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a b s t r a c t

Dietary climate impact in a Swedish population (56e95 years old) was estimated based on self-reported
food intake from 50 000 men and women within two population-based cohorts and on climate data,
covering emissions from farm to fork, for 600 foods representative for the Swedish market. Aims were to
assess variation in dietary climate impact between population groups and between food categories.
Mean dietary climate impact was 2.0 tons of CO2e/person/year, with about a threefold variation between
high and low impact individuals. Food loss and waste accounted for 18%. Older individuals and women
on average had lower total dietary climate impact per year, while differences between gender were
smaller per 1000 kcal. Climate impact was greatly affected by dietary composition and especially by the
content of animal-based and discretionary foods, responsible for 71% and 12% of total climate impact,
respectively. Results indicate a large potential for reduced climate impact by adopting realistic dietary
patterns. Suggested strategies to reach climate goals include reduction of red meat and prioritising lower
impact foods within meat, dairy and seafood categories, limited consumption of discretionary foods and
decreased over-consumption of total calories, combined with improvements in production including
reduction of food loss and waste.
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Production and consumption of food is identified as one of the
key drivers of climate change, estimated to be responsible for be-
tween 21 and 37% of global greenhouse gas emission (GHGE) (IPCC,
2019). Dramatic reduction of GHGE is needed within the next de-
cades to meet climate goals and minimize hazardous effects from
global temperature rise. This will require large efforts on all fronts
including major changes in current ways of producing and
consuming food.

Over the last decade, many studies have assessed climate impact
of individual foods and overall diets (Aleksandrowicz et al., 2016;
Clune et al., 2017; Poore and Nemecek, 2018). Although these
studies have led to major knowledge gains, limitations in under-
lying methods affecting the quality of results are remaining
Bojana.Bajzelj@slu.se (B. B),
(S. J), Agneta.Akesson@ki.se
. U).

r Ltd. This is an open access article
(Ridoutt et al., 2017). For instance, assessments of dietary climate
impact are to a large extent based on national statistics which is not
equal to what is consumed and hides variations in dietary intake
between population groups, or are based on theoretical diets
developed to optimize health and environmental effects that fail to
capture aspects of human acceptability and preferences (Conrad
et al., 2020; Gonz�alez-García et al., 2018; Perignon, 2017). More-
over, studies are also hampered by uncertainties linked to climate
data calculations (Notarnicola et al., 2017) and are often based on
simplifiedmodels where climate data for a limited number of foods
are used as proxies for larger food groups and where whole food
groups could be excluded due to data limitations (Vieux et al.,
2020). In addition, climate data used are often from sources using
different assessment methods and are seldom representative for
the market under study, impairing comparability and undermining
quality, as climate impact can vary greatly depending on differences
in food production methods and region-specific conditions
(Sandstr€om et al., 2018).

This paper estimates the dietary climate impact in an upper
middle-aged and elderly Swedish population. We combined self-
reported dietary intake in 2009 among 50 000 women and men
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from two population-based cohorts with climate data for about 600
food items representative for production of foods available on the
Swedish market. The overall aim of the study was to provide
improved knowledge about variation in dietary climate impact
between groups of the population, as well as between and within
different food categories. Use of high quality dietary and climate
data, taking into account the variation in climate impact between
production systems and in dietary patterns between groups within
the population, will provide more precise estimates of the climate
impact of the Swedish diet and its different components. Key diet
changes required for reduction of climate impact that are accept-
able in different segments of the population will be identified.

2. Methods

2.1. Study population and dietary intake

Dietary information was derived from a self-administered 132-
item food-frequency questionnaire (FFQ) (available at www.si
mpler4health.se) completed in 2009 by the participants in the
Swedish Mammography Cohort (25 540 women) and the Cohort of
SwedishMen (26 578 men), aged 56e95 years (Harris, 2013). These
two population-based cohorts were representative of the Swedish
population in the age group of 56e95 years in terms of similar age
distribution, attained education and prevalence of overweight.

Participants indicated their average consumption of each food
item during the past 12 months, choosing from eight predefined
frequency categories, ranging from never/seldom to three or more
times per day. The individual total energy intake per day was
estimated by multiplying intake (frequencies derived from the FFQ
multiplied by sex- and age-specific portions sizes) with the energy
content of all the foods and beverages. Participants with inade-
quately reported intake (energy intake outside 3 SD of log-
transformed mean) were excluded. Behind the 132 food items/
questions on the FFQwere 607 specific foods/dishes, as many of the
food questions were representing several specific foods and dishes.
The specific foods and their splits were based on dietary surveys,
market shares and expert judgements. Consumption of vegetable
oils and spreads was only included in the analysis as part of com-
posite dishes as the FFQ did not allow for an estimation of quan-
tities consumed.

