
more legumes, vegetables, and grains, or using plant-based meat alternatives
(PBMA). PBMAs available in Sweden are generally made from plant-based protein
concentrates or isolates, with varying nutritional profiles (Bryngelsson et al., 2022).
Many have low iron bioavailability due to high phytate content (Mayer-Labba et
al., 2022).
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Some PBMAs contain iron oxide as a colorant to create a meat-like appearance.
Iron oxide does not provide absorbable iron, which may result in misleading iron
content information in the Swedish National Food Agency's database. This could
lead to inaccurate iron calculations in menu planning if consumers are unaware of
this distinction. While PBMAs are designed to ease the transition to plant-based
diets by substituting or supplementing animal-based products, there has been a
trend away from minimally processed plant foods toward these meat analogues.
Research suggests these products may not always deliver the health benefits
consumers expect (Brooker et al., 2022; Bryngelsson et al., 2022; Mayer-Labba et
al., 2022; Wickramasinghe et al., 2021), and their marketing as healthy and

sustainable options may sometimes be overstated (Oussalah et al., 2020).

Public School Meal

Today, school meals in Sweden are free of charge. Sweden, together with a few
other countries: Finland, Estonia, Brazil, India and South Korea are the only

countries that serve free school meals to all pupils (Cohen et al., 2023).

History of Public School Meals

School meals in Sweden originated with goodwill organizations providing food for
children in need during the early 20th century (Gullberg, 2004). The 1920s saw
advances in nutritional science, including the identification of vitamins and
minerals, their chemical structures, and their role in preventing deficiency diseases
like scurvy and rickets (Backstrand, 2002). Population decline in the 1930s
prompted national and international discussions about public school lunches, with
the League of Nations encouraging members to address undernutrition (Gullberg,
2004).

The Swedish state began providing grants for limited school meals in the 1930s,
recognizing that nutritionally adequate diets could improve health and academic
performance. A 1945 proposal established the foundation for modern school meal
programs (Gullberg, 2006). Schools received financial support for serving cooked
meals meeting specific nutritional requirements. In July 1946, the Swedish
parliament introduced free public-school meals for all children (Gullberg, 20006;
Lundmark, 2002). School meal coverage increased by 65 percent from 1947 to
1967, with more than half of pupils receiving free food, aiming to level educational

conditions regardless of socioeconomic status. The 1997 school legislation
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mandated that all municipalities in Sweden provide free school meals to primary
school pupils (Gullberg, 2004).

During the 2000s, schools began offering multiple options, typically including
a vegetarian choice. The 2010 school law mandated that school food should be
nutritious (SEFS 2010:800), while municipalities and independent schools retained

authority over meal preparation and service locations (Livsmedelsverket, 2013).

Public School Meals Today

Today, the Swedish Food Agency provides information and guides
(Livsmedelsverket, 2018a) to all municipalities based on the Nordic Nutrition
Recommendations 2012 (Nordic Council of Ministers, 2014). Since the new law
of 2010 stated that public school meals should be free of charge and nutritious,
the guides calculate that 30% of the daily intake should be provided by school
lunch (Livsmedelsverket, 2019). Although recommended intake varies depending
on the age group, the age groups covering compulsory school are 6-9, 10-12, 13-
15, and 16-18 years respectively (Livsmedelsverket, 2019). The national guidelines
encourage schools to create meal experiences that students enjoy while also
expanding their food preferences. These meals are viewed as valuable learning
opportunities where children can discover new foods, develop more diverse tastes,
and build healthy eating habits through direct experience with different foods
(Persson Osowski & Fjellstrom, 2019).

School meal programs now look beyond nutrition to address climate impact
through practical approaches. These include reducing food waste and creating
more environmentally friendly menus with more plant-based options to lower
COze emissions (Persson Osowski & Fjellstrom, 2019). The Swedish Food Agency
reports notable improvements in this area (Swedish Food Agency, 2022). Local
governments have established specific targets for reducing food waste, and many
have developed their own strategies to decrease the climate impact of school meals
(Post et al. 2025, In manuscript). While schools are not required to serve vegetarian
meals, such options are now commonly available in both primary and secondary
schools, in line with national guidance (Post et al. 2025, In manuscript). However,
these sustainability efforts can only succeed if students accept and enjoy the meals

being served.
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Opportunities and challenges with a shift to a
climate-adapted diet

Opportunities

Swedish dietary patterns, as documented in the Riksmaten surveys, suggests that
both adults and adolescents typically consume fewer fruits and vegetables than
recommended (Livsmedelsverket, 2012, 2018b). These findings suggest
opportunities for better alighment with the Nordic Nutrition Recommendations
to support long-term health (Blomhoff & Nordic Council of Ministers, 2023). A
diet more consistent with the NNR2023 could offer both health and climate
benefits.

The EAT-Lancet diet undetline eating whole grains, vegetables, fruits, legumes,
nuts, and unsaturated oils, while recommending limited consumption of animal-
based foods, dairy products, tubers, starchy vegetables, added fats, and sugars. This
dietary approach aims to meet nutritional requirements for our growing global
population while respecting planetary limits (Willett et al., 2019). A Swedish study
by Zhang et al. (2023) examined how following the EAT-Lancet diet relates to
heart disease risk. Following participants for neatly 25 years, they found that closer
adherence to this diet was linked to a significantly lower risk of coronary events
(Zhang et al., 2023). Other research indicates the EAT-Lancet diet may also help
reduce risks of type 2 diabetes (Knuppel et al., 2019; Langmann et al., 2023),
cancer, and death from all causes (Berthy et al., 2023; Karavasiloglou et al., 2023).
These findings suggest potential benefits from aligning dietary patterns with both
Nordic Nutrition Recommendations 2023 and EAT-Lancet guidelines, potentially
improving both health outcomes and environmental sustainability. However,
ensuring adequate micronutrient intake while minimizing climate impact remains

an important challenge requiring further research.

Challenges

Providing adequate nutrition globally requires balancing varied human needs
within environmental constraints (Richardson et al, 2023). Nutritional
requirements differ according to biological factors including gender, age, genetics,
existing nutritional status, and health history. Women and young children face
higher malnutrition risks because they need more micronutrients, and nutritional

deficiencies during key developmental stages can have lasting effects across
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generations (Martorell, 2017). The scale of this problem is significant: more than
half of all preschool-aged children (about 372 million) and over two-thirds of non-
pregnant women of reproductive age (approximately 1.2 billion) lack at least one
essential micronutrient (Stevens et al., 2022) with iron being one of the most
common (Passarelli et al., 2024)

Although it is theoretically possible to meet nutritional needs using only plant
foods and supplements, putting this into practice is often difficult. (Beal et al.,
2023). Lack of information about micronutrient availability in foods and the
widespread presence of deficiencies suggests that many people struggle to obtain
sufficient nutrients without including some animal-based foods in their diets
(Passarelli et al., 2022).

Reducing animal-source foods as suggested by the planetary-health diet would
require significantly increased intake of nutrient-dense plant-source foods like dark
green leafy vegetables, pulses, traditional whole grains, and seeds, necessitating
dietary changes and education (Beal et al., 2023). Population groups with increased
nutrient needs, women of reproductive age, pregnant and lactating women,
adolescents, and young children, face higher risks of micronutrient deficiencies
when animal-based foods atre limited (Gernand et al., 2016; Passarelli et al., 2022).
Achieving dietary micronutrient adequacy within planetary boundaries calls for a
multifaceted approach including improved diet diversity (Salomé et al., 2020),
sustainable food consumption practices (Hoek et al., 2021), and consideration of
local contexts (Dawkins et al., 2023), balancing nutrient-dense foods with climate
impact.

Animal-source foods provide essential nutrients including iron, zinc, folate,
calcium, and vitamins A, Bi2, and D, often at higher levels than plant-based
alternatives (Moretti, 2017). Vulnerable populations such as children, pregnant
women, the elderly, and those in low-income communities are particularly
susceptible to micronutrient shortfalls (Bailey et al., 2015). For children,
deficiencies in key nutrients can impair growth, cognitive development, and
immune function (Morales et al., 2023), while in low-income communities with
limited food access, these deficiencies can exacerbate inequalities, hindering
economic productivity and perpetuating cycles of poverty and poor health
(Morales et al., 2023).
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Iron

Iron status and iron deficiency

Iron deficiency (ID) remains the most common nutritional deficit globally,
affecting both high- and low-income countries (Kassebaum et al., 2014).
According to the Swedish national survey Riksmaten 2010-2011, women’s daily
iron intake averaged 9.5 mg, falling below the Nordic Nutrition Recommendations
(NNR) 2023 of 15 mg for women of childbearing age. In contrast, men’s intake
(11.5 mg) exceeds their recommended 9 mg daily requirement, suggesting women
face a higher risk of (Livsmedelsverket, 2012).

Recent dietary surveys of Swedish adolescents indicate concerning iron status
among girls. Blood plasma samples showed empty iron stores in girls from grade
5 (10%), grade 8 (30%), and upper secondary grade 2 (26%) (Livsmedelsverket,
2018b), with a study in the Gothenburg area finding even higher percentage of
deficiency (Sjoberg & Hulthén, 2015). Research by Stubbendorff et al. (2025)
further reveals that dietary choices significantly impact iron status, with omnivores
showing substantially higher ferritin levels than pescatarians and particularly
vegetatians/vegans, who exhibited the highest rates of iron deficiency. Their
findings also link lower red meat consumption and higher intake of plant-based
alternatives to increased ID risk (Stubbendorff et al., 2025). Women generally face
higher vulnerability to ID due to menstrual losses, reduced storage capacity, and
lower food intake (Domell6f & Sjdberg, 2024; Hoppe et al., 2008; Vandevijvere et
al., 2013). This deficiency can impact physical health, cognitive development, and
academic performance, potentially contributing to gender inequalities in health and
education outcomes (McCann & Ames, 2007; Mesias et al., 2013).

Iron serves as an essential component of hemoglobin, enabling oxygen
transport throughout the body (Shils, 20006). Since the body cannot synthesize iron,
dietary sources are necessary. Iron contributes to numerous physiological
functions, including oxygen transport, DNA synthesis, electron transport, and
muscle metabolism, while supporting physical growth and neurological
development (Filer & Ziegler, 1996). Hemoglobin production requires iron along
with vitamin Bi2 and folic acid, with iron being absorbed intestinally before
transportation to the bone marrow for red blood cell formation (Koury & Ponka,
2004).

Iron is stored primarily in the liver, spleen, and bone marrow, with its
absorption process beginning in the intestines where specialized enzymes convert

insoluble fetric ions (Fe**) to absorbable ferrous ions (Fe?"). Most iron turnover
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occurs endogenously as the body recycles approximately 20-25 mg daily from aged
red blood cells. Adults typically lose 1-2 mg daily, with higher losses in
menstruating females (Domell6f & Sjéberg, 2024, Table 4). While many foods
contain iron, absorption efficiency ranges from only 5-20% (Miller et al., 2011).

Iron deficiency and iron deficiency anemia

The most prevalent micronutrient deficiency globally is 1D, with iron deficiency
anemia (IDA) being its most severe manifestation (Engle-Stone et al., 2017; Petry
et al, 2016; World Health Otganization, 2017). The condition develops
progressively, beginning with depleted iron stores and potentially advancing to
anemia if left uncorrected (Pasricha et al, 2021). While the Nordic countries
demonstrate lower prevalence rates compared to global statistics, certain
population groups remain at significant risk, particularly infants, young children,
adolescent girls, and women of reproductive age (Blomhoff & Nordic Council of
Ministers, 2023; Hay et al., 2004; Milman et al., 2004).

The clinical manifestations of ID exist on a spectrum, ranging from subtle
cognitive effects in mild cases to more pronounced symptoms in IDA, including
fatigue, reduced physical capacity, and compromised cognitive function. Of
particular concern is the association between IDA in early childhood and impaired
neurodevelopment, with potential irreversible effects, underscoring the critical
importance of prevention in young children. The etiology of ID wvaries across life
stages, with risk factors including inadequate dietary intake, increased physiological
demands during growth and pregnancy, menstrual blood losses, and
malabsorption issues (Houston et al., 2018; Lozoff et al., 2006; Trotti et al., 2019).

Iron bioavailability

Dietary iron exists in two forms: heme and non-heme (Shils, 2006). Heme iron,
found in animal tissues such as beef, poultry, and seafood, demonstrates
consistently efficient absorption rates of approximately 25% regardless of other
dietary components (Hallberg et al., 1997). In contrast, non-heme iron from plant
sources and fortified foods shows more variable bioavailability.

Human iron homeostasis operates with remarkable efficiency, primarily
through recycling mechanisms that break down and reuse iron from aging red
blood cells (Sharp & Srai, 2007). Notably, humans lack a specific biological
mechanism for eliminating excess iron, reflecting our evolutionary adaptation to
prioritize iron retention. The body absorbs heme iron through specialized

transport proteins that allow direct entry into the bloodstream, while non-heme
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iron requires conversion from Fe3* to Fe2™ before absorption, which reduces its
bioavailability. While the molecular pathways of non-heme iron absorption have
been extensively studied, the precise mechanisms of heme iron uptake remain less
comprehensively understood. Research indicates that after cellular uptake by
enterocytes, both iron forms converge into shared metabolic pathways. When the
body’s iron stores are full, absorption is downregulated, and when they are low,
absorption is upregulated to maintain optimal iron homeostasis.

Although heme iron constitutes only 10-15% of dietary iron intake, it accounts
for approximately 40% of absorbed iron in omnivorous diets, highlighting its
nutritional significance (Bjorn Rasmussen et al., 1974).

Several dietary factors influence iron absorption. Vitamin C and peptides from
meat and seafood enhance absorption, while calcium and phytates inhibit it.
Phytates, commonly found in legumes and pulses, form insoluble complexes with
minerals that reduce their bioavailability (Sharp & Srai, 2007). Despite legumes and
pulses being rich sources of dietary fiber, protein, vitamins, and minerals including
iron, their phytate content significantly impairs iron absorption (Mayer Labba et
al., 2022; Sandberg, 2002; Viguiliouk et al., 2017). Therefore, when implementing
more plant-based diets in public school meals, careful consideration of dietary iron

bioavailability is necessary.

Requirements and recommendations

The Swedish National Food Agency follows iron intake guidelines established in
NNR2012 (Nordic Council of Ministers, 2014), which were maintained in the
recent update (Blomhoff et al., 2023). Research states that the chemical form of
iron in food (such as heme vs. non-heme iron) may be as important as the total
iron content, since bioavailability varies significantly (Bach et al., 2003; Hallberg
& Hulthén, 2000). Despite this knowledge, studies on climate-adapted and
nutritious school meals often give insufficient attention to iron bioavailability
(André et al., 2023; Colombo et al.,, 2019; Vieux et al., 2013). Therefore, simply
increasing plant-based foods like legumes in school lunches without accounting
for their lower iron absorption rates could potentially limit effective iron
absorption. When selecting foods to reduce climate impact in school meals, careful
consideration of iron availability alongside overall nutritional value appears
necessary.

Iron requirements differ by age, gender, and life stage. For adolescents aged
11-14 years, girls need 13 mg/day, reflecting eatly menstruation onset, while boys

require 11 mg/day. As adolescents reach 15-17 years, the recommended intake for
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females rises to 15 mg/day due to established menstrual losses, with males
continuing to need 11 mg/day (Blomhoff & Nordic Council of Ministers, 2023;
Domell6f & Sjoberg, 2024).

In adults, physiological differences maintain this gender disparity in iron needs.
Adult males requite 9 mg/day, while premenopausal women need 15 mg/day due
to regular iron losses through menstruation. This recommendation for
premenopausal women corresponds to the 95th percentile of menstrual iron
losses, approximately 1.32 mg/day. After menopause, women’s iron requitements
decrease to 7 mg/day, reflecting the cessation of monthly cycles (Blomhoff &
Nordic Council of Ministers, 2023; Domell6f & Sjoberg, 2024).

Pregnancy significantly increases iron demands, with a recommended intake of
26 mg/day. This addresses fetal growth (270 mg), placental development (90 mg),
expanded maternal blood volume, and anticipated delivery blood loss (175 mg).
Meeting these needs through diet alone can be challenging, leading to
recommendations for iron deficiency screening and potential supplementation
during pregnancy (Blomhoff & Nordic Council of Ministers, 2023; Domell6f &
Sjoberg, 2024).

Meal development, taste preferences and acceptance

School meals present a unique opportunity to shape eating habits, with food appeal
being a key factor in what pupils choose to eat. The sensory qualities of food, how
it looks, smells, and tastes, guide our food choices before we even take a bite and
continue to influence our experience throughout the meal (McCrickerd & Forde,
2016; Serensen et al., 2003).

Since school meals in Sweden have a great reach, there is significant potential
to promote sustainable eating behaviors (Westling et al., 2022). Creating appealing
meals requires balancing taste preferences with nutritional needs, including
important nutrients like iron.

Research shows that both sensory properties and biological mechanisms
influence food selection. Our bodies respond to foods through signals from our
digestive system and fat tissue, affecting hunger and satisfaction levels. Plant-based
foods often face acceptance challenges because they tend to have more sour and
bitter notes than meat products (Pagliarini et al., 2021). To address this, food
developers are trying various approaches, such as combining plant foods like lentils

or soy with meat, or creating hybrid recipes (Pettersson et al., 2024). By introducing
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plant ingredients gradually and using taste tests to guide improvements, schools
can help expand pupils’ food preferences toward low-COqze options.

For developing hybrid products or recipes, the “culinary funnel” approach
offers a practical method, focusing on making specific ingredients or recipes as
tasty and acceptable as possible through repeated cooking experiments and
consumer feedback (Westling et al., 2021).

Physical Activity and Energy Requirements

The relationship between physical activity and nutrition is particulatly significant
as energy requirements scale with activity level (Pontzer et al., 2016; ten Haaf &
Weijs, 2014). Higher activity levels necessitate increased energy intake, which can
substantially impact both nutritional needs and COze. For instance, highly-active
individuals often require significantly more protein and overall calories compared
to moderately-active individuals (Thomas et al., 2016), leading to distinct dietary
patterns and challenges in maintaining sustainable food practices.

Research indicates that activity levels can influence not just the quantity of food
consumed but also food choices and eating preferences (Kaufman et al., 2023).
Athletes and highly-active individuals often structure their diets around
performance goals, which can lead to specific dietary preferences and practices
(Noll et al., 2017). This is particularly relevant when considering the climate impact
of food choices, as higher activity levels typically correlate with increased CO2ze
emissions through both greater overall consumption and reliance on protein-rich,
often animal-based, food sources.

