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The environmental burden of meat and dairy has drawn attention to alternatives, although their
capacity to fulfil similar dietary roles remains uncertain. Here, we evaluate the effects of replacing meat
and jointly replacing meat and dairy with alternatives on the environmental impacts and nutrient
profiles of current and recommended diets. We consolidate environmental inventory and food
composition databases in a product- and diet-level analysis to evaluate various impact categories and
nutrients. The results show that replacing meat with alternatives can lower environmental impacts by
up to 52%, though adequate intake of some critical nutrients, particularly vitamin B12, needs to be

ensured. Compared to dairy products, dairy alternatives more frequently lack nutrients, such as
calcium and iodine, and certain ingredients, such as almond and coconut, may increase specific
environmental impacts. Our findings highlight the challenges of reducing environmental impacts
without compromising nutrition, with implications for high-income countries pursuing sustainable

dietary transitions.

Human nutrition contributes substantially to anthropogenic environmental
impacts through agricultural activities and food processing. Globally, food
systems are responsible for approximately a third of greenhouse gas
emissions", and agricultural irrigation represents 70% of freshwater use
(www.oecd.org/agriculture/topics/water-and-agriculture). The meat and
dairy industries are major contributors to these impacts'. In addition to
environmental concerns, dietary patterns in high-income countries are
commonly characterised by high amounts of ultra-processed foods’, con-
tributing to public health challenges, such as obesity* and non-
communicable diseases™’.

To address these issues, various dietary guidelines have been developed
and revised to promote nutritionally adequate and more sustainable eating
patterns*’”’. Unfortunately, consumers rarely follow dietary guidelines,
whereas they are more likely to adopt specific reccommendations®'®"". Since
the environmental impacts of human nutrition are largely driven by meat
and dairy products, focusing on replacing them offers a lever for achieving
considerable improvements through a limited range of dietary changes™"*™"*.
Furthermore, reducing the consumption of red and especially processed
meat is associated with decreased health risks"*™"*.

In this context, alternatives—that is, substitutes for meat and dairy
products—have become increasingly popular. A large variety of alternatives
is available on the market or under development"” (Supplementary

Information 2 [SI2], Table T5). At the product level, previous analyses have
reported comparatively lower environmental impacts for alternatives.
However, these assessments often focus on a limited set of impact categories,
such as global warming and land use®”. Including additional impact
categories reveals that the environmental outcomes of these alternatives can
vary, depending on factors such as the chosen reference product or the
alternative’s main ingredient’>”’. Thus, replacing meat and dairy in the diet
with different alternatives can have diverse effects on its environmental
performance. Animal products are sources of high-quality proteins,
minerals (e.g. calcium and iron), and vitamins (e.g. B12). Although some
alternatives, such as algae and insects, have nutrient profiles that support
their use as meat and dairy alternatives™, the more widespread plant-based
alternatives often differ substantially in nutritional composition compared
to their animal-based references™ . Nonetheless, assessing products alone
provides limited insight for informing policy and interventions. Under-
standing their role within diets is essential to evaluating their potential to
enable sustainable dietary shifts.

A recent study investigated the ability of novel alternatives to improve
the environmental impacts of diets while maintaining nutritional
adequacy’®. It showed that diet optimisation that includes novel alternatives
could reduce environmental impacts by over 80%, although several diffi-
culties associated with the potential implementation of the obtained diets are
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highlighted. By contrast, two other studies, one in the Netherlands” and the
other in Canada'?, focused on more conventional replacements, modifying
self-selected diets based on reported intake data from national food con-
sumption surveys. These studies substituted meat and dairy with processed
soy-based meat and milk alternatives, and unprocessed nuts, seeds, and
legumes. The results indicate that replacing 50% of meat and dairy in
Canadian diets could reduce diet-related greenhouse gas emissions by up to
25%, while a complete replacement of meat and dairy in Dutch diets shows a
potential for reducing diet-related greenhouse gas emissions by 47% and
land use by 41%. However, according to both studies, replacement may also
increase the risk of micronutrient deficiencies in the population. This
underscores that nutritional adequacy remains a key bottleneck in the
suitability of alternatives to replace meat and dairy. Although these studies
provide valuable insights, they are limited by the narrow scope of alter-
natives, excluding a broad range of ingredients on the market (SI2-T5).
Moreover, they focused on only a few environmental impact categories. This
increases the risk of a burden shift, meaning that reductions in one impact
category may lead to increases in unassessed categories.