2.2. Calculation of climate impact

Climate impact was calculated for all 607 foods and composite
dishes for which dietary intake data were available from the co-
horts (Table S2). Climate impact of food itemswas based on existing
life cycle assessments (LCA) that were harmonised and modified.
The most representative data for Swedish consumptionwas chosen
with regards to production method and region. Data was gathered
to capture differences due to e.g., country of origin, production
method, energy mix and energy use for processing and cooking,
mode of transportation and type of packaging (for details see
supplementary materials).

The system boundaries included GHGE from farm to fork,
including emissions from primary production, energy use in pro-
cessing, packaging, international transportation to Sweden, na-
tional transportation and distribution, home transportation by the
consumer, and cooking, including losses and wastage of edible food
along the food system studied (Fig. 1). The variation in climate
impact from food items of different origin and productions systems
was then aggregated based on percentage contribution obtained
from national consumption statistics to create climate data repre-
senting the average GHGE embodied in food products consumed in
Sweden. Emissions of GHG were calculated per cooked edible
2

weight of food, i.e. adjusted for non-edible parts of the food and
considering weight changes during cooking. Climate impacts from
land-use change and soil carbon change were not accounted for.

Climate impact of foods was calculated based on LCA data
identified in the literature. To increase the comparability of GHGE
between foods and to address the challenges posed by variability in
the methods of the LCA studies from which the emission values
were taken, GHGE of individual foods were calculated by
combining emission values specific to each individual food (for
emission-significant lifecycle stages, i.e. primary production and
processing) and set emission values for aggregated food groups (for
less significant lifecycle stages, i.e. transportation, packaging and
cooking). For further details on methods and data aggregation,
please see supplementary materials.

2.3. Dietary climate impact

Dietary climate impact of each individual within the cohort was
assessed per yearly consumption and per 1000 kcal of food
consumed (energy-adjusted climate impact). The latter was
assessed to distinguish the effect of variation in total energy intake
from the effect of variation in food consumption patterns, pre-
sented as the mean and standard deviation (SD) as well as the 5th
and 95th percentiles. To generalize the results to the Swedish
population of similar age, we accounted for differences in the age
distribution between the cohort and the Swedish population, using
a weighted average reflecting the Swedish population (the Swedish
age distribution in 2009; Statistics Sweden).

To capture differences between groups within the population,
separate assessments were performed for men and for women as
well as per age groups (five-year categories). We calculated the
dietary climate impact for the separate food groups, where foods
were categorised into 12 food groups. Dietary climate impact was
also reported for animal-based foods (red meat, poultry and eggs,
dairy, seafood), plant-based foods (vegetables, fruits, berries, nuts,
seeds, bread, grains, cereals, rice and pasta) and discretionary foods
(non-alcoholic drinks with exception of milk, alcoholic drinks,
sweets and snacks, other foods). Table S2 provides further details
on the categorisation of foods.

To assess the climate impact from food losses and waste, GHGE
were calculated both including and excluding emissions from los-
ses andwaste of edible food along the food chain (Fig.1) (see details
in supplementary materials).

3. Results

3.1. Dietary climate impact in the study population

Mean dietary GHGE in the population were 2.0 tons of CO2e/
person/year, equal to 5.5 kg CO2e/person/day (Table 1). Comparing
the 5th and 95th percentiles (1.0 and 3.3 tons CO2e/person/year),
indicated a 3-fold difference between the highest 95% and lowest
5% of the population. A fairly similar difference between high and
low total dietary GHGE was obtained by comparing quintiles of the
population distribution, as the average among 10 177 men and
women with highest 20% (3.0 tons CO2e/person/year) and 10 177
with the lowest 20% (1.2 tons CO2e/person/year) differed by 2.5
times. Results for weighted dietary GHGE, reflecting the Swedish
population based on Swedish age distribution, generated overall
small deviations, demonstrating a representative study population
in terms of age. The corresponding energy-adjusted mean was
2.4 kg of CO2e/1000 kcal (5e95 percentiles 1.8e3.2). Climate impact
from edible food losses and waste along the food chain accounted
for 0.35 tons of CO2e/person/year, corresponding to 18% of the
mean dietary GHGE in the population.

http://www.simpler4health.se
http://www.simpler4health.se


Fig. 1. System boundaries used for calculating GHGE of food. Indicates life cycle stages for which GHGE were accounted for (grey), stages in which edible food loss was accounted for
(black), adjustments made to consider non-edible parts and weight changes in cooking (orange), and functional unit (yellow).