The Wotld Health Organization (WHO) defines physical activity as “any bodily
movement produced by skeletal muscles that require energy expenditure” (Bull et
al., 2020). Physical activity is categorized based on intensity using metabolic
equivalents (METS), where one MET represents the baseline energy expenditure
at rest (1 kcal/kg/hour or oxygen uptake of 3.5 ml/kg/min). Activities are
classified as moderate-intensity (3-5.9 METS) or vigorous-intensity (=6.0 MET')
(Bull et al., 2020). This classification system provides a quantitative basis for
developing physical activity recommendations that aim to improve health
outcomes across different population groups.

Current WHO guidelines recommend adults engage in either 150-300 minutes
of moderate-intensity or 75-150 minutes of vigorous-intensity physical activity
weekly (Bull et al., 2020; Piercy et al, 2018). However, many individuals,

particularly  recreational athletes, significantly exceed these baseline
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recommendations. This increased activity level has important implications for
both energy requirements and dietary choices.

Understanding these relationships between physical activity levels, dietary
requirements, and COgze is important for developing sustainable nutrition
strategies that can support both athletic performance and climate consciousness.

This thesis includes participants from different sports which are described below.

CrossFit®

CrossFit sits at the intersection of intensive training and food culture. This
trademarked training system integrates multiple athletic disciplines including
endurance, bodyweight movements, gymnastics, powetlifting, and Olympic
weightlifting (Glassman, 2002). The program has experienced remarkable growth,
expanding to over 4 million participants and evolving from a specialized workout
routine into a significant influence in contemporary fitness culture (Claudino et al.,
2018).

Beyond physical training, CrossFit’s impact extends through its community
emphasis. Rather than the “cult-like” characterization some have applied (Herz,
2014), Dawson’s (2017) analysis more fittingly describes it as a “reinventive
institution.” This framework highlights voluntary participation and the integration
of self-monitoring, peer support, and coached guidance. Notably, CrossFit
participation shapes practitioners’ identities, influencing not only their training
regimens but also broader lifestyle choices including attite and eating habits
(Dawson, 2017).

The nutritional approach endorsed by CrossFit (CrossFit, 2021) promotes a
low-carbohydrate, paleolithic-style diet centered on meat, vegetables, nuts, seeds,
and limited fruit consumption (Fraczek et al., 2021). This dietary framework,
combined with practitioners’ elevated energy requirements, presents challenges for
low COze emissions. The focus on high protein intake and animal-based foods,
alongside increased energy expenditure, can result in substantial COze emissions
(Cambeses-Franco et al., 2021; O'Malley et al., 2019).

CrossFit athletes provide a valuable case study for examining relationships
between intensive training, dietary practices, and COze emissions. Their structured
nutritional approach, paired with significant energy needs, exemplifies the
challenges active individuals face when balancing performance goals with
environmental considerations. The community’s influence on dietary choices also
offers insights into how social practices shape food consumption and their
associated COze emissions.
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Running

Distance running requires careful nutrition planning for performance and
recovery. Carbohydrates are the main fuel source, with muscle glycogen being
essential for endurance. Research suggests strategic carbohydrate loading of 7-12
g/kg body weight daily before competitions to maximize glycogen stores. Dutring
events lasting over 90 minutes, consuming 30-60 g of carbohydrates per hour is
recommended, with well-trained athletes potentially benefiting from up to 90
g/hour using multiple carbohydrate sources. Runners need more protein than
sedentary individuals, with evidence supporting 1.2-2.0 g/kg body weight daily to
support muscle adaptation and repair (Burke et al., 2019).

While carbohydrates fuel high-intensity efforts, fats are important for
sustained, lower-intensity training. Athletes should include beneficial fatty acids
from sources like avocados, olive oil, nuts, and seeds to support both performance
and health (Burke et al., 2019).

For micronutrients, runners should focus on dietary variety, with special
attention to iron due to its role in oxygen transport. Female athletes and those with
restricted diets may need to monitor iron intake catefully (Burke et al., 2019).
Research has identified concerning links between eating disorders and exercise
addiction, particularly among young female runners who began training primarily

for weight management (Di Lodovico et al., 2018).

Football/ Soccer

Female soccer players require specific nutritional strategies for optimal health and
performance. Research shows that energy intake should maintain a minimum of
30 kcal/kg fat-free mass daily to avoid negative health effects and performance
declines (Thomas et al., 2016).

Catrbohydrate intake should be adjusted based on training demands, 5-7 g/kg

body weight daily during moderate to low-intensity training periods, increasing to
7-12 g/kg body mass daily during high-intensity training or match preparation.
Protein needs for female soccer players range from 1.2-1.7 g/kg body weight daily.
Dietary fat should be balanced carefully, making up less than 30% of total energy
intake while maintaining at least 20% to ensure proper absorption of fat-soluble
vitamins and essential fatty acids (Dobrowolski et al., 2020).
Several micronutrients deserve special attention for female soccer players,
particularly iron, calcium, and vitamin D. These nutrients are essential for energy
metabolism, bone health, and maintaining performance capacity (Dobrowolski et
al., 2020).
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Athletes as High-Energy Consumers
Athletes typically require significantly higher energy intake than the general

population due to elevated activity levels, greater muscle mass, and increased
energy expenditure. This higher energy requirement particularly affects protein
needs, with international sporting bodies like the International Olympic
Committee (IOC) recommending protein intakes between 1.2 and 2.0 g/kg body
weight daily (Bakkman et al,, 2016; Bytomski, 2018; Potgieter, 2013). These
recommendations substantially exceed both WHO/FAO guidelines (0.8
g/kg/day) and Nordic Nutrition Recommendations (1.1g/kg/day) (Blomhoff &
Notdic Council of Ministets, 2023; Joint WHO/FAO/UNU Expert Consultation,
2007), creating potential tension between nutritional needs and COze when protein
sources ate primarily animal-based.

A prevalent strategy among athletes for meeting elevated protein requirements
is whey protein supplementation. The production of whey protein, derived from
cheese manufacturing, is resource-intensive, requiring 20-30 times the volume in
processing resulting in 40.65 kg COz¢/kg at 85% concentration (Bacenett et al.,
2018). This concentration is the standard in sports nutrition products and thus can
whey protein consumption substantially contribute to athletes’ overall COze
emissions. This is comparable to the COze of beef and often goes unrecognized
by athletes who view whey protein primarily through a performance lens.

Recent trends show increasing climate awareness among athletes, with growing
adoption of vegetarian and vegan diets (Rogerson, 2017). Research demonstrates
that plant-based diets can support athletic performance comparable to
omnivorous diets (Craddock et al., 2016; Nebl et al., 2019; Rogerson, 2017),
challenging traditional assumptions about protein requirements and sources. This
evolution in athletic nutrition practices presents an opportunity to examine how
high-energy consumers can balance performance needs with climate
consciousness.

Athletes’ influence can also as serve positive role models, particulatly among
younger populations (Kershaw, 2017), positions them uniquely to promote
sustainable dietary practices (Richert, 2019). However, traditional research on
athletic nutrition has primarily focused on performance optimization rather than
climate impact (Thomas et al, 2016). Understanding athletes’ food choices
requires moving beyond conventional dietary assessment methods to consider the

multifaceted social and psychological factors influencing food practices.
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Social practice theory offers a valuable framework for understanding athletes’ and
other consumers’ food choices by examining eating habits as part of broader social
structures rather than purely individual decisions (Shove et al., 2012; Warde, 2005).
This approach helps capture the intricacy of food consumption and identify
opportunities for promoting sustainable practices among high-energy consumers
(M. Keller et al., 2016). Understanding these practices requires accurate assessment

of physical activity levels and their relationship to dietary choices and COze.



Theory

Social practice theory as a theoretical
framework

Origins and Development of Social Practice Theory

Social practice theory represents a significant paradigm shift in sociological
thinking, moving away from individualistic interpretations of human behavior
toward understanding actions as embedded within larger social entities. This
theoretical framework emerged as a response to the limitations of both purely
structuralist and purely agency-focused approaches to social analysis. The
development of social practice theory can be traced through distinct waves of
theoretical advancement, each building upon and refining previous
conceptualizations.

Pierre Bourdieu’s work in the late 20th century established the first wave of
practice theory. Bourdieu (1977) explored how people’s perceptions of their social
environment are shared among groups with similar experiences, challenging
individualistic views of social behavior and positioning practices as fundamentally
social phenomena.

Anthony Giddens’ structuration theory (1984) further developed practice
theory through his concept of the duality of structure. Giddens (1984) proposed
that social systems simultaneously serve as both the medium and result of social
practices, demonstrating how individual actions and social structures create each
other. While structures influence behavior, they are also maintained and changed
through the very practices they influence.

The second wave of practice theory saw significant theoretical refinement
through the work of scholars such as Theodore Schatzki and Andreas Reckwitz.
Schatzki et al. (2001) expanded the theoretical framework by emphasizing the role
of material entities in practice formation, arguing that practices emerge through
the interaction between human activities and material arrangements. This material
turn in social practice theory opened new avenues for understanding how physical

objects and infrastructure shape social practices.
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Reckwitz’s (2002) contribution was particularly significant in highlighting the
routinized nature of social practices. His work demonstrated that practices are not
random assemblages of action but structured, recurring patterns that integrate
various elements including bodily activities, mental activities, objects, and forms
of understanding (Reckwitz, 2002). This conceptualization helped bridge the gap
between theoretical frameworks and empirical observation.

Alan Warde’s application of social practice theory to consumption studies
represents a significant advancement in the field. Warde (2005, 2017) developed a
more empirically oriented framework that examines consumption through the lens
of practical knowledge, established routines, emotional engagement, and material
infrastructure. His approach demonstrates how consumption is not merely an
individual act, but a social practice embedded within broader cultural and material
contexts. This framework provides clear analytical categories while maintaining
sensitivity to the interplay between different practice elements.

Social practice theory, as developed by Shove, Pantzar, and Watson (2012),
offers a distinctive framework for understanding how social practices emerge,
persist, and transform. Their approach simplifies previous practice theories by
focusing on three key elements that constitute any practice: materials, competence,

and meaning.

Their three-element model:
e Materials encompass objects, tools, infrastructure, and even the human
body.
e Competence includes skills, know-how, and practical understanding
required to perform a practice.
e Meaning represents the social and symbolic significance that makes the

practice meaningful to practitioners.
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Figure 1 illustrates the dynamic relationship between these elements, showing
how they interact to create and sustain social practices.

Materials
The physical
objects,
technologies,
and
infrastructure
that are involved
ina practice

Competence Meanings

Skills, The symbolic
knowledge, and significance and
know-how socialvalues
required to attachedtoa
perform a practice

practice

Figure 1. Inspired by Shove et al. (2012), p 14, Competence, material, and meaning
that together interact to shape and sustain social practices.

This model offers analytical clarity alongside theoretical depth. Unlike earlier
abstract approaches, Shove et al.’s (2012) framework provides researchers with
tangible categories for empirical study while recognizing practices’ dynamic nature.
The model illustrates how practices emerge, persist, and transform through
ongoing interactions between these three elements.

According to Shove et al. (2012), practices exist only when these elements are
actively integrated through performance. A practice forms when connections
between elements are established, continues when these connections are regularly
renewed, and disappears when links dissolve. This perspective emphasizes the
evolving nature of practices through the continuous formation and dissolution of
connections between elements.

A key insight from Shove et al’s framework is that while practices themselves

do not travel, their individual elements can move independently across contexts
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and time periods. Materials can be physically transported, competencies shared
through documentation, and meanings spread through social networks, enabling
practices to diffuse and evolve in new settings (Shove et al., 2012). This mobility
of elements explains how practices spread and transform across different
environments.

Social practice theory effectively illuminates food consumption and
sustainability patterns. Marshall (2016) shows how cultural conditions shape
sustainable practices, revealing activities like shopping, cooking, and eating form
an interconnected network rather than standalone actions. Both material
infrastructure and shared understanding significantly influence these practices.

This aligns with Warde’s view (2005, 2016) that consumption involves
adaptable understandings, procedures, engagements, and materiality. Marshall’s
(2016) analysis demonstrated how, within collectively established sustainable
practices, individual practitioners negotiated the tension between adherence to
sustainability ideals and the making compromises in their day-to-day choices.

Recent research demonstrates the theory’s versatility. Fuentes & Fuentes
(2021) explored plant-based practices in meat-centric cultures, while Biermann &
Rau (2020) compared sustainability approaches in home versus restaurant settings.
Dubuisson-Quellier & Gojard (2016) mapped sustainable food practices across
French social groups, showing their connection to wider social structures.

The theory excels by capturing everyday eating practices as an integrated whole
(Warde, 2014; Hargreaves, 2011; Keller et al., 20106), revealing how social, cultural,
and material factors shape our food practices. For climate-conscious consumption,
this suggests successful dietary transitions require reshaping collective routines
rather than focusing solely on individual change.

Effective research must consider both structural elements and evolving dynamics
(M. Keller et al., 2016; Warde, 2016), examining how practices attract participants

and how configurations influence behavior (Shove et al., 2012).
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Mixed-methods design

This thesis employed a pragmatic mixed methods approach to investigate how
recreational athletes and physically active young adults make food choices in
relation to climate considerations. Papers 11T and IV utilized a convergent parallel
design, collecting quantitative and qualitative data simultaneously.

Food records provided quantitative measurements of consumption and COze,
while interviews yielded qualitative insights into motivations and perceptions. This
methodological integration delivered a more comprehensive understanding than

cither approach could have achieved independently.

Pragmatism in Mixed Method Research

Pragmatism provides a philosophical foundation emphasizing practical outcomes
and utility. In mixed-method research contexts, pragmatism enables
methodological flexibility, allowing researchers to select approaches that best
address research questions, whether qualitative, quantitative, or combined (Styhre,
2024). With its problem-solving orientation, pragmatism advocates method
selection based on effectiveness in answering research questions and addressing
real-world issues. This permits researchers to integrate qualitative and quantitative
approaches within single studies to develop more comprehensive understandings
of research problems (Onwuegbuzie et al., 2009).

Pragmatism supports combining qualitative and quantitative approaches to
utilize their complementary strengths. Qualitative methods enable exploration and
understanding of phenomena, while quantitative methods provide measurement
and quantification. Method integration allows researchers to triangulate findings,
comparing results across different methodological approaches to enhance the
credibility and wvalidity of research conclusions (Foss & Ellefsen, 2002;
Onwuegbuzie et al., 2009).

Pragmatism views knowledge as both constructed and based on real-world
experience. This allows researchers to blend subjective and objective methods
when collecting and analyzing data. Knowledge claims gain validity through
“warranted assertability,” meaning research findings earn credibility through
appropriate methods and quality data (Styhre, 2024). This adaptability and practical
focus make pragmatism valuable for mixed-methods research. The pragmatic
approach does not require specific methods or combinations, nor does it reject
any approach. Rather than seeking unchanging truths, pragmatism focuses on
addressing specific research questions with the most suitable methods. Validity is
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understood as the alignhment between theory and method, which differs from the
traditional scientific view of truth as correspondence to reality (Feilzer, 2010).

This research uses pragmatism as the philosophical foundation for
methodological decisions in both papers. Paper III applies a pragmatic approach
to examine the relationship between athletic performance and climate
considerations, combining objective COze measurements with subjective
perspectives on food practices. This approach helped address the research
question by considering both COze and the socially constructed meanings of food
choices.

Paper IV similarly employs pragmatism to integrate diverse data sources when
investigating sustainable food consumption. The research demonstrates
“warranted assertability” by basing COze claims on quantitative measurements
while validating interpretations of motivations through thorough qualitative
analysis. This philosophical framework offers the flexibility to study both the
measurable climate impact of food practices and their influencing social dynamics,
yielding findings that have practical applications for understanding sustainable

food consumption.

The convergent parallel design

The convergent parallel design represents a common mixed-methods approach
where quantitative and qualitative data are collected simultaneously but analyzed
separately. Findings from both methodological strands are then compared or
integrated to develop comprehensive understanding of the research question
(Creswell, 2007). This design proves valuable when addressing issues requiring
both generalizable numerical data and contextual insights into undetlying
behaviors or perceptions (Onwuegbuzie et al., 2009).

In food and nutrition research, the convergent parallel design connects
empirical food practice data with sociocultural, behavioral, and institutional factors
influencing dietary decisions. Quantitative methods like surveys and dietary intake
measurements reveal knowledge and behaviors, while qualitative approaches such
as interviews and focus groups uncover values, motivations, and structural barriers
shaping these practices (Creswell, 2017).

Simultaneous data collection ensures both datasets share the same temporal
context, particularly important when studying dynamic phenomena like shifting

dictary perceptions or behaviors. Separate analysis maintains the integrity of
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quantitative rigor and qualitative depth, while subsequent integration enables
nuanced interpretation of findings (Creswell, 2017; Onwuegbuzie et al., 2009).

For example, in Paper III-IV the convergent parallel design was employed to
investigate food practices through complementary data streams. Quantitative
measurements captured objective consumption while qualitative interviews
revealed the underlying social dynamics and motivations. Social practice theory
provided the analytical framework for understanding how performance-centered
goals interacted with climate awareness.

In Paper IV, the research design compared different demographic groups while
maintaining the methodological integration of quantitative COze assessments with
qualitative explorations of meaning-making. This approach enabled examination
of how various factors influenced sustainable food practices across populations
with different activity levels.

Both studies utilized the theoretical elements of competence, material, and
meaning to analyze food consumption beyond individual choice, revealing how

shared understandings and contexts shaped eating practices.
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Aims

Overall aim

This thesis aims to explore sustainable food consumption in public and private
meals, including nutritional, carbon footprint and sensory perspectives, and to
suggest a model for meal development that can be used in the recipe and meal

planning for groups and individuals to optimize sustainable meals.

Three Specific objectives

To evaluate and optimize public meal programs and recipes for effective balance
between COgze reduction and nutritional adequacy, with specific focus on iron
bioavailability and consumer acceptance.

Papers I and 11

To identify gender-specific differences in dietary patterns and possible nutritional
shortfalls and when shifting to climate-adapted diets.
Papers 1, I1, 111, and I~

To examine the relationship between physical activity level and dietary COze, and
to identify strategies that enable active individuals to maintain their energy needs
while reducing COze emissions.

Papers 111 and IV

Figure 2 provides an overview of the thesis framework and how public and private
meals through the objectives are used to identify opportunities and challenges in
climate-adapted.
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Figure 2: Thesis framework

Overview of thesis framework of public meals
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research (Papers I-II: COze, nutrition,

bioavailability, strategies) and private meals research (Papers III-IV: COse, consumer

perspectives) to identify opportunities and challenges for climate-adapted food systems.