Overall, research on incorporating existing meat and dairy alternatives
into diets remains limited, particularly regarding the variety of nutrients
reported'>” and their performance in self-selected rather than optimised
diets*””. This creates a gap in understanding how the broad range of
available alternatives can support the short-term shift towards nutritionally
adequate and environmentally sustainable diets, and which product char-
acteristics are most consequential. To address this gap, we raise three
research questions: (1) How do currently available alternatives compare to
their respective references in terms of nutritional value and environmental
impacts at the product level? (2) To what extent can replacing meat and
dairy with available alternatives affect the nutritional and environmental
performance of self-selected and recommended diets? (3) Which product
characteristics should guide the development of alternatives to meet the
requirements of nutritious and sustainable diets?

To generate novel evidence, we combine product- and diet-level ana-
lyses, focusing on four key aspects. First, we assess a broad range of alter-
natives and their references across multiple environmental impact
categories using the Life Cycle Assessment methodology’®”’. Second, we
evaluate a comprehensive set of nutrients to determine whether nutrition
remains a major constraint for substitution. Third, we identify the ingre-
dients driving environmental trade-offs. Finally, we analyse self-selected
diets to provide realistic insights into short-term substitution strategies. By
addressing both environmental and nutritional dimensions, we aim to
inform future product development and evidence-based policy interven-
tions. The study focuses on Switzerland, a high-income country char-
acterised by early adoption of nutritional trends, low self-sufficiency in
plant-based foods, and high production and consumption of meat and dairy
products. Similar patterns are observed in other high-income countries,
such as Canada'” and the Netherlands®.

Results
Product level
We analysed a diverse set of meat and dairy alternatives, grouped by main
ingredients and predominant processing type. Two traditional alternatives,
falafel and tofu, were treated separately, since they are well-known stan-
dalone products. Additionally, we calculated the average profiles for
mechanically texturised plant-based meat alternatives and milk alternatives
by aggregating all available data points within each group. The most com-
mon meat types and dairy products served as references (Table 1, SI1-1.1).
To illustrate key patterns across products, Fig. 1 combines the nutrient
density (Nutrient Rich Foods index” NRF11.3) with three environmental
indicators that highlight notable differences. All values are expressed per
100 g of product. The results for individual nutrients and additional
environmental indicators are provided in SI1, Supplementary Figures
and SI2-T3.
Most alternatives exhibited lower environmental impacts than their
respective references. Notable exceptions included falafel, insect-based meat

Table 1 | Average and ingredient-specific product groups
investigated

Meat alternatives Dairy alternatives

Plant-based (mechanically texturised), Milk alternatives, average

average
Soy-based (mechanically texturised) Soy drink
Wheat-based (mechanically texturised) Oat drink
Legume-based (excl. soy, mechanically Almond drink
texturised)
Falafel Yoghurt alternatives

Tofu (and tempeh) Cheese alternatives

Insect-based Cream alternatives

Mycoprotein-based (Quorn®)

Meat references Dairy references

Beef (processed and unprocessed) Cow’s milk

Pork (processed and unprocessed) Yoghurt

Poultry (processed and unprocessed) Semi-hard cheese

Veal (processed and unprocessed) Cream

Average groups combine the specific groups below as well as additional data points with either
nutrient or environmental information.

alternatives, and several dairy alternatives, which showed higher water
scarcity potentials. In particular, almond drinks displayed high water
requirements despite their low almond content. Cheese alternatives addi-
tionally displayed elevated freshwater eutrophication potential, largely due
to their high coconut oil content.

Nutrient density scores were generally comparable between meat
and dairy alternatives and their respective references, with processed
meats and cheese alternatives scoring lower than their counterparts.
However, the index conceals substantial variations in individual nutrient
levels. Dairy alternatives, especially cheese alternatives, tended to con-
tain less calcium than their references, while most meat alternatives
contained more calcium (SI1, Supplementary Figures). Vitamin B12
levels were generally higher in animal-based products. Plant-based
alternatives with notable B12 content were fortified. Within product
groups, nutrient content and environmental impacts varied by up to
100%, due to differences in formulation, nutrient fortification, raw
material origin, and processing conditions. Detailed patterns are
reported for soy-based mechanically texturised alternatives in SI1-
Supplementary Figure 7.

Additional nutritional and environmental trade-offs emerged in the
assessment results not displayed in Fig. 1 and SI1 Supplementary Figures.
Soy products and falafel consistently showed high nutrient content, parti-
cularly for magnesium and vitamin A. By contrast, mycoprotein-based
products were low in iron, iodine, and vitamin E, while dairy alternatives
had low levels of calcium, vitamin A, and iodine. Most alternatives con-
tained more fibre, iron, magnesium, and vitamin E but less protein than
their references. Land use and terrestrial acidification impacts were generally
lower for alternatives.