Table 1
Dietary climate impact of the total population, men and women 56e95 years old.

Total population Women Men

Climate impact per total amount of food consumed (kg CO2e/person/year)
Dietary GHGE, mean (SD) 2002 (737) 1695 (555) 2298 (770)
5e95th percentiles 1009e3325 917e2671 1209e3618
Dietary GHGE excluding food loss and wastea, mean (SD) 1650 (616) 1394 (466) 1897 (642)
Dietary GHGE, weighted meanb 2051 1724 2382
Energy-adjusted dietary climate impact (kg CO2e/1000 kcal)
Dietary GHGE, mean (SD) 2.43 (0.44) 2.46 (0.43) 2.41 (0.46)
5e95th percentile 1.78e3.19 1.82e3.18 1.75e3.20
Dietary GHGE, weighted meanb 2.47 2.49 2.46

a No edible food loss and/or waste was accounted for along the food chain.
b Weighted mean reflecting the Swedish population based on data on the age distribution in 2009 (Statistics Sweden).
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3.2. Variation in dietary climate impact within the study population

3.2.1. Differences between men and women
Mean dietary GHGE for women and men were 1.7 (5e95 per-

centiles 0.9e2.7) and 2.3 (5e95 percentiles 1.2e3.6) tons of CO2e
per year, respectively (Table 1). On average, men had 36% higher
dietary climate impact compared to women, but the variation be-
tween low and high impact individuals was large. The gender dif-
ferencewasmainly due to a highermean energy intake amongmen
(2631 kcal/day) as compared to women (1906 kcal/day), rather
than the type of foods consumed. The per 1000 kcal climate impact
was even slightly higher (1.7%) in women than in men.
3.2.2. Differences between age groups
There was a tendency of reduced dietary climate impact with

increasing age (Fig. 2a, Table S1), that was larger for men (average
decrease 5.9% per 5 years) than for women (3.6% per 5 years). Mean
dietary climate impact in the youngest group of the population
(56e60 years, 2.6 tons of CO2e per year) was 46% higher compared
Fig. 2. Mean dietary GHGE a) per person and year, and b) per 1000 kcal. Re
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to the oldest age group (81e95 years, 1.8 tons of CO2e per year),
corresponding to a difference of 0.8 tons of CO2e per year. When
comparing the youngest and oldest age groups the difference in
mean dietary climate impact was 0.32 and 0.70 tons of CO2e per
year in women and men, respectively. For women this corresponds
to a 21% higher dietary climate impact in the youngest age group
compared to the oldest, for men the difference was 36%. A similar
trend of reduced dietary climate impact with increasing age was
observed also when results were assessed per 1000 kcal of food
intake (in all age groups in women, from 61-65 years and older in
the total population and in men) (Fig. 2b). Mean dietary climate
impact in the youngest (2.5 kg of CO2e/1000 kcal) and oldest (2.3 kg
of CO2e/1000 kcal) age group differed by 12%.
3.3. Climate impact from consumption of different food groups

3.3.1. Food groups contribution to dietary climate impact
Fig. 3 illustrates to what extent consumption of different food

groups contributed to dietary climate impact within the study
sults for men, women and the total population by different age groups.
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population. More detailed results displaying climate impact per
sub-group are provided in Table S2. Animal-based foods, delivering
on average 42% of total energy, accounted for 71% of the total mean
dietary climate impact in the population, corresponding to 1.4 tons
of CO2e/person/year. Within those, the biggest are red meat (29%)
and dairy (30%), with the remainder being seafood, poultry and
eggs at total 12%. Plant-based foods, delivering on average 41% of
total energy, accounted for 18% of the total dietary climate impact in
the population, corresponding to 0.35 tons of CO2e/person/year.
Discretionary foods, providing on average 17% of total energy but
little or no nutritional value, accounted for 12% of total dietary
climate impact in the population, corresponding to 0.24 tons of
CO2e/person/year.