AIMS

Aims in the included papers

Paper I

Aims to assess climate-adapted practices, how this is mirrored in school lunch
menus and recipes, nutritional aspects and carbon footprint of school lunches in
different Swedish municipalities as well as if total and absorbable iron content can
meet requirements for adolescent girls aged 12-16 years. Further, assess how total

iron, absorbable iron and COze varied between meal types.

Paper I

Aims to develop recipes that ensure that teenage gitls meet their absorbable iron
needs, while also considering carbon footprint and taste preferences. By focusing
on both total and absotrbable iron in our nutritional assessment, we strive to create

recipes that are tasty, nutritionally beneficial, and sustainable.

Paper 11T

Aims to gain an in-depth understanding of recreational CrossFit athletes’ food

consumption practices and the possible role of climate consideration

Paper IV

Aims to explore climate consciousness in relation to food consumption in a sample
of young Swedish adults, examining its relationship with physical activity level and

gender.
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Methods

Data collection

Table 1 provides an overview of the included papers’ study design, objectives,

focus area, participants and methods.

Paper 1

The study collected data through a national survey of Swedish municipalities’ food
service departments. Out of all 290 municipalities contacted, 167 responded to the
electronic survey. Additionally, 76 municipalities shared their school lunch menus,
and six provided detailed recipes. The menu data covered a four-week period
(weeks 3-0) in 2023.

The survey investigated meal composition and planning practices, including the
balance between omnivorous and vegetarian meals, plant-based versus animal-
based foods, and menu planning approaches. Municipalities were classified
according to the Swedish Association of Local Authorities and Regions (SALAR)
system into three categories based on population size and urbanity: (A) large cities
and nearby municipalities, (B) medium-sized cities and surrounding areas, and (C)
small towns and rural municipalities.

The analysis encompassed 1465 menu days, providing substantial data to
examine school meal approaches across municipality types. Six municipalities
supplied complete recipe documentation for the four-week period, yielding 120
days of detailed nutritional and preparation data that allowed for in-depth analysis

of both nutritional adequacy and climate impact.

Paper 11

The study employed a systematic dual-phase data collection approach
incorporating both recipe development and consumer evaluation components.
The study began by identifying a chili con carne recipe from a municipality
participating in the national survey, which provided the baseline for recipe
development. Various meat and plant-based ingredient combinations were then

explored. Newly formulated recipes were then evaluated through a two-round
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testing process, with four recipes assessed in the first round and three in the
subsequent round.

Round 1 was performed in Spring 2023 with 48 participants (32 women, 15
men, 1 gender-undisclosed) aged 21-65 years, while Round 2 was conducted in
Spring 2024 with 54 participants (32 women, 21 men, 1 gender-undisclosed) aged
19-66 years. Ten participants attended both rounds, resulting in 92 unique
participants and 102 total evaluations. Participants were recruited from students
and staff at the University of Gothenburg.

The consumer evaluation followed a standardized sensory testing
methodology. Testing sessions, lasting 15-25 minutes, were conducted in groups
of 7-12 participants in Round 1 and 11-21 participants in Round 2. Samples were
prepared in an adjacent kitchen facility and maintained at serving temperature for
30-60 minutes before presentation. Each sample was served in clear 0.15 L plastic
cups to enable visual examination and presented in randomized order with dual
identification numbers to ensure double-blind conditions.

The participants filled out, a taste test protocol, including a 9-point hedonic
scale to assess overall liking and a 5-point JAR (Just-About-Right) scale for
evaluating specific attributes. The results in round 1 was evaluated and two recipe
variants was selected for round two of cooking elaborations, modifications and

consumer testing.

Paper 111

The study followed a mixed-methods approach to investigate dietary practices
among recreational CrossFit athletes. Data collection occurred between July and
September 2020. The study recruited nine participants (five females, four males,
ages 23-30 years) from a single CrossFit facility, with patticipation requiring at least
ten hours of weekly training at various intensity levels.

Data collection comprised two primaty elements. Participants maintained a
seven-day weighed food record using an online tool, strategically split across two
weeks (4+3 days) to capture representative consumption patterns. To support
accuracy, participants were provided portable scales and received standardized
reminders to enhance compliance. These records were used to assess energy and
nutrient intake, and COze.

Semi-structured interviews (20-30 minutes) were conducted within five weeks
of food record completion. These explored training routines, daily activities, food

procurement, cooking abilities, nutritional understanding, and climate impact
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awareness. Participants also submitted photographic documentation of their
meals. All interviews underwent verbatim transcription for analysis within a social
practice theory framework (Shove et al, 2012). The sample size was deemed

sufficient through data saturation.

Paper IV

The study used the same mixed-methods approach to data collection as in Paper
111, integrating both qualitative and quantitative methodologies. Semi-structured
interviews were conducted with all 47 participants, ranging from 20 to 60 minutes
in duration and consisting of 12 open-ended, non-leading questions. These
interviews examined participants’ food procurment habits, dietary preferences,
patterns of dietary change, diet-health relationships, and food choice
considerations. To reduce social desirability bias, the study’s focus on climate
considerations remained undisclosed to participants.

Alongside interviews, participants maintained a seven-day food record using a
digital application. To enhance reporting accuracy, portable scales were provided
for food weighing, with the option to include photographic documentation.
Participant engagement was supported through standardized encouraging
messages sent on days three and six to promote compliance. Energy intake
reporting validity was evaluated by comparison with participants’ resting metabolic
rate.

The study included 47 participants (25 women, 22 men), aged 18-40 years,
recruited between October 2020 and April 2021 through university bulletin
boards, email communications, social media platforms, and sports club networks.
Participants were categorized into two groups based on physical activity: a
moderately-active group (n=22) engaging in up to 150 minutes of moderate-to-
vigorous physical activity weekly, and a highly-active group (n=25) performing at
least 300 minutes weekly.

Dietary data underwent analysis for COze, nutritional content, and protein
source categorization (animal versus plant-based). All interviews were transcribed
verbatim for analysis within a social practice theory framework (Shove et al., 2012).
This multifaceted approach facilitated both qualitative insights into dietary
decision-making and quantitative measurements of food consumption and COze

emissions.
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Table 1. Overview of studies related to climate-adapted food consumption in public and
private meals

Paper  Design Objective Focus Data collection Participants Data analysis
method
1 Explorative Public Climate- National survey, 76 Nutritional
study meals, adaptation in menu and recipe municipalities calculations, COze
Nutritional public school  collection, provided assessment,
adequacy, meals, general  nutrition menus, 6 parametric
Gender and iron calculations provided and non-parametric
nutrition recipes, total of ~ statistics
120 meals
11 Methodological ~ Public Recipe Recipe selection, 102 consumer  Nutritional
meals, development  cooking evaluations. calculations, CO2e
Nutritional climate- elaborations, (Round 1, 48 assessment,
adequacy, adapted consumer participants. statistical analysis of
Gender school meals evaluations, Round 2, 54 consumer
nutrition, iron  nutrition participants) preferences and
and calculations sensory attributes
acceptability.
111 Mixed-method  Private Food Semi-structured 5 female, 4 Social practice
meals, consumption,  interviews, male CrossFit theory, desctiptive
Gender, climate 7-day food athletes, statistics, COze
Physical impact, records minimum of assessment
activity activity level 10 h training
per week
v Mixed-method Private Food Semi-structured 25 women, Social practice
meals, consumption,  interviews, 22 men with theory, descriptive
Gender, climate 7-day food different statistics, COz2e
Physical impact  high records activity level, assessment
activity activity level 22 moderately

active, 25
highly active
(runners,
CrossFit,

soccer)
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In the following section, all the methods applied in the various studies included in
this thesis will be described. While some methods are consistently used across all
four articles, others are specific to individual studies. I will present these methods

based on their frequency of use, starting with those applied most often.

Swedish food agency’s food database (Papers I-
V)

The Swedish Food Agency’s food composition database was used in all in all
calculations of nutritional value in all the included papers. The database provides
the foundational nutritional data for this study, offering comprehensive analysis of
foods commonly consumed in Sweden. The database builds on a systematic
approach to data collection, integrating information from multiple validated
sources: direct laboratory analyses, national dietary surveys, and carefully vetted
data  from  established international food composition  databases
(Livsmedelsverket, 2022). Its comprehensive coverage of Swedish dietary food
products and composite dishes and methodological framework made it particularly
suitable for this research.

The database development follows a strategic prioritization framework,
focusing particularly on foods that contribute significantly to the Swedish
population’s nutrient and energy intake. These key foods undergo thorough
analysis for more than 50 nutrients and components. The analytical scope includes
macronutrients (proteins, carbohydrates, fats), micronutrients (vitamins and
minerals), and other dietary components such as fiber and water content. All
laboratory analyses adhere to standardized protocols with integrated quality
control measures and uncertainty assessments for each nutrient determination
(Livsmedelsverket, 2024b).

RISE Food Climate Database (Papers I-1V)

The RISE Food Climate Database was used to calculate the COze emissions in all
the included papers. The database offers a comprehensive coverage of Swedish
food products through regularly updated life cycle assessments (LCA). Selected
for its specific focus on Swedish food systems and transparent methodology, the
database encompasses more than 800 food products that reflect typical Swedish
consumption patterns, making it particularly suitable for analyzing school meals
(Florén et al., 2017; RISE Food Climate Database | RISE, n.d.).
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The database employs rigorous methodological standards, conducting LCAs in
accordance with ISO 14040 and 14044 protocols (Arvanitoyannis et al., 2014).
These assessments follow a cradle-to-gate approach, capturing COz2e emissions
across the entire production chain from primary production through processing
and transportation to Swedish retailers (Florén et al., 2017). The climate impact
calculations integrate multiple greenhouse gases - including carbon dioxide (COy),
methane (CH4), and nitrous oxide (N20) - expressing them as carbon dioxide
equivalents (COz¢) using IPCC AR5 conversion factors. Each food item is
measured in kilograms of CO:ze per kilogram of food, with typical uncertainty
ranges maintained within +20% (Cucurachi et al., 2019).

The assessment boundaries include agricultural production (including feed for
animal products), food processing, packaging materials, and transportation. For
imported products, direct land-use change impacts are included where applicable.
The database does not account for indirect land-use change or consumer-phase
impacts like household storage and cooking, as these vary considerably depending
on end-use practices.

The database is updated annually through a systematic process that includes
new primary data from Swedish producers and suppliers, refined assessment
methods based on recent LCA research developments, addition of new food
products reflecting changing consumption patterns, and validation against other
international food LCA databases. While other databases such as Agribalyse
(Colomb et al., 2015) and World Food LCA Database (Nemecek et al., 2019) exist,
the RISE database was selected for this research due to its focus on Swedish food
systems and methodological transparency, despite limitations in capturing regional
production variations and seasonal impacts (RISE Food Climate Database | RISE,
n.d.).

Absorbable iron equation by Hallberg &
Hulthén (2000) (Paper I-1I)

The iron absorption algorithm is a sophisticated mathematical model designed to
predict the amount of iron the human body absorbs from a meal. It considers
several dietary factors that can either enhance or inhibit iron uptake. The algorithm

was used as a part of the nutrition calculations in Papers I and II.
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Key factors influencing iron absorption

The algorithm considers eight critical factors that interact to determine the final
iron absorption:

Phyrtates, found in whole grains and legumes, nuts and seeds significantly reduce
iron absorption by binding to iron molecules and preventing their absorption in
the intestinal tract. This can decrease iron absorption by 50-90%.

Ascorbic acid (Vitamin C), present in citrus fruits and vegetables, dramatically
increases iron absorption. It converts iron to a more easily absorbed form and
breaks down iron-binding complexes and potentially increasing absorption by up
to 67%.

Polyphenols, found in tea, coffee, and some fruits, block iron absorption by
forming stable complexes with iron that prevent intestinal absorption. This can
reduce absorption by 25-75%.

Calcium, present in dairy products and fortified foods, competes with iron for
absorption by interfering with iron uptake at cellular absorption sites in the
intestine. This can decrease iron absorption by 30-50%.

Meat factor, an active substance, or substances, contained within animal muscle
tissue, which has been shown to increase overall absorption of iron. It enhances
the absorption of iron from plant-based foods when consumed together in the
same meal, potentially increasing absorption by 15-25%.

Soy protein, found in soy-based products, may reduce iron absorption as protein

complexes potentially interfere with iron uptake.

Algorithmic calculation process

The algorithm works through a multi-step process. First, it analyzes the meal
composition by identifying all food components and quantifying the amount of
each iron-affecting factor. Next, it calculates the interactions between these factors
by applying specific weight and reduction/enhancement coefficients to each factor
and accounting for multiple interactions. Finally, it incorporates individual factors

such as current iron status, serum ferritin levels, to adjust the final calculation.

Factor estimations

Iron, total iron content for all recipes in papers II and IV was derived from the
Swedish Food Agency’s food composition database (Swedish Food Agency, 2024)
using mean values. The distribution between heme and non-heme iron, by
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difference; in animal products was determined based on published literature
(Archundia-Herrera et al., 2024; Hallberg & Hulthén, 2000).

Phytate values were obtained from several established sources in the literature. The
majority of product references were sourced from Hallberg & Hulthén (2000),
complemented by data from the Global Food Composition Database for Phytate
(Dahdouh et al, 2019) and “Food Phytates” (Reddy & Sathe, 2001). For
contemporary plant-based meat alternatives, phytate data were extracted from
Mayer-Labba et al. (2022), while bulgur values were referenced from Ertas (2017).
In the algorithm phytate values were capped at 270 mg as instructed by Hallberg
& Hulthén (2000).

Ascotbic acid, mean vitamin C content was obtained from the Swedish Food
Agency’s food composition database (Swedish Food Agency, 2024). To account
for thermal degradation during cooking and avoid overestimation, a 50%
reduction in vitamin C content was applied in the algorithm calculations.

Calcium content was derived from the Swedish Food Agency’s food
composition database (Swedish Food Agency, 2024) and content was capped at
600 mg in the calculations as instructed by to Hallberg & Hulthén (2000).

Meat and fish proteins, the values reported in the original recipes were used.
Breaded products underwent additional analysis to determine their actual meat or
fish content. Similarly, processed products such as meatballs and sausages were
evaluated to establish their precise meat percentage content.

Soy protein, for all soy products, calculations were based on the manufacturer-
declared soy protein content. In accordance with the validation limits established
by Hallberg & Hulthén (2000), soy protein content was capped at 20 g in the

calculations.

Food records (Paper 11I-1V)

In Paper III-IV weighted food records was used to collect information regarding
the participants food consumption and to calculate COze. Weighed food records
represent the most precise method for estimating individual food and nutrient
intakes, particularly common in European dietary assessment (Bingham et al.,
1994; Gibson, 2024). In this method, participants weigh and record all consumed
foods and beverages during a specified petiod, including detailed information
about food preparation methods, and brand names (Gibson, 2024). This approach
involves thoughtful selection of recording timeframes, incorporating balanced

weekday and weekend sampling to reflect intake variability.
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In this thesis Paper III-IV dietary intake was assessed using a seven-day weighed
food record, divided into two recording periods (4 + 3 days) in Paper I1I to reduce
participant burden while maintaining data quality and 7 consecutive days in Paper
IV. Participants used an online dietary assessment tool (Nutrition Data, Nutrition
Data Sweden AB, Norsjo, Sweden, version 20.11.11) to record their food and
beverage consumption. Each participant was offered a portable digital scale to
accurately weigh their intake. To enhance the precision of the dietary records,
participants were instructed to document all consumed foods and beverages,
including preparation methods and brand names where applicable. The Nutrition
Data app’s built-in photography feature allowed participants to provide visual
documentation of their meals, offering additional verification of portion sizes and
food items.

To maintain participant engagement and ensure data quality throughout the
recording period, standardized encouraging text messages were sent to participants
on days three and six. The Nutrition Data app’s messaging function facilitated
ongoing communication between researcher and participants. To evaluate the
reliability of reported intake, energy intake was assessed relative to resting
metabolic rate (EI/RMR), with values below 1.2 indicating potential
underreporting.

The collected dietary data provided comprehensive information about
participants’ food consumption, including total energy intake, macronutrient
distribution, and the balance between animal and plant-based protein sources.
Additionally, the climate impact of dietary choices was evaluated using COze
calculations through the RISE climate database as a plug-in in DietistNet software
(version 1.6). This method was selected for its ability to provide detailed
quantitative dietary data while enabling analysis of both nutritional adequacy and
COxze of food choices.

Interview methodology (Papers I11-1V)

Semi-structured interviews

Semi-structured interviews were conducted to explore food habits and
consumption patterns among young adults with varying levels of physical activity.
The interviews were designed to understand how participants chose, prepared, and
consumed food within the context of their daily lives and activity levels.

Participants were recruited through university settings, sports clubs, and social
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media channels to ensure representation of both moderately active and highly
active young adults.

The interview guide focused primarily on understanding food-related
behaviors and choices. Key areas of exploration included food shopping habits,
dictary preferences, meal planning and preparation, and how these aspects
interacted with participants’ varying activity levels. Questions progressed from
general inquiries about daily food routines to more specific explorations of food
choices and consumption.

The semi-structured format allowed for systematic investigation while
maintaining flexibility to explore emerging themes. When discussing food habits,
the interviewers considered participants’ activity levels as an important contextual
factor, exploring how different levels of physical activity influenced food choices
and consumption patterns. This approach helped illuminate how participants
adapted their food practices to support their varying activity levels.

To capture comprehensive data about food consumption within the context of
different activity levels, interviewers used a combination of open-ended questions
and specific prompts about meals, food preferences, and dietary adaptations.
Participants were encouraged to describe their food practices in detail, including
how these practices aligned with or were influenced by their physical activity.

The interviews were in Paper III conducted on Zoom or at the gym and in
Paper IV at the research facilities, with sessions lasting between twenty minutes to
an hour. Each interview was audio-recorded and transcribed verbatim to ensure
accurate data capture. Analysis focused on understanding food consumption and
how it related to participants’ different activity levels, with transcripts examined
systematically for recurring themes and patterns in food practices.

Throughout the interview process, careful attention was paid to understanding
both the practical and personal aspects of food choices. The interview structure
encouraged participants to reflect on their food practices and articulate how these

practices were shaped by their activity levels and lifestyle.