Diet level

The diet-level implications of substituting meat and dairy with alternatives
were evaluated using the average self-selected Swiss diet derived from
national food consumption surveys’ and the recommended Swiss diet”.
Scenarios included full replacement of meat and both meat and dairy. The
standard alternatives for substitution were the average plant-based
mechanically texturised meat alternatives and the average milk alter-
natives. Each product group was also assessed individually to define the
range of potential results. Dietary reference values from the European Food
Safety Authority (EFSA) and the Swiss Federal Food Safety and Veterinary
Office (BLV) served as nutrient thresholds (SI2-T6). For the environmental
dimension, the impacts of the recommended diet were used as references.
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Fig. 1 | Product comparison across nutrient density (NRF11.3) and three environmental impact categories. A Global warming, B Water scarcity, and C Freshwater
eutrophication. Selected products are labelled for reference. More detailed data are provided in SI2-T3 and SI3. pr. - processed, alt. - alternative, m — mechanically texturised.

In the recommended diet, dairy intake was higher and meat intake
lower than in the self-selected diet (Fig. 2). Other notable differences
included higher intake of vegetables, nuts and seeds and lower intake of
alcoholic beverages, seafood, fruits, and food grouped as ‘other’, such as
snacks and sweets in the recommended diet. Overall, the recommended diet
showed a higher content of qualifying nutrients, lower levels of disqualifying
nutrients, greater nutrient density, and reduced environmental
impacts (Fig. 3).

In the absence of meat, dairy, or their alternatives, both reference diets
provided adequate amounts of vitamins A, C, and E. When we considered
the average requirement threshold, the same was true for fibre, protein, and
iron. The recommended diet also contained adequate levels of magnesium
and potassium. Hence, these nutrients were not limiting, regardless of
substitution. By contrast, calcium, iodine, and vitamin B12 reached only
36%, 59%, and 47%, respectively, of their reference values in the absence of
meat, dairy, or their alternatives. Replacing dairy lowered the content of all
three nutrients, whereas replacing meat reduced only the levels of vitamin
B12. The apparent inadequacy of iodine and vitamin B12 in the recom-
mended diet that included meat and dairy was caused by model limitations,
such as the use of muscle meat averages and unknown levels of salt iodi-
sation (see SI1-2.2). Among the disqualifying nutrients, the content of

saturated fatty acids decreased in both substitution scenarios. Sodium
content varied widely, depending on the alternative used for the substitu-
tion, with meat alternatives showing a range equivalent to 20% of the ade-
quate intake (Fig. 3B). Dairy alternatives contained more added sugar than
their respective references.

For the environmental dimension, the results were comparably clear.
Meat substitution reduced all assessed environmental impacts (Fig. 3C).
Dairy substitution similarly reduced global warming, land occupation, and
terrestrial acidification but increased water scarcity and freshwater eutro-
phication. However, these increases were primarily driven by specific
ingredients. Almonds, and to a lesser extent oats, contributed to water
scarcity, while high coconut oil content in cheese alternatives raised fresh-
water eutrophication (see also Fig. 1).

Sensitivity analysis

The choice of the alternative product influenced both the nutritional value
and the environmental impacts of the diets. However, the relative ranking of
diets in terms of environmental impacts was rarely affected (ranges in Fig. 3).
At the product level, both ingredient composition and raw material origin
influenced the results. For example, among mechanically texturised soy-
based meat alternatives, product formulation altered global warming
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Fig. 2 | Food group composition of the investigated diets in g per person and day. In the diet icons, meat appears in red, meat alternatives in yellow, dairy products in blue,

and dairy alternatives in green.

impacts by up to 37% and NRF11.3 scores by up to 11% (SI2-T8). Different
soybean origins led to variations in global warming impacts of up to 60%
(SI2-T9). Nevertheless, this variation within product groups remained
minor compared to the differences between alternatives and references, the
latter showing 2.5-19 times higher global warming impacts and 8-117%
lower nutrient density scores (SI2-T8), with the exception of unprocessed
beef, which had a higher NRF11.3 score. Thus, the act of replacing meat and
dairy generally had a greater influence on the nutritional and environmental
performance than the specific composition or origin of the chosen
alternative.

Discussion
Our findings indicate that replacing meat and dairy products with currently
available alternatives, on a mass-equivalent basis, is associated with lower
modelled environmental impacts in most categories. This is consistent with
prior modelling studies linking substitutions of high-impact animal pro-
ducts to notably lower impacts on global warming and land occupation
associated with human diets®. In high-income countries, emission reduc-
tion potentials of up to 50% have been reported'*'“. Previous studies have
indicated that the production of plant-based foods is associated with a lower
acidification potential than that of meat and dairy products'. In our study’s
models, replacing meat and dairy with alternatives reduced the impacts on
global warming, terrestrial acidification, and land occupation by up to 44%,
54%, and 40%, respectively, in the self-selected diet. Similar reductions of up
to 38%, 47%, and 31% were found for the recommended diet.