3.3.2. Climate impact per food group e differences between men
and women

Comparison between men and women revealed some differ-
ences in the share of total dietary climate impact coming from
different food groups (Fig. 4, Table S2). Animal-based foods overall
contributed to a slightly larger share of dietary climate impact in
men compared to women (72% compared to 69%). Red meat
accounted for a larger share of total GHGE in men compared to
women (32% compared to 26%), whereas consumption of dairy,
seafood, poultry and eggs accounted for a larger share of total GHGE
in women compared to men (43% compared to 40%). Plant-based
foods accounted for a larger share of dietary climate impact in
women compared to men (20% compared to 16%), resulting mainly
from larger GHGE from vegetables and fruit intake in women.
Consumption of discretionary foods accounted for a larger share of
dietary GHGE in men compared to women (13% compared to 11%).
Within this group, higher intake of sweets and snacks as well as
alcoholic drinks explained the main difference between genders.

3.3.3. Climate impact per food group e differences between age
groups

Fig. 5 illustrates the differences by age in contribution of five
major food groups to total dietary climate impact for men (Fig. 5a),
women (Fig. 5b) and the total population (Fig. 5c). There was a
clearly lower climate impact related to red meat consumption in
older men, whereas for women this was less pronounced (but
Fig. 3. Different food groups’ contribution in percent to the total dietary GHGE as well as to

4

starting from a lower level in the younger group). In contrast to
other food groups, for which dietary climate impact was lower in
older age groups, impact from dairy consumption in women
remained constant or was even slightly higher with increasing age.
Another interesting observation was that the climate impact from
dairy products exceeded the impact from redmeat in all age groups
above 60 years for women and in the oldest age group for men.

3.4. Climate impact from production of different food groups

Fig. 6 and Table S3 illustrate the large variation in climate impact
existing between and within food categories. In contrast to the
previous sections, presenting results for dietary climate impact,
here results refer to the climate impact per kg of food produced,
expressed as the mean climate impact of foods on the Swedish
market. This gives an additional dimension to different food groups’
contribution to total dietary impact. For example, many alcoholic
and non-alcoholic drinks as well as foods from the food group
“sweets and snacks” have relatively low climate impact per kg food
produced. However, their contribution to the diet’s total climate
impact is substantial due to a high consumption. Fig. 3 showswhich
food categories were responsible for the largest dietary climate
impact and thus indicates dietary changes of highest priority to
reduce GHGE from the diet. Fig. 6 illustrates concrete examples of
various dietary changes that can lead to a reduction in climate
impact in practice.

4. Discussion

4.1. GHGE of Swedish diets in relation to climate goals

Our result using a comprehensive estimations of the dietary
GHGE in a population-based study showed a mean dietary climate
impact of 2.0 tons of CO2e/person/year, which is comparable to
previous estimates of Swedish diets (1.5e2.2 tons of CO2e/person/
year, Table S4), and of populations in other countries with affluent
diets (Gonz�alez-García et al., 2018; Hallstr€om et al., 2015). No
established targets exist for sustainable levels of dietary GHGE.
However, attempts have been made to define a per capita emission
level that would be compatible with the 2015 Paris agreement (UN,
the total energy intake in parentheses (For further details per sub-group see Table S2).



Fig. 4. Mean dietary GHGE in tons of CO2e/person/year and contribution per food groups e highlighting differences by gender and age. (More detailed results provided in Table S2).

Fig. 5. Mean dietary GHGE of specific food groups in kg of CO2e per year by age for (a) men, (b) women and (c) the total population (weighted by gender).
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2015) to keep global average temperatures below 1.5e2.0� above
pre-industrial levels. Global targets for total average climate impact
in 2050, across all sectors (including energy and other non-food
related), have been suggested to 1.3e2.4 tons of CO2e/capita/year
(Ritchie et al., 2018). The EAT-Lancet commission proposed a global
target for GHGE from the food system, set at 5 (uncertainty range
4.7e5.4) gigatons of CO2e in 2050 (Willett et al., 2019), equivalent
to 0.68 (uncertainty range 0.68e0.73) tons of CO2e/capita/year if
emissions are evenly distributed across the global population
(Moberg et al., 2020). Our results indicate that average dietary
climate impact in the Swedish population studied exceed sustain-
able levels about threefold, and that even GHGE among individuals
with the lowest climate impact exceed proposed levels (lowest 5th
5

percentile still causes 1.1 tons of CO2e/capita/year). Some of the
reduction in impacts needed could be achieved through changes in
the production practices to complement reduction achieved with a
substantial dietary change. Efforts to reduce food loss and waste
along supply chains, estimated to be responsible for almost a fifth of
the total mean dietary climate impact, offer large potential for
improvement.