Physical activity (Paper I1I-1V)

In Paper III, employed a structured methodology to estimate Physical Activity
Level (PAL) through a combination of qualitative interviews and established
metabolic equivalent (MET) calculations. During 20-30-minute interviews,
participants provided detailed information about their training regimens and daily

activities. The standardized metabolic equivalents framework from Ainsworth et
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al. (2011) Compendium of Physical Activities to quantify activity intensity was
utilized. PAL values were derived through a compiled estimation that specifically
accounted for the various sports disciplines incorporated within CrossFit training,
with participants maintaining a minimum threshold of ten hours of weekly training
across varying intensity levels. The energy requirement was estimated by
multiplying PAL with the basal metabolic rate (BMR) calculated by the Harris and
Benedict equation as it is found suitable for a CrossFit population (Souza et al.,
2020).

In Paper 1V, basic metabolic rate was estimated using the Harris and Benedict
equation (Bendavid et al., 2021). The physical activity level (PAL) was assigned
based on the activity group to which the participants were recruited: a PAL of 1.6
for the moderately active group and 2.0 for the highly active group. The estimated
energy requirements were subsequently calculated by multiplying the BMR by the
respective PAL.

Recipe development and consumer evaluations

(Paper II)

Paper II used a modified culinary funnel approach (Westling et al., 2020),
beginning with an established base recipe rather than a specific crop vatiety. This
adaptation preserved the methodological framework’s systematic nature while
repositioning the entry point. The process commenced with selection of the
foundational recipe, followed by controlled variation of ingredients, preparation
techniques, and cooking parameters.

A methodical consumer evaluation approach was employed to assess trecipe
variants of chili con carne, balancing nutritional quality, sustainability, and taste
preferences. The methodology utilized both hedonic scaling and the Just-About-
Right (JAR) technique in a systematic two-round evaluation process. For
consumer acceptance, a 9-point hedonic scale (Peryam & Pilgrim, 1957; Ares,
Bruzzone, et al., 2014) was implemented to measure patticipants’ overall liking of
samples. Participants were also asked to indicate their preferred products through
ranking methods and direct questioning approaches as suggested by Lawless &
Heymann (1999).

The hedonic evaluation was complemented with a 5-point JAR scale (Li et al.,

<«

2014) for specific sensory attributes including “amount of beans,” “richness,”

LEINT3

“spiciness,” “seasoning,” and “saltiness.” Attributes that deviated from ideal

intensity levels were identified through this method. When attributes were scored
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below the JAR threshold, these insights were incorporated into recipe refinements
for the second round of testing, such as sun-dried tomato paste being added and
cumin being doubled to enhance richness.

For data analysis, non-parametric tests (Friedman’s ANOVA) were employed
after non-normal distribution of hedonic data was determined. A modified penalty
analysis (Ares, Dauber, et al., 2014; Li et al., 2014) was also conducted to identify
which attributes contributed to decreased overall liking, with these results being
effectively visualized in radar plots to show variation between samples.

Each iteration underwent sensory evaluation to identify possible modifications.
The recipe was tested using different ingredients and repeatedly improved based
on consumer feedback. This ongoing process helped make the recipe versatile
while preserving its core qualities. Quantitative assessments were integrated with
sensory evaluations across multiple iterations, with recipe options being
systematically narrowed down while multiple factors were simultaneously
optimized.

Through this comprehensive sensory evaluation framework, recipes were
developed that balanced nutritional adequacy, reduced environmental impact, and
maintained consumer acceptance, demonstrating how sustainable food system
transformation can be supported by systematic consumer testing. The
methodology prioritized both sensory quality and functional adaptability

throughout the development cycle.

Statistical analysis

Paper 1

Statistical analyses in Paper I were conducted using R statistical software (version
4.1.2; R Core Team, 2024). Chi-square tests assessed meal type distributions, while
independent t-tests compared iron content between vegetarian and animal-based
meals. Given heterogeneous variances, Welch’s ANOVA with Games-Howell
post-hoc tests evaluated iron content differences across meal categories. The
relationship between absorbable iron and CO:ze emissions was examined via
Pearson correlation. Significance was set at p<<0.05. Welch’s ANOVA was chosen
because it remains accurate when groups have different variances and sample sizes.
The Games-Howell post-hoc test complements this approach by maintaining

reliable comparisons between specific groups under these same conditions.
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Paper 11

In Paper 11, the Shapiro-Wilk test assessed the normality of hedonic data collected
using the 9-point hedonic scale. Due to the non-normal distribution of hedonic
data, non-parametric tests were employed with significance set at p<0.05.

Friedman’s ANOVA identified significant differences in liking between chili
con carne variants. This non-parametric test was selected for analyzing related
samples data where parametric assumptions were not met with ordinal data
(Friedman, 1937). By transforming raw data into ranks within each subject, the test
assessed whether repeated measurements showed significant differences while
accounting for their dependent nature.

Penalty analysis quantified the relationship between product attribute
deviations and consumer acceptance. This method utilized two fundamental
measurements: Just About Right (JAR) scales and overall hedonic assessment. JAR
scales measured consumer perception of specific attributes relative to ideal levels,
typically on 5 or 7-point scales ranging from “much too little” to “much too much”
(Rothman & Parker, 2009). The 9-point hedonic scale measured food acceptability
from “dislike extremely” (1) to “like extremely” (9) (Song et al., 2021).

The analysis produced two metrics: frequency (proportion of consumers
perceiving an attribute as deviating from optimal) and penalty score (difference in
mean hedonic scores between consumers who rated an attribute as JAR versus
those indicating deviation). Results were presented via scatter plots showing
frequency of ratings outside the JAR range (x-axis) and associated penalty scores
(y-axis). Attributes were considered meaningful when at least 20% of consumers
rated them outside the JAR range (Meullenet et al., 2008).

This methodology translated subjective consumer assessments into
quantifiable metrics that directly informed product development strategies. By
identifying attributes with both frequent deviation from optimal levels and
significant impact on consumer acceptance, targeted improvements could be
implemented efficiently (Pages et al., 2014).
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Paper 111

In Paper 111 due to the limited sample size (n=9), median and interquartile ranges
were selected as the primary measures of central tendency and dispersion,
providing statistical representations less sensitive to outliers and non-normal
distributions. Sample characteristics were comprehensively analyzed using
descriptive statistics to establish baseline demographic and contextual parameters.
Power calculations were conducted for key outcome variables including energy
intake, macronutrient composition, and daily COze emissions (COze /day) to
assess the statistical robustness of the findings and determine the study’s ability to

detect meaningful differences in these primary endpoints.

Paper IV

Statistical analyses included descriptive statistics using means and standard
deviations for participant characteristics and dietary patterns, with data stratified
by activity level and gender. The Shapiro-Wilks test was employed to assess
normality of variables. Relationships between variables were examined using
Pearson’s correlation coefficient. Between-group comparisons were conducted
using Student’s t-test for binary comparisons, while one-way ANOVA with
Bonferroni post-hoc tests was utilized for multiple group analyses. Statistical

significance was established at p=<0.05.

Software

Statistical analyses were conducted using multiple specialized software packages.
IBM SPSS Statistics (Version 29.0.0.0, IBM Corporation, Armonk, NY, USA) was
employed for statistical analyses in Papers I1I and IV. For Papers I and I1, analyses
were performed using R Statistical Software (Version 4.1.2, R Foundation for
Statistical Computing, Vienna, Austria). Radar charts were created using the
ggradar package (Bion, 2024), data were processed using the tidyverse suite of R
packages (Wickham et al., 2019).

Sensory data analysis, specifically the modified penalty analysis, was executed
using XLStat (Version 2024.1, Addinsoft, Paris, France). These software packages
were selected to ensure robust and appropriate statistical processing aligned with

the specific analytical requirements of each study component.



Ethical considerations

Most important when conducting research is that the benefits outweigh the risks
(Swedish Research Council, 2017). These risks can be of both physical
characteristics and integrity aspects. Thus, it is essential to thoroughly plan the
studies and use methods with as low a risk as possible. Dietary assessment can be
time-consuming and expensive, so data concerning other parameters should be
collected simultaneously. Additional parameters include socio-economic status,
health parameters, anthropometrical measurements, physical activity, and
biomarkers if possible. These variables are addressed to gain valuable information
with as little intrusion as possible into the lives of the participants (Gibson, 2024).
It is avoided as much as possible to collect names, social security numbers, or other
personal data during data collection. Names of subjects and schools are
anonymized by code (Deac, 2018). Data collection, storage, and handling follow
research practice and Gothenburg University’s guidelines (G6teborgs Universitet,
2015).

Paper I utilized national survey data containing no sensitive or personal
information and adhered to Helsinki Declaration regulations (World Medical
Association, 1964).

Paper 1II received approval from the Swedish ethical review authority (No.
2022-04834-01) and included a taste panel without sensitive vatiable collection. All
taste panel participants provided informed written consent and maintained
withdrawal rights without explanation. Project risks were minimal and managed
through communication and secure data handling. Participants sampled meals
prepared in approved kitchens with established hygiene and safety protocols
according to the regulation of the European Parliament and of the Council on the
hygiene of foodstuffs. ((EC) No 852/2004, 2004). Study objectives were clearly
communicated to participants across all project phases.

Papers 111 and IV included only consenting adults and received approval from
the Gothenburg regional ethics committee No. 2019-05316. All participants
provided informed written consent at screening and were notified of any deviant
test values post-trial. Participants could withdraw without explanation. The study

collected sensitive health variables that were handled in compliance with European



62

* OPPORTUNITIES AND CHALLENGES...

General Data Protection Regulation (GDPR) confidentiality requirements (Deac,
2018).

For qualitative interviews, I established conversational environments while
acknowledging interviewer-established agendas. I emphasized value in all
participant contributions while guiding discussions according to interview
protocols. When potential health risks were identified, participants were helped in
contacting appropriate healthcare providers. In cases where restrictive eating
behaviors were observed, participants were encouraged to seek professional
support and were provided with relevant contact information.



Results and discussion

This section presents a synthesis of findings across all four studies (Papers I-1V),
addressing the three themes outlined in the specific objectives. By integrating
evidence from both public meal systems and individual dietary practices, the
discussion offers insights into climate-adapted food consumption. The analysis
examines school meal programs as potential climate champions, revealing both
opportunities and challenges in balancing nutritional adequacy with COaze
reduction. It then explores how gender shapes nutritional needs and dietary
behaviors, with particular focus on iron bioavailability challenges in climate-
friendly diets. Finally, the section investigates the relationship between physical
activity levels and COze, identifying pathways to reconcile active lifestyles with

environmental sustainability.

Theme 1: School meals as climate champions

The implementation of climate-adapted school meals presents an intersection of
nutrition, climate impact, taste, and ethical considerations. While school meal
programs demonstrate significant potential (20-40%) for COze reduction (André
et al., 2023; Colombo et al., 2019, 2020), the transition raises important questions
about both nutritional adequacy and the fairness of placing substantial climate

action responsibility on children and adolescents.

Current implementation (Paper I)

In the analysis of 76 Swedish municipalities serving 538,750 daily school lunches,
clear patterns emerged in the implementation of climate-adapted meals across the
established municipality categories. Category A provided 40.5% of lunches,
Category B served 42.3%, and Category C delivered 17.2% of the total.

Serving on vegetarian option daily alongside the omnivore alternative were
almost a standard, with 92.1% of municipalities offering daily vegetarian
alternatives. Category B led this trend at 94.4%, followed by Category C (88.5%)
and Category A (86.7%). Additionally, 64 municipalities served one fully vegetarian
lunch day per week. While only four municipalities (all from Category A) reported
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in the survey that they serve two fully vegetarian days weekly, actual
implementation was higher. When analyzing the provided menus eight
municipalities were found to implement two vegetarian days per week, with six in
Category A and one each in Categories B and C.

Analysis of 1,465 menu days showed meat-based meals dominated at 53.9%,
while fish and vegetarian options each represented about one-fifth (20.0% and
21.9% respectively). Category A showed the most progressive approach with the
lowest proportion of meat meals (47.7%) and highest proportion of vegetarian
options (29.0%), including greater use of plant-based meat alternatives (9.7%).
This pattern suggests a more ambitious climate-adapted approach, supported by
COze emission targets in their meal planning strategies (Post et al., 2025).

Fish appeared consistently across all municipality categories at approximately
20%, suggesting standardized practices aligned with nutritional guidelines. Among
meat options, poultry was most common (15.2%), followed by potk/sausage
(13.4%), beef (11.5%), and ground meat (10.6%), with game meat rarely appearing
(Iess than 1.6%)).

Nutritional analysis and COse

In an in-depth recipe analysis from six municipalities (two each from Categories
A, B, and C), 120 school lunch recipes were examined over four-week periods. All
recipes were energy-adjusted to 735 kcal to enable fair comparison. This analysis
revealed important relationships between iron content, its bioavailability, and
COze emissions across different meal types.

Vegetarian options showed the highest total iron content (3.86 * 1.75
mg/100g), followed by red meat (3.55 + 0.97 mg/100g) and poultry (3.45 £ 0.77
mg/100g), with fish showing significantly lower levels (2.29 * 0.66 mg/100g).
However, when examining absorbable iron, a different picture appeared: red meat
and poultry demonstrated the highest amount (0.42 £ 0.21 and 0.41 £ 0.15
mg/100g respectively), while vegetarian meals showed significantly lower
absorbable iron (0.22 £ 0.14 mg/100g). Fish meals showed intermediate numbers
(0.33 + 0.14 mg/100g). Further details regarding total iron, absorbable iron, iron
bioavailability and COze can be found in Table 2.
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Table 2. Total iron, absorbable iron, iron bioavailability and COze across meal types

Meal type n  Total iron mg Absorbable iron mg Bioavailability %  Kg COz¢/meal
Type of meat

Beef 11 413 (3.0-6.4) 0.57 (0.29-1.38) 14 2.98 (1.8-5.4)
Fish 25 228 (1.5-4.1) 0.34 (0.18-0.65) 15 0.73 (0.4-2.4)
Ground meat! 8 3.38 (2.6-4.6) 0.40 (0.13-0.66) 12 1.90 (1.2-3.5)
Pork/sausage 17 3.26 (2.0-6.2) 0.33 (0.13-0.66) 10 0.75 (0.4-1.6)
Poultry 23 3.25(2.3-5.5) 0.39 (0.18-0.69) 12 0.63 (0.3-1.3)
Type of vegetarian

Vegetarian (non-soy) | 21  3.48 (1.2-6.8) 0.21 (0.07-0.52) 6 0.56 (0.3-0.8)
Soy-based 10 447 (1.9-6.8) 0.15 (0.09-0.26) 3 0.50 (0.3-0.7)

For each meal category, the following parameters are reported: sample size (n), total iron content (mg), absorbable iron

(mg), iron bioavailability (%), and CO2e (kg COe/meal). Meals are categorized into main groups (meat, fish,

vegetarian) with further subdivision of meat into poultry, beef, ground meat, and pork/sausage, and vegetarian meals

into non-soy and soy-based options. Values are presented as means with (min-max) in parentheses.
'Ground meat made of a mix of beef and pork

* The max values of total and absorbable iron are from black pudding

Analysis of COze emissions revealed that red meat meals generated significantly
higher CO2¢ (1.69 * 1.19 kg COze/kg) compared to all other meal categories.

Poultry, fish, and vegetarian options demonstrated similar, lower environmental
impacts (0.63 = 0.18,0.76 £ 0.47, and 0.53 + 0.17 kg CO2¢/kg, respectively). This

finding aligns with previous research showing that plant foods consistently

generate the lowest COze compared to meat, fish, and dairy products (R66s, 2013).
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Comparison of Fe content and CO2e by meal type
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Figure 1. Comparison of Iron (Fe) content in mg per meal and kg CO.e per meal across
meal types.

The graph shows three measures - Absorbable Fe, COze emissions, and Total Fe - for fish,
poultry, red meat, and vegetarian food categories. Values ate presented in standardized

units, with Fe content measured in milligrams and COze in kilograms per serving.

These findings reveal a key conflict between nutritional adequacy and climate
goals, especially for populations with higher iron needs, such as women (Barre et
al., 2018; Beal et al., 2023; Leonard et al., 2024). Barré et al. (2018) support this
observation, showing through diet modeling that iron bioavailability substantially
limits potential meat reduction, particularly when ensuring sufficient iron status in

women.

Hybrid recipe solutions (Paper II)

Paper II explored potential solutions through meal optimization, beginning with
seven variations of chili con carne developed from a base recipe containing 50g of
ground beef per portion. All variations incorporated finely chopped carrot and
celeriac to enhance palatability. Four variants were selected based on taste, iron

content and COze for Round 1 of consumer evaluations: one soy-based (Soy1),
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two hybrids combining ground beef with either soy mince (Beef/Soy1) or lentils
(Beef/Lentils1), and a beef-and-beans vatriation (Beef/Beans1).

The optimization process revealed varying success in balancing nutritional and
CO2e goals. Among optimized recipes, only Beef/Lentilsl exceeded the
recommended absorbable iron threshold for median girls (0.44 mg) when served
without milk. COze reductions varied significantly: Soy1 achieved 84% reduction,
hybrid recipes approximately 39%, and the Beef/Beansl 16%. These findings
demonstrate that strategic recipe optimization, particularly through hybrid
formulations, can achieve significant climate benefits while maintaining nutritional

value.

Absorbable iron content and CO2e by meal type
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Figure 4. Absorbable iron content and COze per meal type

The bar chart compares absorbable iron content (measured in mg) and kg COze across more
detailed type of meals. Dotted lines represent absorbable iron requirements for the median
girl 0.44 mg and 95th percentile 0.66mg (Domell6f & Sjoberg, 2024).
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Consumer acceptance and recipe development

Round 1 of consumer evaluation showed positive acceptance across all recipes in
(scotes 6.5-7.1), with the Beef/Soyl combination emerging as most preferred.
While penalty analysis identified concerns with richness and saltiness in the
Beef/Soy1 vatiant (p=0.03 and p=0.04), these did not significantly affect overall
acceptance (Friedman’s ANOVA, p=0.060).

For the second round of recipe development, the two hybrid formulations
from round 1 were selected for further improvements (Beef/Soy2 and
Beef/Lentils2) based on a balanced compromise between taste, iron absorption
and COze. The improvements included using leaner beef (10% fat) and rapeseed
oil to reach the same fat content in the hybrid recipes and enhanced seasoning. We
also tested a third variant—the original recipe modified with the same vegetable
base and seasoning profile (Beef2). The JAR scores for richness showed notable
improvements: Beef/Soy2 increased from 52% to 61%, while Beef/Lentils2 rose
from 38% to 56%. In the second round of consumer evaluatons, Beef/Soy2
emerged as the preferred option (40.4%, n=21), followed by Beef2 (34.6%, n=18)
and Beef/Lentils2 (25%, n=13).

These improvements in consumer acceptance can be attributed to our focus
on enhancing flavor complexity, particularly through umami components. Umami
plays a critical role in hybrid recipe development, as research has shown that this
“fifth taste” significantly influences meat-like flavor perception, making it essential
for optimizing hybrid formulations (L.ang, 2020). The addition of naturally umami-
rich ingredients like sun-dried tomatoes, containing glutamine (Paolo et al., 2019),
improved sensory scores. Recent advances in plant-based proteins, particularly the
success with pea protein (Baune et al., 2023) combined with improved techniques
for reducing antinutritional factors (Chigwedere et al., 2023), suggest promising
development pathways.

The combined findings from both papers demonstrate that recipe
development can successfully reduce COze while maintaining nutritional adequacy
and consumer acceptance. This challenges the assumption that climate adaptation
inherently reduces consumer acceptance, as evidenced by a French study where
hybrid approaches combining vegetarian meals with fish and non-ruminant
proteins reduced COze by 50% while maintaining nutritional adequacy (Poinsot et
al., 2022).

However, acceptance vary significantly across consumer groups and countties,

influenced by factors such as appeal, taste, and cultural preferences (Szenderak et
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al., 2022). Implementation requires careful consideration of contextual factors and
fairness concerns, particularly for children in critical developmental stages who
depend on school meals as a primary source of nutrition (Beal et al., 2024;
Eustachio Colombo et al., 2020).

These findings suggest that school meal programs can serve as catalysts for
sustainable food systems, but success requires carefully balanced approaches that
ptioritize children's nutritional needs alongside climate goals. The tension between
climate ambitions and nutritional adequacy is particularly concerning since climate
action responsibility falls on children with limited agency in their meal choices.
School meal programs can drive sustainability, but effective implementation
demands balanced strategies that address both iron bioavailability and COaze
emissions. This is especially important for municipalities with ambitious climate
goals, to ensure this ambition does not compromise children’s and adolescents’
nutritional wellbeing.

The concept of “climate champions” arises in school meal contexts where
students and meal planners are tasked with significant climate action responsibility
through dietary modifications. This framework positions young people as both
beneficiaries and agents of sustainable food transitions, creating a dual burden:
advancing climate mitigation objectives while potentially compromising nutritional
adequacy, particularly regarding bioavailable iron. School meal systems thus
become experimental grounds for long-term dietary change initiatives, assigning
climate responsibility to populations with limited agency in food selection during

critical developmental stages.
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Theme 2: Gender nutrition gaps in low-carbon
diets

This analysis explores how gender, nutrition, and climate adaptation intersect
within food systems across four research papers (Papers I-1V). Papers I and 11
examine nutritional challenges in climate-adapted school meal programs,
particularly focusing on iron bioavailability and gender-specific nutritional needs.
Papers III and IV complement these findings by investigating how gender
influences dietary practices among private consumers, specifically CrossFit athletes
and young active adults.

Across all studies, a consistent pattern emerges, efforts to reduce climate
impact in food systems frequently intersect with gender-specific nutritional
challenges, especially regarding iron intake and energy requirements.

The research progresses systematically from public to private food
consumption, offering a comprehensive view of sustainable food system
transformation. While Papers I and II highlight the challenges of balancing CO-¢
emissions with nutritional adequacy in public meal services, Papers III and IV
show related challenges and opportunities in personal dietary choices and
behaviors.

A key finding across all four papers is the ongoing tension between reducing
COze emissions and maintaining adequate iron bioavailability, particularly for
women and adolescent gitls. This challenge appears in both public settings, where
school meals struggle to meet iron requirements while reducing climate impact,
and in private dietary practices, where female athletes and young adults face similar
nutritional challenges when adopting climate-friendly diets.

School meal programs: gender and nutrition

Paper I’s analysis of Swedish school lunch programs found important gender-
related nutritional challenges in climate-adapted meals, especially regarding iron
availability for adolescent girls. With iron deficiency affecting around 30% of
Swedish adolescent girls (Hallstrém, et al., 2025; Livsmedelsverket, 2018b), this
issue deserves special attention. This is especially important because school meals
serve two key purposes: they provide one-third of pupils’ daily nutrition and they
are specifically designed to reduce nutritional inequalities among children
(Livsmedelsverket, 2019; Swedish Parliament, 2010).
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Statistical analysis showed clear differences across meal types. Red meat-based
meals provided the highest absorbable iron (0.42 mg), followed by poultry (0.41
mg) and fish (0.33 mg), while vegetarian meals lagged significantly (0.22 mg). Most
concerning were soy-based meals which, despite containing the highest total iron
(mean 4.47 mg), had the lowest bioavailability at just 3%. Only one of the analyzed
menus met the recommended daily iron provision of 4.5 mg, with vegetarian meals
providing only 48% of median requirements of absorbable iron and less than 32%
for teenage girls with higher iron needs.

A negative relationship between COze reduction and absorbable iron was
found (r = -0.337, p < 0.001), showing that meals with higher absorbable iron
consistently had greater COze emissions. Conversely, meals designed for low COze
emissions often had reduced levels of absorbable iron. The widespread use of soy-
based protein alternatives which, while reducing COze (Herrmann et al., 2024),
significantly inhibit iron absorption (Hallberg & Hulthén, 2000; R. N. Reddy et al.,
1996) serves as a perfect example of the risks of changing meal composition solely
based on COze metrics.

Plant-based meat alternatives (PBMAs) pose significant nutritional challenges,
particularly in certain municipalities. Our analysis of 1,465 school meal days
revealed that 79 days (5.4%) featured PBMAs, with soy-based products accounting
for 74.7% of these meals. Usage varied by municipality category: Category A
municipalities incorporated PBMAs in 9.7% of meals, compared to just 3.6% in
Category B and 4.6% in Category C municipalities.

This trend raises concerns about iron adequacy, especially for female students.
Research by Hallstrém et al. (2025) demonstrates that girls consuming low-
climate-impact diets face more than twice the risk of iron deficiency compared to
those with higher-impact diets. These findings suggest that current climate-
focused meal planning may inadvertently overlook critical gender-specific
nutritional requirements while prioritizing COze reductions.

The data shows clear differences in how well school meals cover iron
requirements between boys and girls. School meals provide more of the needed
iron for boys than for gitls. For the average boy (median), school meals cover
about 95% of their iron requirements, while for average girls, meals only cover
about 73%. Even when looking at the higher coverage level (95th percentile), boys’
school meals reach about 85% of their requirements, but girls’ meals only cover
58%. The dotted line at 100% shows the target for complete iron coverage, which
no group fully achieves through school meals, though average boys come closest.

This pattern reveals an important nutrition gap between genders, with school
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meals consistently covering less of the required iron for girls than for boys. Mean
coverage for the median girl and boy and the 95th percentile is displayed in Figure
5.

Iron requirement coverage in boys and girls

Boys . Girls
120
B L s
bl
]
=
= 80
a
E
e
=
T 60
[
k]
c
S a0
£
[<]
o
3
& 2
0
@@ & 035@ R
& & & &
& N R N
< & @ 23
<F @

Demographic group

Figure 5. Iron requirement coverage

Visualization of iron requirement coverage (%) for boys and gitls across median and high-
need (95th percentile) groups. The dashed line indicates 100% coverage of recommended
values.

Regarding other vitamins and minerals, Vitamin C levels were higher than the
reference value (23 mg) in all municipalities, ranging from 29-71 mg. Folate levels
also exceeded the reference value (90 pg) in all municipalities, ranging from 111-
170 pg. Similatly, calcium levels were above the reference value (240 mg) across all
municipalities, ranging from 264-558 mg. Vitamin D levels varied around the
reference value (3.0 pg), with Municipality 4 and 6 having higher levels (4.7 ug and
3.8 ug respectively), while the other municipalities ranged from 2.6-3.3 pg.
Previous research on climate-adapted school meals designed to reduce COze
emissions while maintaining nutritional value (André et al., 2023; Colombo et al.,
2020) may not have fully considered the challenges of low iron bioavailability in

plant-based alternatives. This is especially important since school meals provide
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more than 30% of Swedish adolescents’ daily iron intake (Eustachio Colombo et
al., 2020).

To address this challenge, Paper II explored potential solutions through meal
development, using chili con carne as a test case. The recipe development findings
suggest a promising approach through hybrid formulations that effectively balance
climate impact, nutritional requirements, and taste preferences. By combining
plant-based ingredients with smaller amounts of meat, significant COze reductions
of 16-84% were achieved while maintaining adequate levels of absorbable iron.
The Beef/Lentils2 hybrid recipe was particularly successful, as it was the only
optimized recipe that provided more than the recommended 0.66 mg of
absorbable iron per meal while still reducing CO2z¢ emissions by 38% compared to
the original recipe. Consumer testing showed that these hybrid recipes were well-
received, with no significant difference in taste preference compared to traditional
versions. The Beef/Soy2 variant received the highest preference ranking (40.4%)
among participants while reducing COze by 37%. This suggests that hybrid recipes
can ecffectively balance COze reduction and nutritional goals without
compromising taste, offering a practical solution that does not sacrifice either

climate objectives or nutritional adequacy.

Women leading the climate-adaptation

The analysis of food practices among Swedish recreational CrossFit athletes and
young Swedish adults in Papers 111 and IV showed clear gender differences across
several areas. These differences appeared in how much energy they consumed,
their approaches to food, and their broader nutrition and climate-related food
choices. Some of the results presented here are compiled from Papers 111 and IV

combined.

Gender djfferences in energy and nutritional intake

In Paper 111, a notable gender disparity in energy consumption was observed.
Female CrossFit athletes met only 58-86% of their estimated energy
requirements, while males achieved 94.5% of theirs. This gender disparity in
energy consumption was also seen in the moderately-active population
examined in Paper IV, where women averaged 9.2 MJ/d compared to men's
significantly higher 13.1 MJ/d. When results were weighted for female CrossFit
athletes and highly active young females, there was a concerning average deficit
of 497 kcal below estimated requirements, Figure 6.
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Low energy intake is a common finding among female athletes and has been well-
documented in research (Kuch, 2021; Mathisen et al., 2020; Melin et al., 2016;
Sundgot-Borgen & Torstveit, 2010). However, there is a methodological challenge
in accurately determining the true extent of this energy deficit. It remains difficult
to establish whether the reported low intake reflects actual consumption or might
partially result from underreporting, both phenomena frequently observed in
dietary assessments, particularly among female participants (Goris & Westerterp,
1999).

Difference between total energy intake and estimated energy requirement
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Figure 6. Weighted figure for CrossFit athletes and highly active young adults’ reported
energy intake compared to estimated energy needs.

Each point represents an individual participant, while boxes display the interquartile range
and median. The dashed line at zero indicates where intake equals requirement; positive
values show intake exceeding requirement. P-values indicate the statistical significance of
differences between intake and requirement within each gender group, analyzed using paired

t-tests.
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Iron intake challenges across gender and dietary preferences

The insufficient energy intake has broad implications for micronutrient
consumption, particulatly concerning iron intake across genders. As shown in
Figure 7, total iron intake varies significantly across gender and dietary preferences,
with all female groups consistently falling below recommended intake levels
regardless of their dietary approach. While omnivorous diets provide more iron
compared to vegetarian or flexitarian diets, these figures represent total iron
content rather than bioavailable iron. This distinction is crucial, as female
vegetarians may only achieve approximately 50% of their daily iron requirements
due to the predominance of non-heme iron sources and the presence of
absorption inhibitors common in plant-based foods (Hunt, 2003). This concern
aligns with the findings from Papers I and II regarding bioavailable iron in
vegetarian and soy-based meals, suggesting that the risk of inadequate iron intake
is likely substantial for the vegetarian and flexitarian participants studied in Papers
III and IV.

Mean iron Intake by gender and diet
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Figure 7. Summarized mean iron intake (mg), for Paper Ill and highly-active
participants in Paper V.

Visualization of mean iron intake based on dietary preference (omnivore, vegetarian, and
flexitarian) and gender. Red dashed line indicates recommended intake for women (15 mg),

blue dashed line for men (9 mg).
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This is particularly concerning for female athletes, whose iron needs can be up to
70% higher than the estimated average requirement (Dobrowolski et al., 2020).
Exercise reduces iron absorption because it triggers inflaimmation markers that
increase hepcidin, a hormone that blocks iron absorption (Barney et al., 2022;
Hennigar et al.,, 2021). As a result, women with high training loads should aim to
consume more than 18 mg of iron daily (Thomas et al., 20106), a target that is
especially difficult for vegetarian athletes to reach. Iron deficiency can harm
athletic performance, reduce training adaptation, and increase muscle fatigue
(Keller et al., 2024; Thomas et al., 2016)—negative effects that both elite and

recreational athletes want to avoid.

Gender differences in protein consumption

Protein intake, based on weighted data from Papers IIT and IV, shows almost the
opposite pattern when examining both absolute amounts and amounts adjusted
for body weight. In absolute terms, male participants consumed a slightly higher
median amount of protein in grams per day compared to females. The male group
showed greater variation in their protein intake, with a wider interquartile range
and absolute values ranging from 100 to 200 grams per day. Female participants
had a narrower distribution, with intake values ranging from 75 to 170 grams per
day (Figure 8).

Nonetheless, when protein intake was calculated relative to body weight, a
notably difference emerged. Protein consumption show interesting gender
differences when viewed from both absolute and relative perspectives, as shown
in Figure 8. Women had higher relative protein consumption, with a median intake
of approximately 1.9 g/kg body weight, while men consumed approximately 1.7
g/kg body weight.

These findings highlight the importance of considering body weight when
evaluating intake patterns between genders. While men consume greater absolute
amounts of protein, women show higher relative protein intake when accounting
for body mass, suggesting that simple absolute comparisons may not fully capture

gender-specific consumption.
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Protein intake by gender
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Figure 8. Protein intake comparison between genders
Visualized using box plots, presented in both absolute (g/day, left panel) and body weight-
normalized (g/kg body weight, right panel) values. Individual data points are ovetlaid on the

box plots to show the distribution of observations.

Still, COze only considers absolute values, and the higher protein intake per kg
body weight rather reflects different dietary approaches (Birkenhead & Slater,
2015; Smart & Bisogni, 2001; Thurecht & Pelly, 2020). As the highly-active women
in Papers III and IV have a low total energy intake, it is their fat and carbohydrate
intake that falls below recommendations. This is not favorable from a climate
perspective. The material elements of these practices, particularly protein-rich
foods like meat and dairy, carry different meanings for male and female athletes.
Women’s practices often reflect a negotiation between performance goals and

psychological well-being. As one female participant articulated:

“Sometimes, I think I let it take over my life too much. I analyze what I eat,
whether it is good or not. I do not think analyzing everything is healthy in the
long run.”

This quote illustrates the psychological complications in women’s meaning-
making around food, contrasting with men’s more straightforward performance-

oriented approach. The tension between performance optimization and
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environmental impact creates what Shove et al. (2012) would describe as
competing elements of practice, where athletes must navigate between sometimes
contradictory competencies, materials, and meanings in their daily food routines.
These findings align with previous research (Franca et al., 2022; Garnett, 2016;
Meyer et al, 2020) on the relationship between athletic performance and
environmental sustainability in food choices, while also highlighting the need for

gender-sensitive approaches in promoting sustainable athletic nutrition practices.

Gender perspectives on food consumption and COze

Analysis of COze revealed further gender differences, with women showing
stronger tendencies toward climate-conscious dietary choices (3.0 kg CO2¢/day)
compared to men’s (4.7 kg COz¢/day). This was particulatly evident among
moderately-active women in Paper IV, who had the lowest emissions with 15.4 kg
COze weekly.

Mean weekly CO2e by gender and diet
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Figure 9. Mean CO.e (kg/week) across dietary preferences and gender.
Visualization of mean CO,e emissions across dietary preferences (omnivore, vegetatrian, and
flexitarian) stratified by gender (F=female, M=male), demonstrating the interaction between

gender and diet type on dietary COse.
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When comparing these dietary COze emissions to planetary boundaries for food-
related climate impact, which suggest a weekly limit of 11 kg COze per person
(IPCC, 2022; Akenji et al., 2019), all observed dietary preferences exceed this
threshold, though to vastly different degrees. Male omnivores show the highest
exceedance, generating nearly 84 kg COze weekly, while female omnivores
produce about 42 kg COz¢e weekly. Even vegetarian diets, despite having the lowest
COze emissions, still exceed the recommended boundary with men and women
generating approximately 28 kg and 21 kg COze weekly, Figure 9. Flexitarian diets
fall between these extremes, though gender differences remain pronounced, with
flexitarian women at 28 kg weekly and flexitarian men 56 kg weekly.

These findings suggest that while both diet type and energy intake significantly
influence individual climate impact, achieving COze emissions within true
planetary boundaries remains a substantial challenge that may require more
dramatic dietary shifts than those observed in this study. This challenge is
particularly acute for physically active individuals with high energy requirements,
who need to consume larger quantities of food to meet their nutritional needs,
making it even more difficult to stay within the recommended COze emissions

threshold while maintaining adequate caloric intake.

Gendered elements of climate-conscious food practices

The research findings reveal how gender fundamentally shapes household food
practices through material, competence, and meaning elements of social practice.
The material dimension, including plant-based alternatives, shopping spaces, and
household kitchens, is distinctly filtered through gendered decision-making
processes. Women's trole as primary initators of sustainable food choices
demonstrates how deeply gender is embedded in the material infrastructure of
household consumption. As Shove et al. (2012) argue, practices are shaped not just
by individual choices but by the configuration of these material elements within
specific social contexts.

The competence element of sustainable food practices emerges through
gendered forms of knowledge and skills, particularly visible in educational settings
and urban environments. These contexts facilitate new competencies around
climate-conscious food practices, aligning with Shove and Pantzar’s (2005)
observation that practices evolve as practitioners acquire new understanding.

Higher education contexts especially influence male patticipants' competencies,
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enabling novel engagements with sustainable food practices that diverge from
traditional patterns.

The meanings associated with food practices reveal obvious gender dynamics.
While traditional roles position women as “gatekeepers” of household
consumption (Tanner & Wolfing Kast, 2003), these meanings shift within
educational and urban settings, particularly among male participants. As
Hargreaves (2011) describes, this demonstrates the dynamic nature of social
practices, where meanings evolve through interaction with new competencies and
materials.

The intersection of athletic performance with sustainable food practices reveals
how different practice domains - athletics, environmental consciousness, and
gender performance interconnect in daily life. This reflects Warde’s (2005)
understanding of how practices overlap and influence each other, creating both
opportunities and challenges for sustainable transitions.