4.2. Variation between groups in the population

The large variation in dietary climate impact within the popu-
lation, also noted for energy-adjusted dietary climate impact, in-
dicates that great reduction of GHGE is possible by adopting dietary



Fig. 6. Variation in climate impact per kg of food produced within and between food groups. Climate impact expressed per edible weight at the stage of the consumer, cooked
weight for foods that require preparation, including GHGE from food loss and waste along the food chain. Bars represent minimum and maximum values for the whole food group,
forks represent mean climate impact for selected foods illustrating examples of variation within each food group. Maximum values for red meat (beef) and seafood (shrimps) are
60 kg CO2e/kg food. More details and data are provided in supplementary materials and Table S3.
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patterns that are realistic and acceptable in parts of the Swedish
population. As expected, men as a group had higher (36%) dietary
climate impact than women, and has been suggested as an
important target group for interventions of more sustainable diets
(Hjorth et al., 2020; Hyland et al., 2017; Meier and Christen, 2012;
Sj€ors et al., 2017). However, the difference between genders in total
GHGE in the present study did not persist for energy-adjusted
climate impact. This indicates that higher dietary climate impact
in menwas mainly due to higher (39%) total energy intake and to a
lesser extent influenced by differences in dietary choices. Similar
findings were found in a study of Swedish adults age 18e80 years,
where women had 26% lower dietary climate impact than men but
only 6% lower energy-adjusted GHGE (Sj€ors et al., 2017). In contrast,
some other studies found that men had substantially higher dietary
climate impact also for the same amount of calories (Hjorth et al.,
2020; Hyland et al., 2017; Rose et al., 2019). Our results show that
men eat more high climate impact red meat than women, but they
also eat more discretionary foods often having a lower climate
impact per calorie, levelling the energy-adjusted GHGE somewhat.
This is in line with previous research showing that women, as
compared to men, tend to consume higher proportions of plant-
based food and adhere to diets with overall better nutritional
quality that are closer to dietary recommendations (Mattisson,
2016; Sj€ors et al., 2017).

Energy intake has been stressed as a main factor explaining
differences in dietary climate impact between sub-groups in the
population (Hendrie et al., 2016; Hyland et al., 2017; Masset et al.,
2014; Perignon et al., 2017; Vieux et al., 2012). Differences in total
energy intake between genders and individuals in general can
partly be explained by different energy requirements but is also
affected by the degree of over-consumption of total calories. In-
terventions for reducing over-consumption of food should thus be
considered as an effective policy option that benefit both climate
and health.

Our results indicated a relationship between reduced dietary
climate impact and age. Lower GHGE in older age groups was
especially visible amongmen and observed both for total GHGE and
energy-adjusted climate impact. This indicates that lower climate
6

impact in older individuals was an effect of both overall lower
energy intake as well as different food choices. When interpreting
these results, the high age of the studied population should be kept
inmind (56e95 years). Age has been shown to be a strong predictor
of dietary climate impact (Hjorth et al., 2020; Strid et al., 2019) but
results vary depending on the included age ranges of the studied
population. A study of the Swedish population aged 29e65 years
showed that men with a median age of 40 years had the highest
dietary climate impact (Strid et al., 2019). Lower energy re-
quirements and reduced appetite can partly explain the lower di-
etary climate impact among elderly. However, changed dietary
patterns and especially the lower intake of red meat in older men
also affected GHGE per 1000 kcal in this study. Previous studies that
included younger segments of the adult population (from 18 years)
show mixed results, where younger individuals had both relatively
higher (Hyland et al., 2017) and lower (B€alter et al., 2017; Rose et al.,
2019) dietary GHGE compared to older age groups. Higher BMI,
higher educational level and residence in urban areas are other
socio-demographic characteristics that have been associated with
higher dietary climate impact in the Swedish population (Strid
et al., 2019).

4.4. Methodological implications

Studies that assessed climate impact from Swedish diets vary in
method choices, including population studied, source and age of
dietary data, climate assessment method, and system boundaries
(Table S4). In this paper, the population studied is older compared
to previous assessments mainly based on national statistics of
average per capita food consumption or reported dietary intake in
younger age groups. This paper also differs methodologically by
including GHGE up to the consumer whereas system boundaries in
most previous studies end at farm or retail gate (Gonz�alez-García
et al., 2018). Climate impact assessments of food are influenced
by several methodological choices that can have substantial effect
on results (Moberg et al., 2019). Below we describe some main
methodological consideration and discuss their possible impact on
results.