The findings illustrate what Shove terms the “co-evolution of practice
clements.” As plant-based alternatives enter households, they necessitate new
competencies in cooking and nutrition while generating new meanings around
environmental responsibility and modern gender roles. This co-evolution varies
across gender, education, and urban contexts, highlighting how sustainable
transitions depend on reconfiguring entire practice systems rather than individual
behavior change (Mylan, 2015).

This analysis suggests that transitioning to sustainable food practices requires
attention to all practice elements and their gendered dimensions. Understanding
these interactions can inform approaches when promoting sustainable food
transitions. Effective strategies work with, rather than against, existing practice
configurations. Additionally, it is important to acknowledge how institutional
structures, educational contexts, and urban environments shape these processes.

The research uncovered distinct gendered differences in climate-adapted food
systems. Women consistently showed stronger environmental consciousness in
their dietary choices yet faced greater nutritional challenges when adopting
climate-friendly diets. Female athletes and adolescent gitls particularly struggled
with iron intake when consuming plant-based meals, highlighting a tension
between environmental and nutritional goals. Women also approached food
differently than men, displaying more intricate relationships with their dietary
choices, while men typically took a more straightforward, performance-focused
approach. These gender differences extended to household practices, where

women often acted as primary initiators of sustainable food choices.
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In educational and urban settings, traditional gender roles began to shift, especially
among male participants who developed new competencies around sustainable
food practices. A summary of opportunities and challenges found across the

synthesis of all included papers is found in Figure 10.

Opportunities Challenges
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Figure 10: Summary of research findings on sustainable food consumption transitions
across public and private meal contexts.

Visualization of key opportunities (school meal reach, hybrid recipe solutions, women
driving change, and consumers’ awareness and meal planning) and challenges (menu
planning limitations, iron bioavailability concerns, gendet inequality/inequity issues, and

athletes’ CO,e emission considerations).
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Theme 3. Balancing activity and CO,e among
young adult consumers

Higher activity levels and increased COze

The relationship between physical activity and COze emissions presents a
challenge in sustainable food consumption. Papers III and IV demonstrate that
higher activity levels correlate with increased COze, primarily driven by both
elevated energy requirements and reliance on animal-based proteins. The findings
identify successful strategies for mitigating COze emissions across activity levels,
while also revealing important nuances in how different groups navigate this
balance.

The research established a clear progression in dietary COze corresponding to
activity intensity. CrossFit athletes exhibited the highest emissions at 40.8 kg CO5e
weekly, while highly-active individuals in Paper IV generated 29.4 kg COe weekly,
yielding a mean value of 35.1 kg COze weekly remarkably close to Franca et al.’s
(2022) findings of approximately 35.0 kg COze weekly among adolescent athletes.
Both significantly exceeded the Swedish national average of 27.3 kg COze weekly
(Naturvardsverket, 2022). Moderately-active participants produced the lowest
emissions at 23.1 kg COze/week. This agreement in results across different groups
of highly active participants reveals a consistent finding: athletic diets consistently

cause higher environmental impacts (Heydenreich & Carlsohn, 2024).

Protein sources: a key factor in climate impact

Analysis of dietary composition revealed that protein source selection substantially
influenced COze across activity levels. CrossFit athletes derived 70% of their
protein from animal sources, with dairy products and whey supplements
constituting 21% and 19% of protein intake respectively. This pattern was
mirrored among recreational athletes, where highly-active participants consumed
significantly higher protein levels (1.8¢/kg body weight/day) compared to
moderately-active participants (1.1g/kg body weight/day, p<0.001). The data
suggest that performance-oriented mindsets strongly influenced protein soutrce
selection, particularly among highly-active participants who often followed
professional athletes’ nutrition practices.

The underlying mechanism for these elevated COze emissions appears to be

consistent across studies. Our observation that the COze emissions stems largely
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from high protein consumption, particularly dairy and whey sources, is strongly
supported by Franca et al.’s (2022) finding that 85.9% of athletes’ COze was
attributable to animal protein consumption, with athletes consuming almost four
times more animal than plant-based protein. In Paper IV, the highly-active
participants had a 65% higher intake of animal-based protein sources compared to
the moderately active group. In Papper 111, 70% of the protein intake came from
animal-based protein sources. This reflects a persistent performance-focused
mindset in athletic communities, exemplified in Paper IV by one participant’s

approach to training “as if I was a pro.”

Balancing performance focus and COse

The tension between athletic performance and climate impact may not be
inevitable, studies suggests viable pathways toward more sustainable athletic
practices. Franca et al.’s (2022) research demonstrates that athletes can meet their
protein requirements while maintaining a reduced COze through strategic protein
sourcing. This theoretical possibility is supported by empirical findings in Paper
III-1V, where 29 % of all highly active participants maintained high performance
levels with COze below the Swedish average. Among those 29%, dietary
preferences were predominantly vegetarian and flexitarian. Interestingly, only one
highly active participant was able to achieve a weekly COze emission in line with
the 11 kg target, a small female runner following a vegan diet (11.5 kg COze/week),
suggesting this target might be difficult for many highly-active individuals.

Still, these examples demonstrate that the integration of climate consciousness
and athletic performance is possible. Research exhibits that athletes can maintain
high performance levels while reducing their COze emissions through dietary
choices. Multiple studies have demonstrated that vegetarian diets support athletic
performance comparable to omnivorous diets (Craddock et al., 2016; H. Lynch et
al.,, 2018; Nebl et al., 2019). Meanwhile, vegetarian diets consistently show 40-50%
lower COze emissions compared to omnivorous diets (Aleksandrowicz et al., 2016;
Chai et al., 2019).

This evidence suggests that climate-adaptation does not require compromising
performance outcomes. The existence of these high-performing, low-COze
emission outliers suggests that the challenge lies not in the physiological
requirements of athletic performance, but rather in shifting established cultural

and behavioral norms within sports communities.
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The role of meal planning and barriers to change

Structured meal planning emerged as a factor in climate-conscious behavior across
activity levels. CrossFit athletes’ rigorous approach to nutrition planning resulted
in minimal food waste, providing an inadvertent climate benefit in Paper I1I. Both
highly-active and moderately-active recreational athletes employed similar
organizational strategies, such as systematic meal planning and lunch box usage in
Paper 1V, though the data indicate that performance-focused individuals often
selected higher-carbon options despite these planning practices.

The research identified several significant obstacles to adopting climate-
friendly diets, while also revealing pathways for success. Performance
prioritization and deeply held beliefs about animal protein necessity created
resistance to dietary change, particularly among CrossFit and highly-active
participants. Economic constraints emerged as another factor, especially among
moderately-active participants, sometimes limiting access to what they considered
sustainable options, and other times increased the amount of legumes in their diet
due to their low cost.

Additionally, the data revealed limited awareness regarding the climate impact
of specific protein sources, notably whey supplements, across all activity levels in
both Papers 1II and IV. However, successful examples across activity levels
indicate the feasibility of balancing performance with environmental responsibility.
The research suggests that successful COze reduction depends on addressing both
knowledge gaps and ingrained beliefs about nutrition while leveraging existing
dietary discipline and planning practices. These findings provide a foundation for
developing targeted interventions that demonstrate possibilities to highly-active
individuals and provide practical strategies for implementing sustainable practices

while maintaining desired performance levels.

A social practice theory perspective

The research reveals multifaceted relationships between materials, competences,
and meanings in athletic nutrition practices, offering insights into both

opportunities and challenges for sustainable transitions.

Material elements

The material elements of athletic nutrition practices emerge prominently in the
findings, encompassing not just food items like protein supplements and legumes,

but also the tools and infrastructure that support dietary practices, such as meal
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planning systems and lunch boxes. These material configurations, as Spurling et
al. (2013) argue, fundamentally shape how practices develop and persist. The
economic dimension adds another material layer, with financial resources notably
influencing access to what participants perceive as sustainable options, sometimes
constraining choices but occasionally promoting sustainable alternatives like

legume consumption due to cost effectiveness.

Competences and knowledge gaps

In terms of competences, the research reveals a fascinating paradox. Athletes,
particularly in the CrossFit community, demonstrate sophisticated knowledge and
skills in nutrition planning and food waste reduction. However, there exists a
notable gap in understanding the climate impact of various protein sources,
including commonly used supplements. This aligns with the emphasis on how
practical knowledge shapes practice performance and evolution (Shove & Pantzar,
2005). The presence of strong planning competences alongside environmental

knowledge gaps suggests potential leverage points for intervention.

Meanings and cultural valnes

The meanings associated with athletic nutrition practices prove particularly crucial
in understanding resistance to change. Deep-rooted beliefs about animal protein
requirements and the prioritization of performance create significant barriers to
adopting more sustainable practices. As Blue et al. (2016) observe in their analysis
of health-related practices, such meanings can powerfully maintain existing
practices even when they conflict with other goals like environmental

sustainability.

Practice and pathways to change

The research demonstrates what Shove et al. (2012) term “practice bundles,”
where multiple practices - athletic training, meal planning, environmental
consciousness, and economic decision-making - intersect and influence each other.
Understanding these interconnections proves crucial for identifying pathways to
change. The existence of high-performing, low-COze emission outliers suggests
that transforming these practice bundles is possible without compromising athletic
performance.

Drawing on Hargreaves’ (2011) work on climate-conscious behavior change,

successful transitions likely require simultaneous interventions actross all three
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clements. This might involve reconfiguring material infrastructures to make
sustainable options more accessible, developing competences around the climate
impact of different protein sources, and transforming meanings to align athletic
identity with environmental responsibility. Watson’s (2012) research on sustainable
transitions suggests that such multi-faceted approaches are most effective in
shifting established practices.

The findings ultimately suggest that reducing COze of athletic nutrition
requires addressing both knowledge gaps and deeply held beliefs while building
upon existing strengths in dietary discipline and planning. The presence of
successful examples across activity levels demonstrates the feasibility of balancing
performance with environmental responsibility, providing valuable models for
future intervention (Shove and Walker, 2010).

These insights contribute to our understanding of how sustainable practices
might be fostered within athletic communities, suggesting that change is possible
when interventions account for the interplay of materials, competences, and
meanings that constitute current practices. The challenge lies not in physiological
requirements but in transforming the socially embedded practices that shape

athletic nutrition choice



Method discussion

Carbon footprint

The selection of COze as the primary environmental impact mettic was supported
by both theoretical and practical considerations. Harrison et al. (2022) showed that
COze emissions effectively served as a proxy for various environmental impacts,
correlating strongly with factors such as eutrophication, acidification, and land use.
This relationship allowed COgze to function as a comprehensive environmental
indicator while maintaining methodological rigor.

COgze measurements provided a standardized methodology that captured
environmental impact across the food supply chain, from farming and
transportation to processing and packaging (IPCC, 2022; Tubiello et al., 2021).
The widespread use of these measurements in the literature also enabled
comparative analysis and integration with existing research.

However, COze have limitations as a singular metric. While COze served as an
effective proxy for several environmental impacts, it could not capture all
dimensions of environmental degradation. Particularly for biodiversity loss,
ecosystem services, and local environmental stressors. Assessments such as
Biodiversity Impact Assessments demonstrates that some ecological consequences
requires dedicated evaluation methods (Eme et al, 2019). Despite these
limitations, COze remained the most practical choice for assessing environmental
impact in food systems, especially when detailed multi-indicator assessment was
not feasible.

COge calculations were used consistently across all four papers, making them
methodologically comparable. The climate database used had a limited number of
calculated foods, requiring certain methodological choices. When an exact food
item was not found in the database, a similar food was selected as a proxy. Detailed
information about ingredients was gathered for each food item to select the most
appropriate proxy. All choices followed the same protocol throughout the
included papers. In one important case where a food item (whey protein) could
not be found in the database, a LCA from Bacenetti et al. (2018) was incorporated
into the calculations.
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Iron absorption algorithm

The Hallberg & Hulthén (2000) algorithm is found to have the most
comprehensive coverage (Hunt, 2010). The algorithm systematically incorporates
comprehensive experimental data from isotopic tracer studies measuring iron
bioavailability, thereby establishing itself as the most methodologically robust and
validated model in the field (Hunt, 2010).

It is the only available algorithm that includes interactions between enhancers
and inhibitors, specifically modeling how phytate’s inhibitory effect is reduced in
the presence of ascorbic acid or “meat factor” (Hallberg & Hulthén, 2000; Hunt,
2010). The algorithm, accounting for interaction factors, proved instrumental in
estimations of iron bioavailability in school meal menus and facilitated the recipe
optimization process, particularly by leveraging the “meat factor” to enhance iron
absorption in hybrid recipes.

The algorithm has been internally validated through two complementary
studies showing strong predictive accuracy. The first compared observed versus
calculated non-heme iron absorption across 24 complete meals from three prior
investigations. Results aligned remarkably with observed mean absorption,
achieving a strong correlation coefficient (R* = 0.987) (Hallberg & Hulthén, 2000).
This analysis required detailed meal composition data, including precise
quantification of calcium, phytate, polyphenols, and ascorbic acid. The second
study examined total iron absorption across 620 meals consumed by 31 male
subjects over 5 days, confirming the algorithm’s precision with a mean difference
of only 0.06 mg (3.4%) between predicted and observed values (P = 0.561)
(Hallberg & Hulthén, 2000). This validation approach used radiotracer
methodology as the gold standard across diverse meal compositions, validating
both single-meal predictions and the mathematical framework for estimating total

dietary iron absorption.

Algorithmic calculation process

Validation of the Hallberg & Hulthén algorithm

External validation studies have corroborated the efficacy of this algorithm, with
independent researchers documenting significant correlations between predicted
and observed iron absorption values (M. B. Reddy, 2005). These findings suggest
the algorithm surpasses the predictive accuracy of alternative approaches. In a
comparative analysis, Hunt (2010) determined that the Hallberg & Hulthén
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algorithm provided superior predictive capabilities across diverse dietary
preferences, though with certain limitations.

The algorithm’s high internal validation may be partially attributed to its
methodological approach of adjusting predicted absorption based on subjects’ iron
status, rather than standardizing observed absorption values (Hunt, 2010).

Limitations and contextual considerations

The Hallberg & Hulthén algorithm shows some limitations in high-bioavailability
dietary contexts. While it demonstrates robust performance in estimating iron
absorption from low-bioavailability diets, it may overestimate non-heme iron
absorption in high-bioavailability dietary patterns. This overestimation appears
most pronounced in diets characterized by substantial quantities of both meat and
ascorbic acid (Hunt, 2010). Given that climate-adapted meals typically contain
limited amounts of meat, the algorithm’s superior accuracy with low-bioavailability
meals makes it particularly suitable for assessing absorbable iron content in public

school meals.

Physiological Regulation of Iron Absorption

Iron absorption is physiologically regulated through interactions between dietary
intake and body iron stores, with absorption rates inversely correlated to iron
status (Rasmussen et al., 1974; Piskin et al., 2022). The Hallberg and Hulthén
algorithm provides a quantitative framework for estimating iron absorption by
incorporating serum ferritin levels as a biomarker of iron stores. This relationship
exhibits considerable variability in absorption efficiency: individuals with depleted
iron stores (serum ferritin ~15 pg/L) may absotb up to 60% of a reference dose,
while those with adequate stores (serum ferritin ~100 pg/L) demonstrate
substantially lower absorption rates of approximately 18% (Hallberg & Hulthén,
2000).

This physiological adaptation mechanism has important implications for iron
intake recommendations. The conventional assumption of 15% absorption from
a mixed diet may significantly underestimate actual absorption in iron-depleted
individuals. Conversely, the body's homeostatic downregulation of absorption in
iron-replete individuals provides natural protection against exceeding the
Tolerable Upper Limit (UL). By incorporating iron status-dependent absorption,
this methodology achieves a more precise assessment that reflects the target
population's physiological state and better accounts for individual variations in

iron requirements. In this thesis, ferritin levels were set at 15 ug/L, representing
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the targeted study population of adolescent girls with depleted iron stores. Since
iron absorption increases when stores are depleted, the risk of underestimating

iron absorption was thus minimal.

Key dietary factors affecting iron absorption

Phytates, the assessment of phytate content in foods presented in Papers I and 11
relies on literature-derived values (Dahdouh et al., 2019; Ertas, 2017; Hallberg &
Hulthén, 2000; Mayer-Labba et al.,, 2022; Reddy & Sathe, 2001). These values
represent averaged measurements across product categories rather than direct
analytical measurements of specific products. While this approach introduces
some inherent uncertainty, it may be advantageous for evaluating school meal
production, where natural variation in phytate content occurs across different
batches and sources of ingredients. It is worth noting that methodological
differences in phytate analysis techniques may affect the direct comparability of
reported values across different time periods. Nevertheless, the comprehensive
inclusion of all available phytate content data provides the most complete picture
possible given current methodological constraints and the inherent variability in
food composition.

Ascorbic Acid, the ascorbic acid content estimation included adjustments for
degradation during cooking and potential losses in fresh vegetables from the salad
buffet. Research shows cooking losses range widely from 20-70% (Hailemariam &
Wudineh, 2020; Mehmood & Zeb, 2020; Waheed-Uz-zaman et al., 2013), with
significant variability in fresh vegetable degradation rates (Lee & Kader, 2000;
Phillips et al., 2018). We applied a conservative median loss estimate of 50% across
all preparations (cooked and fresh) to prevent overestimating the contribution of
vitamin C. This standardized approach offers a reasonable analytical strategy given
the challenges in measuring variable loss rates across different preparations and
storage conditions. However, it may not fully account for ascorbic acid
degradation during extended holding periods in school canteens, especially for
students served later in the meal service.

Polyphenols, the inhibitory effect of polyphenols on iron absorption is well-
documented in the literature (Kim et al., 2008; Ma et al., 2011; Ndiaye et al., 2020).
However, the practical application of this knowledge in dietary assessment
presents significant challenges due to two key limitations: the lack of standardized
analytical methods for polyphenol quantification and incomplete food
composition databases. While the impact of polyphenols from tea and coffee on
iron absorption is well-established (Morck et al., 1983; Ndiaye et al., 2020), the
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evidence base for other dietary sources remains limited, indicating a need for
further research. Given that coffee and tea are not components of public-school
meals, and considering the current methodological constraints, polyphenol
content was not incorporated into our absorption calculations. This decision aligns
with the current state of available evidence while acknowledging areas for future
methodological advancement.

Calcium, research on calcium’s effect on iron absorption has evolved
considerably. Hallberg & Hulthén (2000) identified calcium as a significant
inhibitor of both heme and nonheme iron absorption, with inhibition occurring
from doses of 50 mg and maxing out at 600mg. However, subsequent studies have
refined our understanding of this interaction.