H. E, B. B, H. N et al. Journal of Cleaner Production 306 (2021) 127189
Like most previous studies, this paper does not include GHGE
from land use change, e.g. changes from forest to agricultural land
or pasture. The lack of standardized methods to account for GHGE
from land use change on product or consumption level and large
variations resulting from different methods explain the limited
number of studies including these effects (Goh et al., 2016;
H€ortenhuber et al., 2014). Two studies that assessed Swedish di-
etary climate impact including effects from land use change esti-
mated GHGE related to deforestation in the tropics to be 0.2 and 0.5
tons of CO2e/capita/year, respectively (Cederberg et al., 2019;
Sandstr€om et al., 2018). Based on these estimates, inclusion of
emissions from land use change could potentially increase dietary
climate impact in our study by 10e25% resulting in per capita GHGE
of up to 2.5 tons of CO2e per year. Climate impact from land use
change has previously mainly been linked to consumption of
animal-based foods, processed foods and beverages and stimulants
such as coffee (Cederberg et al., 2019; Moberg et al., 2020;
Sandstr€om et al., 2018). Our results for dietary climate impact,
especially related to animal-based foods, would be higher if land-
use change effects were included.

Another methodological consideration not accounted for in this
study are effects from soil carbon change, e.g. due to changes in
management or cultivation on land not in equilibrium. Soil carbon
changes refer to emissions or sequestration of atmospheric carbon
dioxide in soils related to e.g. carbon input from manure and crop
residues (Bolinder et al., 2020). There is lack of scientific consensus
regarding the best method for accounting GHGE related to soil
carbon change and different methods in the literature provide
varying results (Bessou et al., 2020). Based on the results from
Moberg et al. (2019) effects from soil carbon change will increase
GHGE per kg for vegetables (0.5e70%) and for meat from mono-
gastric animals (11%) whereas emissions will be reduced for beef
(5%), fruits and berries (3e23%), as well as coffee and cacao (3e6%).

The characterization factors (CFs) used for accounting GHGE
also have implications for assessments of dietary climate impact.
CFs expressed over a 100-year time frame vary between 25 and 35
for CH4 and 265e298 for N2O depending if based on IPCC 2014 or
2007, and whether climate carbon feedbacks are accounted for or
not (IPCC, 2007, 2014). In this study the most updated CFs including
climate carbon feedback effects (GWP CH4-34, N2O-298) were used
to quantify GHGE from animal-based foods and rice, where
methane emissions in the production are most significant. Due to
data limitations, CFs from 2007 (GWP CH4-25, N2O-298) were used
to calculate the climate impact of plant-based foods, with exception
for rice. A global database of food LCA data reporting GHGE up to
retail provide results calculated using both CFs from IPCC 2007 and
2014 including climate carbon feedbacks (Poore and Nemecek,
2018). Based on these data, the choice of CF mainly impact
animal-based products for which GHGE per kg was increased by up
to 20% (16e21% for ruminant meat, 7e12% for pork, seafood and
dairy products), whereas for poultry, eggs and most plant-based
foods the choice of CFs influenced GHGE per kg by less than 5%.
Updating the CFs for plant-based foods in our study would lead to a
somewhat higher climate impact from plant-based foods.

Results from climate impact assessments of foods and diets may
vary depending on the used functional unit. In this study, climate
impact data were expressed per kg of food produced, alternatives
methods presented in the literature include functional units
relating the environmental impact per kg of foods to the energy or
nutritional content (Hallstr€om et al., 2018).

4.5. Strengths and limitations

A major strength of this paper is the quality and granularity of
dietary and climate data. Dietary data from the cohorts is based on
7

a large number of individuals that allows distinction between
groups of the population and has a level of detail that enables
analysis of dietary climate impact both between and within food
categories. Many efforts were made to increase the accuracy of the
climate assessment. Climate data were produced with a systematic
approach where important methodological choices were harmon-
ised to avoid that foods were assessed differently due to variations
in underlying methods and assumptions. By covering GHGE up to
the plate of the consumer the results indicate the magnitude of the
total climate impact from food consumed and wasted along the
food chain. Emissions were reported per edible weight of food after
adjustment for weight changes in cooking, which was necessary for
a correctmatchingwith reported dietary intake levels. The unit also
enables comparison of the climate impact of foods in the form they
are eaten, in contrast to the most common unit per raw weight of
the whole food (including e.g. bones, shells, kernels). The choice of
reported unit can substantially affect the climate assessment of
food categories, by giving higher climate impact to foods that loose
water during cooking (e.g. meat, fish and vegetables) and that are
peeled or trimmed before consumption, while foods that swell
during cooking will result in lower climate impact (e.g. pulses and
rice). The climate analysis of this study is moreover based on a
thorough literature search with the aim of using specific LCA data
for all foods reported in the cohort. To capture variations between
different productions systems, climate impact was calculated
mainly with region-specific LCA data which were aggregated to be
representative for Swedish food consumption. The method cap-
tures variation in GHGE due to the most influential parameters in
food production such as differences between vegetables cultivated
in field and greenhouses using different energy supply, seafood
fished or farmed with different production techniques and differ-
ences in intensity and choice of feed in animal production.

Despite these efforts there are limitations that should be
consideredwhen interpreting the results of the study. Self-reported
food intake generally involves shortcomings with incorrect
reporting, especially regarding unhealthy foods that are often
underreported and healthy foods overreported (H€ornell et al.,
2017). Conclusions based on the variation in GHGE within the
study population (e.g. 5th and 95th percentiles) may be more
affected by such potential misreporting. Yet, by excluding those
with inadequately reported intake and that we obtained fairly
similar results in GHGE by comparing for extreme quintiles, our
results seemed fairly robust. Dietary composition is moreover
based on reported food intake in 2009 which may not be entirely
representative of current Swedish diets. For example, a trend of
reduced intake of animal-based and discretionary foods and lower
total dietary climate impact was observed when comparing dietary
habits of a Swedish population (25e75 years) in 2001e2005 with
2014e2018 (Mehlig et al., 2020). As eating habits may differ be-
tween younger and older individuals, the high age of the popula-
tion studied may not be representative to younger populations and
should be considered when comparing the results with other
studies. Previously discussed uncertainties with climate data and
impact of method choices can affect the climate assessment and
indicate that our results may underestimate the true GHGE of
Swedish diets. For some food groups, availability of LCA data was
limited (e.g. snacks and sweets, processed foods). Gaps in LCA and
trade data meant that weighted consumption based climate data
could not be calculated for all foods included. Climate data of these
foods, mostly consumed in smaller quantities, are subject to greater
uncertainty. Another limitation is that estimations of edible food
loss and waste along the food chain were based on data that are
over ten years old and extrapolated from limited data (Gustavsson
et al., 2011). This study, as well as previous studies (Conrad et al.,
2020), show that food loss and waste account for a substantial
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share of the diet’s climate and environmental impact and the lack of
updated data of how global food waste differs between food cate-
gories and world regions affects the reliability of this and other
similar studies. Conversion factors for weight losses in cooking is
another source of uncertainty, which has substantial effect on the
GHG intensity of foods and that can vary depending on prepara-
tions mode (i.e. time, heat etc.). The scope of this paper is limited to
dietary climate impact and does thereby only capture one of several
important sustainability aspects. Climate impact is of high rele-
vance due to the large impact from the food system and major
changes required to achieve climate goals. Availability of LCA data
of foods is higher for climate impact compared to other environ-
mental impacts which enabled inclusion of more food items and
use of region-specific LCA data capturing variations in production
systems. Climate impact has moreover been shown to serve as an
indicator for additional environmental effects for certain food
groups (Kalbar et al., 2017; Martin and Brand~ao, 2017; R€o€os et al.,
2013; Ziegler et al., 2016). However, reported synergies are not
general for all food production systems, food items or environ-
mental effects.

4.3. Food groups’ contribution to dietary climate impact

Our results show that dietary climate impact of the studied
population was primarily related to consumption of animal-based
foods (71% of GHGE), and to consumption of red meat and dairy
products in particular (29%, 30% of GHGE). This can be compared to
the contribution of plant-based foods which provide the same
amount of calories as animal-based foods but substantially lower
GHGE (18% of GHGE). The results are in linewith previous studies of
Swedish dietary patterns where animal-based foods were esti-
mated to be responsible for 67e68% of total dietary climate impact,
and plant-based and discretionary foods for 15e17% and 13e18%,
respectively (Moberg et al., 2020; R€o€os et al., 2015).