Walczyk et al. (2014) suggests that calcium’s inhibitory effect may be less severe
than initially thought. Their research showed that ascorbic acid supplementation
can counteract calcium’s inhibitory effects, suggesting greater flexibility in the
calcium-iron relationship. Additionally, according to the study by Benkhedda et al.
(2010) calcium reduced iron absorption from a single meal from 4.8% to 10.2%.
However, the authors noted that the calcium impact differed significantly across
subjects who had similar iron stores, suggesting that physiological or genetic
variables significantly impact iron absorption in people with similar body iron
stores.

Studies consistently show no significant inhibition below approximately 50mg
of calcium. However, at higher doses, the reported magnitude varies considerably.
While Hallberg & Hulthén (2000) reported up to 80% inhibition at 300-600mg,
Walczyk et al. (2014) found a more moderate 53% reduction with 500mg calcium.
Benkhedda et al. (2010) observed the widest range, with inhibition varying from
0-84% at 500mg calcium.
The mechanistic understanding remains consistent across studies, with evidence
from Piskin et al. (2022) supporting calcium’s action at the cellular level rather than
just within the intestinal lumen.
Meat factor, the incorporation of the meat factors’ effect in the Hallberg &
Hulthén algorithm represents a key methodological strength. This inclusion is
supported by robust empirical evidence demonstrating that animal tissues
significantly enhance nonheme iron absorption, with studies showing
enhancement effects of up to 150% when meat products are added to plant-based
meals (Bach et al., 2003; Hurrell et al., 2006; Navas-Carretero et al., 2008).

The algorithm accounts for this “meat factor” a well-documented

phenomenon where muscle tissue exhibits protein and peptide-related
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enhancement of iron absorption (Hurrell et al., 2006). This enhancement operates
in a dose-dependent manner, as demonstrated by controlled studies showing
significant increases in iron bioavailability with the addition of as little as 50g of
meat to meals high in absorption inhibitors (Bach et al., 2003). By incorporating
this effect, the algorithm provides a more accurate estimation of iron bioavailability
in mixed diets compared to models that consider only inhibitory factors. This is
particularly relevant for population-level dietary assessments where diverse protein
sources are consumed, such as in school lunches.
Soy Protein, accounting for soy protein is important given its substantial
inhibitory effect on iron absorption. Studies have shown that soy protein can
reduce iron absorption by over 50% compared to other proteins, even when
phytate is removed (Cook et al., 1981; Lynch et al., 1994; R. N. Reddy et al., 1996).
Incorporating the soy protein factor enables more precise estimation of iron
bioavailability, especially in diets containing high amounts of soy products. This is
particularly relevant when assessing vegetarian diets or populations with high
intake of soy products. By accounting for the inhibitory effects of soy protein, the
algorithm provides a more accurate prediction of dietary iron absorption,

strengthening its utility in optimizing iron nutrition.

Food records

Food consumption data was collected using weighed food records, considered one
of the most accurate methods for measuring individual food and nutrient intake
(Gibson, 2024). Papers I1I and IV used two collection approaches: a split protocol
of four plus three days and a continuous seven-day protocol, both capturing
weekday and weekend eating habits.

The data collection process used a digital app that improved the traditional
weighed food record method. The app allowed for immediate food recording with
built-in quality checks, including the option to photograph nutrition labels and
branded products. Research staff verified these photos, improving the accuracy of
nutritional  information. The app's messaging system allowed direct
communication between participants and researchers to quickly resolve any
questions (Zhang et al., 2021). This digital approach was especially suitable given
its high acceptance among young adults, who are generally more comfortable with
smartphone technology (Zhang et al., 2021).

While weighed food records are considered the best practice in dietary

assessment (Gibson, 2024), several methodological issues should be noted. The
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method's main advantage is its accuracy in measuring portion sizes, enhanced by
the app's real-time support features. However, certain limitations remain, including
the possibility that participants might change their normal eating habits due to the
burden of recording or wanting to appear healthier. The long recording period
may have caused participant fatigue, though the digital tools aimed to reduce these
problems by making recording easier and offering immediate assistance (Gibson,
2024; L. Zhang et al., 2021).

The potential for selection bias significantly affects how we interpret findings
from Papers III and IV. The voluntary recruitment approach likely attracted
people who were already health-conscious and engaged in healthy behaviors, while
excluding those less interested in health practices. The sample consisted mostly of
highly educated young adults from urban areas, which limits how broadly our
findings can apply to different populations, such as people from rural areas,
different age groups, or varying education levels. This limitation highlights the
need for future research to use more diverse recruitment methods to make findings
more applicable across demographic groups.

It is important to note that the food records in this study served as part of a
mixed-method approach, partially replacing techniques like shop-along and
household food inventories commonly used in social practice theory (Evans, 2012;
Fuentes & Svingstedt, 2017; Halkier & Jensen, 2011). As such, the data does not
claim statistical power but rather provides a contextual picture of food
consumption patterns within the mixed-methods framework of social practices

and everyday food behaviors.

Statistics

Paper 1
Statistical analyses employed Welch’s ANOVA due to its robust performance with

heterogeneous variances between groups, offering superior Type I error control
and power compared to traditional ANOVA when variance homogeneity is
violated (Delacre et al., 2017; Moder, 2010). Post-hoc comparisons utilized the
Games-Howell test, selected for its complementary design with Welch’s ANOVA
and similar robustness to both unequal variances and sample sizes (Games &
Howell, 1976). For continuous variable relationships, Pearson’s correlation
coefficient was employed given its standardized measurement of linear
relationships and well-established statistical properties (Schober et al., 2018). This
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methodological approach balances statistical rigor with practical applicability,
providing robust results while maintaining interpretability when strict parametric

assumptions may be unrealistic.

Paper 11

Friedman’s test was selected as a robust non-parametric alternative to repeated
measures ANOVA, offering distinct advantages in handling data that violates
parametric assumptions of normality and homogeneity of variance. This rank-
based approach provides reliable analysis of repeated measures data while
maintaining statistical power under various distributional conditions (Zimmerman
& Zumbo, 1993). Post-hoc analyses employed Wilcoxon signed-rank tests with
appropriate multiple comparison corrections, ensuring robust pairwise
comparisons while controlling familywise error rates (Pereira et al., 2015). This
methodological choice reflects a balanced approach between analytical rigor and
practical applicability in research contexts where traditional parametric
assumptions may not hold.

A modified penalty analysis was employed to evaluate the impact of sensory
attribute deviations from ideal intensities on overall product liking (Pages et al.,
2014). This method extends traditional penalty analysis by incorporating Just-
About-Right (JAR) scale data to quantify the relationship between attribute
intensity deviations and consumer acceptance (Paries et al., 2022). The approach
provides valuable insights into which sensory attributes significantly impact
consumer liking when they deviate from optimal levels, while accounting for both
positive and negative deviations in attribute intensities (Narayanan et al., 2014).
The calculation of mean drops in liking scores between ideal and non-ideal
intensity levels enables the identification of critical product attributes that warrant
optimization, making this analytical approach particularly suitable for product

development applications.
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Paper II-IV

All statistics in Paper III-IV served a descriptive purpose to strengthen the findings
in the mixed-methods approach. The statistical approach in these studies
demonstrates several notable strengths while facing certain limitations. The
integration of quantitative measurements with qualitative findings created a robust
triangulation that enhanced the validity of conclusions.

The papers employed t-tests and ANOVA with Bonferroni corrections to
identify significant differences between activity levels and genders, while
correlation analyses effectively established relationships between energy intake and
carbon footprint. The verification of food record reliability through EI/RMR
calculations further strengthened data quality.

However, the relatively small sample size limited statistical power for detecting
differences in some variables, particularly when comparing subgroups. The
overrepresentation of university students (>50%) introduced potential sampling
bias, potentially limiting generalizability.

Additionally, the carbon footprint calculations were restricted to COze without
addressing other sustainability metrics, providing a somewhat natrow
environmental assessment. The homogeneity of the study population and possible
self-selection bias among participants with pre-existing environmental awareness
further constrain the broader applicability of the findings. Despite these
limitations, the statistical methodology provided valuable insights that

complemented and substantiated the qualitative components of the research.
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Mixed-methods research

A convergent parallel mixed-methods design was employed to examine
relationships  between athletic performance, food choices, and climate
consciousness. Following Denscombe's (2008) pragmatic “third paradigm”
approach, this research combined quantitative seven-day food records with
qualitative semi-structured interviews.

While acknowledging potential epistemological tensions, this integration
leveraged complementary strengths of both methods (Bryman, 2022; Creswell,
2017). The quantitative data captured measurable dietary patterns and CO2e
emissions, while qualitative interviews explored the subjective experiences and
sociocultural contexts shaping food choices. Concurrent data collection facilitated
examination of sequential relationships while recognizing each methods distinct
contribution to understanding the research questions (Creswell, 2017; Shove et al.,
2012).

Initial analysis maintained methodological distinction to preserve the integrity
of each approach (Creswell, 2017). The integration phase was designed to prevent
subordination of either data type, instead identifying points of convergence and
divergence that revealed different aspects of the phenomenon.

Social practice theory provided the theoretical framework for integrating
quantitative and qualitative methods. Rather than seeking direct cross-validation,
this framework examined how competencies, materials, and meanings interacted
to shape sustainable food practices across participant groups.

Method integration offered complementary insights (Creswell, 2017), with each
data type illuminating different aspects of the same practice. When participants
expressed environmental awareness in interviews (meanings), we examined their
documented food choices (materials) to understand how these elements combined
in practice, exploring productive tensions between stated values and measured
behaviors as facets of social practice rather than mere inconsistencies.

Social Practice Theory revealed how both highly-active and moderately-active
groups achieved sustainable food consumption through different motivational
pathways. Higher COze among highly-active athletes, analyzed alongside
performance-focused interview responses, demonstrated how different
combinations of competencies, materials, and meanings aligned with individual
circumstances while still supporting sustainable practices (Shove et al., 2012).

This theoretical framework proved valuable by suggesting that sustainable food

practices may be more effective when tailored to different groups’ primary
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motivations, economic considerations for moderately-active individuals or
performance optimization for highly-active individuals. Successful implementation
of climate-conscious practices requires alignment of all three elements
(competencies, materials, and meanings) while accommodating the different
drivers important to each group.

Using social practice theory as an integrative framework allowed the research
to maintain awareness of methodological complexities while pursuing practical
research goals. While traditional social practice research often relies on home visits
or participant observation during grocery shopping, this study captured
participants’ “doings” through detailed food records. These records provided
insights into actual food consumption and preparation practices in daily life.

The methodology was further enriched by participants sharing photographs of
lunch boxes and shopping carts, offering visual documentation of food practices
in action. This approach, though different from conventional methods of
examining refrigerator contents (Kendall et al., 2016) or conducting shopping
observations (Fuentes & Fuentes, 2021; Marshall, 2016), enabled comprehensive
understanding of how food practices integrated into participants’ daily routines.

This methodology effectively documented not merely what participants
consumed, but how they organized food practices within their day-to-day lifestyle.
The combination of food records and photographic evidence provided rich data
about participants’ actual food practices rather than relying solely on accounts of
intended behaviors. This adaptation of traditional social practice research methods
demonstrates how food consumption practices can be effectively studied through
alternative documentation forms while maintaining theoretical focus on actual

“doings” rather than reported behaviors or attitudes.
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General discussion

In the general discussion, I bring together key findings from all three themes
explored in this thesis. This section provides an overarching view connecting
insights across three areas: school meal programs, gender-based nutrition
disparities, and the impact of physical activity. Here the findings are discussed in a
broader perspective to put the results in a greater context. By examining these
themes together rather than separately, offering a more complete understanding
of the opportunities and challenges in creating sustainable food systems that work

across different settings and populations.

Challenges in climate-adapted food systems

The transition toward climate-adapted food systems presents multiple challenges
that extend beyond COze calculations. Private consumers face barriers including
limited access to sustainable options, higher costs of climate-friendly alternatives,
and conflicting information about nutritional trade-offs. These challenges become
even more pronounced in institutional settings. This thesis reveals fundamental
tensions between environmental goals and nutritional adequacy, particulatly in
public meal settings where nutritional needs must be guaranteed across diverse
populations. The innovative combination of climate impact metrics with
bioavailability calculations provides novel insights for meal planning, revealing
previously overlooked nutritional challenges in supposedly adequate menus, with

implications for both institutional and private food choices.

Ethical considerations: agency and responsibility

A fundamental tension exists between adults’ dietary autonomy and the limited
agency of children and adolescents in public meal settings. While adults can make
informed decisions about nutritional supplementation and dietary choices, pupils
in educational institutions largely depend on predetermined meal options, with
minimal influence over their food selections. Research demonstrates that adult
vegetarians generally need supplementation to achieve adequate nutritional intake

of crucial nutrients such as vitamin B2 and iron (Schipbach et al., 2017). Still,
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female vegetarians remain at heightened risk for iron deficiency (Haider et al.,
2018). In contrast, studies focusing on adolescents and young adults identify
significant risks for deficiencies in several micronutrients, particulatly vitamin D,
iodine, and iron (Grouth-Jacobsen et al., 2024; Peddie et al, 2023). It is
noteworthy, however, that vegetarians often exhibit higher serum folate levels
(Haider et al., 2018) but simultaneously are associated with low levels of serum
ferritin and hemoglobin (Hallstrém et al., 2025; Stubbendorff et al., 2025). The
decision to increase the proportion of vegetarian meals must be grounded in
nutritional science and ethical considerations of equality and fairness. A unilateral
policy approach at the political level may not adequately address the diverse
nutritional needs across populations. Therefore, any systemic changes to public
meals should carefully consider nutritional requirements for all ages and genders
they are obligated to serve.

This limited agency raises important ethical considerations regarding
responsibility for climate action. While public meals, particulatly in schools,
present significant opportunities for reducing CO2e emissions, we must question
the fairness of placing substantial responsibility for climate-adaptation on children
and adolescents. Especially when considering that school meals often represent a
crucial source of daily nutrition for vulnerable populations (Eustachio Colombo
et al., 2020).

Regional differences

In the studied populations in this thesis, urban-rural differences emerged in the
adoption of climate-adapted practices. Large urban municipalities demonstrated
the highest proportion of vegetarian meal servings, while smaller rural
municipalities maintained higher levels of traditional meat-based meals. This aligns
with regions known as the “meat belt”, where cultural resistance to plant-based
alternatives was particularly strong (Pettersson et al., 2024). The situation was
further complicated by limited political support in smaller municipalities in Sweden
for implementing plant-based initiatives, creating a notable difference between
urban and rural areas in their adoption of climate-adapted food practices.

The differences between municipalities in Paper I reflect broad societal
divisions in climate-adapted food practices. This suggests the need for regionally
tailored approaches to implementing climate-adapted meals, with particular

attention to the cultural and practical constraints.
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Implementation challenges and nutritional
concerns

Implementation challenges include economic constraints, particularly in public
settings, cultural resistance to dietary change, and supply chain capabilities. Current
methodologies for evaluating school meal nutritional adequacy require revision,
particularly in their treatment of iron content without adequate consideration of
bioavailability. This oversight could systematically disadvantage female pupils,
whose higher iron requirements necessitate more nuanced approaches to meal
planning (Barre et al., 2018; Beal et al., 2023; Poinsot et al., 2022).

Current menu planning systems lack systematic methods for incorporating
nutrient bioavailability calculations, which is essential for climate-adaptive and
sustainable school meal planning. Paper I revealed a more fundamental concern:
the evaluated recipes failed to meet the recommended 4.5 mg of iron per meal.
This recommendation assumes 15% bioavailability in an omnivorous diet
(Domell6f & Sjéberg, 2024). Further, the recipes in Paper I achieved only 10.3%
bioavailability, which likely represents a more accurate level given the current
proportion of vegetarian meals.

This inadequacy in total iron content inherently excluded the possibility of
achieving recommended levels of absorbable iron, regardless of potential
bioavailability enhancement strategies. This finding underscores the need for a
dual approach: first ensuring adequate total iron content in school lunch menus

and subsequently addressing bioavailability optimization.

Framework for school meal development

This thesis provides a framework for school meal development that goes beyond
traditional considerations of cost and nutrition, by incorporating iron
bioavailability calculations alongside climate impact assessments and consumer
acceptance metrics. This approach could serve as a model for raising the standards
in school meal development. When implementing climate-adapted menus,
ensuring access to nutritious meals should take precedence over environmental
goals, particularly as school meals play a vital role in food security and wellbeing
(Eustachio Colombo et al., 2020). Such an integrated framework could be
particulatly valuable in addressing both the nutritional needs of growing children
and the increasing focus of climate considerations in public food service, ensuring

that food system changes do not disproportionately affect vulnerable populations.
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The relationship between COze and iron bioavailability

This thesis revealed a significant relationship between COze emissions and iron
bioavailability, Paper 1 and II, emerging as a fundamental challenge in designing
sustainable school meals. This conflict was particulatly exemplified in municipal
implementations, where the strongest climate adaptation through increased
vegetarian meal servings coincided with the lowest levels of absorbable iron (Paper
I). Further, Paper I reveals that soy-based meals present a nutritional paradox:
despite having the highest total iron content (4.47 mg), they demonstrate the
lowest bioavailability (3%) due to high phytate content and inhibitory effects of
soy protein (Gleerup et al., 1993; Mayer-Labba et al., 2022; Reddy et al., 1996).
This finding is important as soy-based products constitute 74.7% of PBMAs in the
provided menus in Paper I, highlighting the importance of considering nutrient
bioavailability in nutritional planning rather than total content alone.

There is a relationship between nutritional value and climate impact in different
dietary choices. While meat-based meals in this thesis provided the highest iron
content, both total and absorbable, they also carry the largest COze (Caro et al.,
2017). Vegetarian meals create lower COze emissions than meat-based options
(Aleksandrowicz et al., 2016; Chai et al., 2019; Poinsot et al., 2022; Weidema et al.,
2008) while still providing meaningful nutritional benefits, despite containing
lower levels of absorbable iron (Chigwedere et al., 2023; Mayer-Labba et al., 2022).

On the other hand, research also highlights possible health risks with a high
heme-iron intake, such as increased colorectal cancer risk (Aglago et al., 2023;
Meng et al, 2019; Saarinen et al,, 2025). However, current research reveals
important sex differences in how heme iron intake affects colorectal cancer risk.
Large epidemiological studies demonstrate that while men show increased
colorectal cancer risk, no such association has been found in women. Therefore,
while men may benefit both health-wise and environmentally from reducing their
heme iron intake through decreased red meat consumption, women should focus

on maintaining adequate iron stores without concerns of colorectal cancer risk.