This study indicates that reduced dietary climate impact can be
realised through various changes both between and within food
categories. Our results confirm previous findings that the biggest
potential for reduced dietary climate impact lies within the tran-
sition from animal-based to plant-based foods but also highlight
that choosing wisely within food groups of similar nutritional value
entails a substantial potential for reduced dietary climate impact.
Within the group of animal-based foods, beef, lamb, butter, cheese
and certain seafood species (e.g. crustaceans) have the highest
climate impact per kg of food. For the diet to be compatible with
climate goals, very limited amounts of these foods are possible and
reduced intake in favor of plant-based foods will result in major
climate benefits. However, options for reduced GHGE are also
available by prioritising less climate-intensive animal-based foods,
for example pelagic fish, such as herring, mackerel and sardines,
eggs, milk and yoghurt, and biproducts from offal, e.g. foods based
on blood and liver. While reduced intake of animal-based products
is of the highest priority from a climate perspective, there is good
reason for improved policies aiming to increase consumption of
healthy plant-based foods. In fact, too low consumption of whole
grains, legumes, fruit, vegetables, nuts and seeds is identified
among the top ten dietary risk factors of premature death in
Sweden and globally (Murray et al., 2020; IHME, 2019). As long as
increased consumption of healthy plant-based foods replaces foods
with higher climate intensity, the dietary transitionwill also benefit
the climate.

Our results also show that a substantial share (12%) of dietary
climate impact is related to consumption of discretionary foods of
low nutritional value that are associatedwithmajor negative health
effects. Discretionary foods often have low GHGE per kg of food
which highlights the importance of considering impact per amount
8

of both produced and consumed food when evaluating and
comparing environmental impact of foods. Climate impact from
consumption of discretionary foods in fact exceed total GHGE from
vegetables, fruits, nuts and seeds in the studied population. To
reverse the trend of dietary patterns exceeding recommendations
for both caloric intake and GHGE, it is more relevant than ever to
implement effective policy instruments for reduced intake of
discretionary foods. Among existing policy options, taxes on alco-
holic and sugar sweetened beverages are examples of implemented
policies that successfully reduced consumption of discretionary
foods in some countries (Temme et al., 2020).

4.6. Future research needs

Several ecological and physical limits are at increased or high
risk of being exceeded, including genetic diversity, biochemical
flows of nitrogen and phosphorus, land system change and climate
change (Steffen et al., 2015). A recent study showed that Swedish
diets exceed global environmental boundaries for GHGE, cropland
use, applications of nitrogen and phosphorus and biodiversity
(Moberg et al., 2020). These effects are therefore critical to include
in future assessments of diets environmental impacts. Identifica-
tion of dietary patterns benefiting both the environment and health
also require further analyses of the nutritional content and health
effects of diets varying in environmental performance. Better
knowledge of synergies and potential trade-offs between sustain-
ability perspectives at food product and dietary level is required to
support policy decisions and to reduce the risk of sub-optimal
decisions.

A more comprehensive understanding of environmental impact
of dietary patterns and variations within segments of the popula-
tion also requires complementary assessments that capture dietary
patterns in different age groups of the population. Assessments
based on recent dietary data are needed to capture new con-
sumption trends and impacts from novel foods. For many novel
foods, including plant-based substitutes to meat and dairy, LCA
data and dietary assessments are currently limited and improved
knowledge is needed about their environmental and health effects.
Development of FFQs designed to capture differences in production
systems could improve future assessments of environmental
impact based on self-reported diets. More applied research efforts
are also of high importance to transform knowledge about sus-
tainable food production and consumption into effective policy
tools that can change dietary patterns in practice.

5. Conclusions

This study shows that the variation in dietary patterns within a
middle-aged and elderly Swedish population result in large dif-
ferences in climate impact. Older individuals and women on
average had lower dietary climate impact, while men and women
had similar climate impact per energy intake. Climate impact was
greatly affected by dietary composition and especially by the con-
tent of animal-based products, responsible for almost three quar-
ters of total climate impact. High consumption of discretionary
foods, often with low GHGE per kg of food, contributed substan-
tially to the overall climate impact of the diet. Our findings indicate
a large potential for reduced climate impact by adopting dietary
patterns that are realistic and acceptable in parts of the Swedish
population. The role of food losses andwaste is emphasised and the
importance of capturing its environmental impact in dietary
assessment and need for improved and harmonised data and
methods is highlighted. Based on this analysis, suggested strategies
to reach climate goals include reduction of red meat and priori-
tising lower impact foods within meat, dairy and seafood
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categories, limiting consumption of discretionary foods and over-
consumption of total calories, combined with improvements in
production including reduction of food loss and waste. The results
are useful for policy making, e.g. in dietary advice to guide con-
sumers and other stakeholders in the food chain towards food
choices and diets that benefit both planetary and human health.
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