Climate or nutritional trade-offs

Environmental and health impacts of meat

Meat production from livestock, especially ruminants like cattle, sheep, and goats,

has multiple interactions with environmental and human health systems. From an
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environmental perspective, ruminant production contributes significantly to COze
emissions through enteric fermentation (methane) and manure management
(Stanley et al., 2018). The sector also drives land-use change, with pasture and feed
crop production leading to deforestation in some regions. Additionally, intensive
livestock operations can contribute to water pollution through nutrient runoff
(Getber et al., 2015; IPCC, 2022).

Nevertheless, ruminants may provide ecological benefits when managed
appropriately. Well-managed grazing can enhance soil carbon sequestration,
improve soil structure, and maintain grassland ecosystems that support
biodiversity. While grazing animals can help maintain landscapes that evolved with
large herbivores and can be integral to regenerative agriculture systems (Teague et
al., 2008), this position has been challenged. Recent research suggests that even in
cases where grazing might provide benefits, these could potentially be achieved
more effectively through the reintroduction of native herbivores rather than
domestic livestock (Torpman & Ro6s, 2024).

From a human health perspective, meat consumption presents both
opportunities and challenges. As a nutrient dense food, meat provides essential
nutrients including high-quality protein, vitamin B12, iron (particularly heme iron),
zinc, and other micronutrients and the “meat factor” that support various
physiological functions (Adesogan et al., 2020; Leser, 2013). These nutrients are
particularly crucial for vulnerable populations, including pregnant women, growing
children, and older adults. Since these groups are often the main recipients of
public meals, it is essential to carefully consider how policy changes might affect
their nutritional health. This concern is heightened by the fact that policy decisions
are typically made by individuals who will not directly experience their
consequences.

However, epidemiological studies have associated high consumption of red
and processed meats with increased risks of certain health conditions, including
cardiovascular disease, type 2 diabetes (Micha et al., 2010; Schwingshackl et al.,
2017), and some forms of cancer, particularly colorectal cancer (Garcia-Larsen et
al., 2019). The mechanisms may involve compounds formed during processing
and cooking as well as high levels of saturated fats and sodium in processed meats
(Garcia-Larsen et al., 2019).
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Fish as a middle ground option

Fish-based meals appear to represent a middle ground, offering moderate levels of
both iron content and climate impact but can be hard to implement due to other
environmental factors such as overfishing and biodiversity loss. Overfishing poses
a severe threat to marine ecosystems because it disrupts the delicate balance of
ocean food webs, depletes fish populations faster than they can reproduce, and
destroys critical marine habitats (Coleman & Williams, 2002). This not only
endangers marine biodiversity and ecosystem stability but also threatens food
secutity and livelihoods for millions of people who depend on healthy ocean
resources (Coleman & Williams, 2002; Dulvy et al., 2021).

From a human health perspective, fish and seafood consumption offers
substantial benefits while presenting certain risks. The primary beneficial
components include high-quality protein, long-chain omega-3 polyunsaturated
fatty acids (particularly EPA and DHA), vitamin D, selenium, and iodine. Regular
fish consumption is associated with reduced risk of cardiovascular disease
(FAO/WHO, 2011; Mozaffarian & Rimm, 2006). Howevet, potential health risks
exist, primarily from bioaccumulation of environmental contaminants. These
include mercury, found mostly in large predatory fish, and long-lasting toxic
chemicals like PCBs and dioxins that build up in fatty tissue. These contaminants
may adversely affect neurodevelopment in fetuses and young children and
potentially increase cancer tisk in adults (FAO/WHO, 2011).

Given these competing factors, health authorities have reached a consensus
that the benefits of moderate fish consumption (2-3 servings per week) generally
outweigh the risks for most populations. However, they recommend that
vulnerable groups, particularly pregnant women and young children, should
exercise caution with species known to be high in mercury (Blomhoff & Nordic
Council of Ministers, 2023; FAO/WHO, 2011; Gil & Gil, 2015).

Poultry: a popular alternative with many dimensions

While poultry stands out as the most popular meat alternative in Paper I with a
substantially lower COze than red meat, its environmental impact presents a
multidimensional picture. On the positive side, poultry enjoys widespread cultural
and religious acceptance across diverse societies, as evidenced by high
consumption rates worldwide, with its broad adoption facilitated by practical
advantages including affordability, availability, and perceived health benefits

(House et al.,, 2024). According to consumption data and consumer research,



GENERAL DISCUSSION ®

poultry’s widespread adoption as the most consumed meat worldwide, coupled
with its general acceptance, strongly suggests broad palatability across consumer
groups (Connolly et al., 2022; House et al., 2024). However, intensive poultry
farming raises significant environmental and health concerns, including COze
emissions, nutrient runoff into waterways, heavy metal contamination of soil, and
the growing threat of antibiotic resistance. These environmental challenges
highlight the importance of not considering COze alone, but the broader ecological
impact of our food choices (Grzini¢ et al., 2023).

Poultry consumption offers significant nutritional benefits as a lean protein
source rich in essential nutrients. It provides high-quality complete protein,
vitamin B complex (particularly B6 and B12), selenium, zinc, and low amount of
iron in forms highly bioavailable to humans. White meat poultry is notably low in
saturated fat compared to red meat, making it favorable for cardiovascular health
when consumed as part of a balanced diet (Connolly et al., 2022; Marangoni et al.,
2015). However, some processed poultry products, such as nuggets or breaded
fried chicken may contain high levels of sodium and added compounds like
nitrites, which have been associated with increased cardiovascular and cancer risks
when consumed in excess (Micha et al., 2010). Still, the scientific consensus
suggests that unprocessed poultry, when propetly prepared, can be part of a
healthy diet (Connolly et al., 2022).

Plant-based foods: environmental and health implications

Plant-based food production generally has a lower environmental footprint
compared to animal products, particularly regarding CO2ze emissions and land use
(Lacour et al.,, 2018). However, the environmental impact varies significantly
depending on production methods, location, and crop type. While many plant
crops can be produced efficiently, some intensive farming practices can lead to soil
degradation, biodiversity loss, and water pollution through excessive fertilizer use
(Carlsson-Kanyama & Gonzalez, 2009; IPCC, 2022; Nelson et al., 2016).
Plant-based foods demonstrate significant health implications through their
unique nutritional composition. Well-planned vegetarian meals ate often
characterized by high intake of fiber, antioxidants, and phytochemicals, while
being lower in saturated fat and cholesterol compared to omnivorous diets
(McEvoy et al., 2012; Oussalah et al., 2020). Legumes serve as primary protein
sources in vegetarian diets, providing protein along with soluble and insoluble

fiber. Their consumption is associated with improved glycemic control, reduced
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LDL cholesterol, and enhanced gut microbiome diversity (FAO/WHO et al,,
2007; Polak et al., 2015).

However, the bioavailability of minerals in plant foods may be limited by their
phytate content (Sandberg, 2002). As stated throughout this thesis, a diet
dominated by plant-based foods requires more knowledge and planning to avoid
health risks. Adult vegetarians and vegans often rely on supplementation (Groufh-
Jacobsen et al., 2024), while adolescents following these diets have been found to
have higher rates of nutrient deficiencies (Hallstrém et al., 2025; Stubbendorff et
al.,, 2025).

Plant-based meat alternatives: opportunities and challenges

The high iron concentration in PBMAs presents a promising opportunity for
nutritional optimization in public food service. These products have gained
acceptance among omnivorous consumers due to their familiar texture and
palatability (Sogari et al., 2023; Szenderak et al., 2022), making them a preferred
choice for public meal planners (Pettersson et al., 2024). While PBMAs, primarily
manufactured from texturized plant proteins, often contain a substantial total iron
content but the bioavailability of this iron is often compromised by its binding to
phytates.

Several strategies could enhance iron bioavailability in PBMA-based meals:
incorporating absorption enhancers such as vitamin C, adding modest quantities
of meat to create hybrid dishes, or, more fundamentally, modifying the processing
techniques of texturized proteins to reduce phytate content prior to meal
preparation. Studies have demonstrated that fermentation (Eklund-Jonsson et al.,
2008; Knez et al., 2023) and hydrothermal processing (Lemmens et al., 2018) can
increase the amount of bioavailable iron in legumes and whole grains. These
interventions could improve the nutritional value of PBMA-based meals while

maintaining their acceptability among diverse consumer groups.

Promising solutions and applications

Based on these findings, the thesis proposed several promising solutions. The
successful development of hybrid recipes, such as the optimized chili con carne
variants, demonstrates the feasibility of balancing COze reduction with nutritional
adequacy. While these technical solutions show promise, they must be
accompanied by broader changes that recognize and address gender-specific

nutritional needs for a sustainable food system transition.
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The hybrid recipe development strategies that proved successful in school meals
offer promising applications for athletic populations. This thesis demonstrated
that strategic combinations of animal and plant-based protein sources in hybrid
recipes can maintain high protein content and iron bioavailability while reducing
COze emissions by 16-84%. This approach could be particularly valuable for
athletes, who showed strong preferences for animal-based protein sources due to
performance concerns. The successful acceptance of hybrid formulations among
school children suggests that similar strategies could help bridge the gap between
sport nutrition and climate-adaptation in athletic populations, particularly given
that the athletes in Paper III-IV demonstrated sophisticated meal planning
practices that could accommodate such hybrid approaches.

The technical solutions developed for school meals, particulatly the successful
combination of iron bioavailability calculations with COze metrics, provide a
framework that could be adapted for other public food services. The methodology
for optimizing hybrid recipes while maintaining acceptance could be valuable in
sports facilities, workplace cafeterias, and other settings where nutritional
adequacy must be balanced with climate goals.
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Conclusion

Collectively, the findings of this thesis emphasize that promoting sustainable food
consumption requires nuanced, context-specific approaches rather than one-size-
fits-all solutions. Each of the three themes explored reveals important
considerations for balancing climate goals with nutritional adequacy.

School meals as climate champions demonstrate both opportunities and
challenges in sustainable food transitions. The research highlights how public-
school meals can drive meaningful COze reductions through strategic meal
planning but raises important questions about letting children and adolescents,
who have limited agency, carry the responsibility to reach ambitious climate goals.
The successful development of hybrid recipes illustrates that technical solutions
can effectively balance climate goals with nutritional adequacy while maintaining
acceptability, providing a model for other institutional settings.

Gender disparities in low-carbon diets reveal a worrying pattern in which
climate adaptation may affect women’s nutritional status more than men's. The
research challenges the current assumption that low CO, diets are inherently
health-promoting, with findings pointing to nutritional deficiencies that
particularly affect adolescent girls and women of reproductive age with respect
to iron. Overlooking these gender disparities is both a methodological challenge
and an equity concern in food system transitions. This theme highlights the need
for gender-sensitive frameworks in sustainable food planning.

Balancing activity and COgze among young adult consumers demonstrates
how physical activity levels interact with food choices to influence climate
impact. While higher activity levels typically correlate with increased COge
emissions, the identification of successful low-emission, high-performance
outliers suggests opportunities for viable pathways to unite athletic performance
with climate goals. This finding challenges assumptions about inevitable trade-
offs and points toward strategies that can support highly active individuals in
adopting climate-conscious diets without compromising performance.

The thesis demonstrates how social practices, societal structures, and
individual agency interact to shape sustainable food consumption across
these themes. Looking ahead, this work indicates critical areas for development:

creating gender-
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sensitive frameworks for sustainable meal planning, further refining hybrid recipe
formulations, and developing targeted strategies to support diverse populations in
adopting climate-conscious diets. These advances will be essential for developing
effective and fair approaches to promoting sustainable food consumption while
ensuring that climate goals do not compromise individual health and well-being.
The findings have broad implications for public health policy, climate sustainability
efforts, and social equity in food system transitions, emphasizing the need for

integrated approaches that balance climate goals with nutritional adequacy.



Future perspectives

The transition toward climate-adapted public meal systems presents both
significant challenges and opportunities. Looking forward, several key areas for
development emerge in this domain where environmental sustainability must

be carefully balanced with nutritional needs.

Evidence base for climate-adapted diets

The EAT-Lancet Commission (Willett et al, 2019) and Nordic Nutrition
Recommendations 2023 (Blomhoff & Nordic Council of Ministers, 2023) present
compelling evidence that shifting towards plant-based food sources is essential for
reducing COze emissions from food production. The EAT-Lancet report
specifically emphasizes that a global transition to predominantly plant-based diets
could reduce food-related COze emissions by up to 80% (Willett et al., 2019). This
aligns with the Nordic Nutrition Recommendations 2023, which explicitly
acknowledges the dual benefits of plant-based diets for both human health and
environmental sustainability (Blomhoff & Nordic Council of Ministers, 2023).
Adherence to the EAT-Lancet diet has simultaneously been linked to positive
health outcomes (Stubbendorff et al., 2022), and modeling shows that following
the Nordic Nutrition Recommendations, particularly increasing fruit and vegetable
consumption and reducing salt intake, could prevent up to 19.7% of deaths from
cardiovascular diseases and diet-related cancers in Nordic countries (Saha et al.,

2019).

Nutritional considerations and challenges

While the evidence strongly supports both planetary and human health benefits of
plant-based diets, potential nutritional challenges require careful consideration,
particularly concerning mineral bioavailability. This issue is especially relevant for
vulnerable populations, as reduced bioavailability of essential minerals in plant-
based foods could lead to nutritional inadequacies if not properly managed. Young
women, who often lead dietary transition trends toward plant-based consumption,
may face increased nutritional risks if bioavailability concerns are not adequately
addressed, particularly given their higher iron requirements and the lower

absorption rates of non-heme iron from plant sources.
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Research priorities

A key priority for future research lies in developing comprehensive gender-
sensitive frameworks for sustainable meal planning that integrate differential
nutritional requirements while maintaining climate objectives. Particular attention
should be directed toward optimizing bioavailability metrics, especially for
essential minerals like iron, where gender-specific needs intersect with climate
goals. The development and validation of standardized assessment protocols that
incorporate bioavailability measurements could significantly enhance the

evaluation of public meal programs.

Practical strategies for implementation

To promote both health equity and climate-adaptation, public food services,
particularly in schools, should implement evidence-based strategies to optimize
mineral bioavailability such as strategic food combinations to enhance
absorption. Food manufacturers should be encouraged to develop innovative
products that simultaneously address climate concerns and nutritional adequacy
through improved mineral bioavailability, with particular attention to iron
content and absorption. Such developments might include the application of
food processing techniques that reduce anti-nutritional factors, enhance
mineral absorption, or incorporate novel plant varieties bred for higher mineral
content and bioavailability.

The optimization of hybrid recipe formulations emerges as another promising
research direction. These formulations, which strategically combine plant and
animal ingredients, show potential in balancing environmental impact with
nutritional adequacy. Future studies should focus on quantifying the synergistic
effects of different ingredient combinations on nutrient bioavailability, particularly

investigating the role of absorption enhancers in predominantly plant-based meals.
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Implementation strategies require careful consideration in future research
initiatives. The success of low-carbon recipes compared to mandatory vegetarian
meals suggests that gradual, evidence-based transitions may be more effective than
categorical dietary changes. Future research should examine the factors

contributing to successful implementation, including:

e The development of tailored nutritional guidelines that simultaneously
address gender-specific requirements and environmental impacts

e The design and evaluation of educational programs that address gender-
specific barriers to sustainable dietary adoption

e The formulation of public policies that effectively balance nutritional

adequacy with climate sustainability

Policy development and regnlatory framewortes

Policy frameworks must evolve to better support institutional adoption of climate-
adapted meals while protecting nutritional adequacy. Specific policy mechanisms
require development and evaluation, including regulatory frameworks with
mandatory reporting requirements for both nutritional bioavailability and COze in
public meals, standards for hybrid recipe development, and guidelines for gradual
transition periods that allow cultural adaptation. Economic instruments should be
developed to support this transition, including incentive systems for municipalities
achieving both nutritional and climate targets and support mechanisms for rural

communities.

Theoretical frameworks for sustainable transitions

Social practice theory offers valuable insights for implementing sustainable
changes across different populations. Research has revealed how sustainable food
practices emerge through the interaction of competencies (nutritional knowledge,
cooking skills), materials (food availability, preparation tools), and meanings
(petformance goals, environmental values). Policy development should address all
three elements simultaneously. For instance, school meal programs need to
combine practical cooking skills and increased awareness of bioavailability
(competencies) with appropriate kitchen equipment and ingredients (materials),
while fostering positive associations with climate-adapted meals (meanings).
Several critical research gaps require focused investigation. Long-term impact
studies are needed to evaluate the effectiveness of hybrid meal solutions on both

nutritional status and climate goals, particularly in institutional settings. The
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development of validated bioavailability prediction models that can be integrated
into existing meal planning software represents another crucial area for
investigation. Furthermore, research must address the regional variations in
acceptance and implementation of climate-adapted meals, particularly the urban-
rural divide. Studies examining how athletic performance is maintained with
different proportions of plant-based protein sources would provide valuable

insights for both institutional and individual dietary planning.

Path forward

The successful evolution of sustainable public meal systems will depend on
integrating these various research streams into practical, evidence-based solutions.
Future studies must maintain a balanced perspective that acknowledges both the
urgency of environmental sustainability and the fundamental importance of
meeting diverse nutritional needs across different population groups. A successful
transition toward climate-adapted public-school meals requires a holistic societal
approach, where school meals represent one component of a broader shift toward
climate-adapted food consumption, carefully balancing climate goals with
nutritional needs, individual agency, and social equity considerations while
maintaining an evidence-based approach.
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when transitioning to climate-adapted diets without compromising nutritional
needs.
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This thesis examines climate-adapted food consumption through four
studies balancing carbon footprint reduction with nutrition. This thesis
reveals three key themes: school meals as climate champions, gender’s role
in sustainable food practices, and relationships between physical activity and
carbon footprint.

The journey toward climate-adapted eating reveals a paradox: as our meals
become kinder to the planet, they may deprive our bodies of essential nutrients.
This research uncovers how school meals—potential climate champions in
our food system—struggled to deliver sufficient iron when focused solely on
reducing carbon footprint, particularly affecting adolescent girls. Women
stand at the frontlines of this shift—initiating sustainable practices in their
households while simultaneously facing the greatest nutritional risks. Even
among athletes, where protein-rich diets typically drive-up carbon footprints,
some pioneers demonstrate that performance and climate-consciousness can
coexist through thoughtful food choices. This thesis challenges us to move
beyond simplistic “eat less meat” narratives toward a more nuanced approach
that honors both environmental goals and human wellbeing, recognizing
that the path to truly sustainable eating must nourish both people and planet.
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