In our assessment, substitution had only minor effects on water scarcity
impacts, due to the contribution of other food groups. Many plant-based
foods consumed in Switzerland are imported from regions where irrigation

is common and water is a limiting resource. Given Switzerland’s low water
scarcity characterisation factor”, these imported foods contribute dis-
proportionately to the overall water scarcity score. This effect also explains
the observed increase in water scarcity when dairy products are substituted,
as dairy alternatives often rely on ingredients requiring irrigation, such as
almonds and coconuts. Modelled freshwater eutrophication decreased with
meat substitution but increased with dairy replacement, the latter primarily
driven by the refined coconut oil used in cheese alternatives. The production
of coconut oil is associated with high nutrient emissions in existing life cycle
inventories, resulting in elevated eutrophication impacts when characterised
in our assessment. However, due to the limited availability of complete
processing data for cheese alternatives, only three were included. Thus, these
results are sensitive and may change as more comprehensive data become
available.

Since most alternatives showed lower modelled environmental impacts
than their references, their suitability as alternatives depends primarily on
nutritional adequacy. While product-level analyses revealed notable dif-
ferences in nutrient composition, their relevance can only be assessed in the
context of whole diets. Our findings suggest that most nutrient requirements
can be met without meat and dairy, or their alternatives. Exceptions are
iodine, calcium, and vitamin B12, which are commonly low in alternatives,
especially dairy alternatives, which contribute to reduced dietary intake of
these nutrients in replacement scenarios, as shown in our study and pre-
vious research”*”***. Because the remainders of the diets were not modified
beyond the replacements, these reductions are not compensated by other
foods, making them particularly relevant for population groups with ele-
vated requirements or deficiency risks” . Whereas vitamin B12 is com-
monly supplemented by at-risk indiviuals®, calcium and iodine are

Communications Sustainability | (2026)1:71


www.nature.com/commssustain

https://doi.org/10.1038/s44458-026-00075-1

Article

A - qualifying nutrients

< 200%
S 180%
& 160%
o 140%
D 120%
100%
80%
60%
40%
20%

0%

Nutrient contentcompar

T B - disqualifying nutrients
0

160%
140%
120%
100%
80%
60%
40%
20%
0%

too
high

Nutrient contentcompared to UL or Al

fatty acids, sodium

saturated

sugar,
added

self-s. diet without meat and dairy
av. meat and dairy intake

- av. meat intake replaced

. av. meat and dairy intake replaced

Fig. 3 | Nutritional and environmental comparisons of the assessed diets across.
A qualifying nutrients, B disqualifying nutrients, and C environmental impacts.
Reference lines indicate nutrient and environmental thresholds. For qualifying
nutrients, a dotted line denotes the average requirement (AR) for nutrients with the
population reference intake (PRI) as the 100% reference. Yellow ranges represent the

Environmental impact compared to

' rec. diet without meat and dairy
rec. meat and dairy intake

- rec. meat intake replaced

. rec. meat and dairy intake replaced

too
low

0% C <
MO PG
o & N & &
Q& R\ A&b@ K\ N
T C - environmental impacts
(o]
120%
» A
E 100% 4 e
(]
e 80% l
(O]
€
£ 60%
o
Q
2 40%
(]
=
20%
0%
GW WS LO AT EF

B (2 PRI, (B) RUL, (C) rec. diet
I

| I

min-max-range

minimum and maximum values obtained by including individual alternative pro-
duct groups in each diet. GW - global warming, WS - water scarcity, LO - land
occupation, agricultural, AT - acidification, terrestrial, EF - eutrophication, fresh-
water, av. — average, rec. - recommended, self-s. — self-selected, Al - adequate intake,
RUL - recommended upper intake level.

frequently fortified in foods™"", yet both remain nutrients of concern in the

population***’. Adapting fortification strategies to better align consumption
patterns could help mitigate these risks"**"°. However, bioavailability
should be considered, as it can be limited in alternatives with fortified
nutrients”’.

Overall, dairy alternatives were less often able to nutritionally sub-
stitute their reference products, but they showed the potential to reduce
the intake of saturated fatty acids and increase the intake of fibre, iron,
magnesium, and vitamin E. Although legumes, vegetables and fruits can
also contribute these nutrients, they generally share the same limitations
as dairy alternatives in providing calcium, iodine, and vitamin BI2.
Hence, while meat alternatives may generally improve nutritional intake
if the lower B12 content is addressed, dairy alternatives can support
dietary diversification. Similar synergies and trade-offs apply to the
environmental impacts, where meat replacement generally lowered
impacts, while dairy alternatives require more careful selection to ensure
overall improvement.

Among the product groups investigated, a large variability in nutrient
content was observed. This presents a barrier for consumers aiming to
choose suitable products, as making informed decisions considering all
relevant nutrients would require more time and knowledge than is typically
available during food shopping™. Different labels have been introduced to

facilitate quick and informed consumer decisions'*”, but none have
achieved broad acceptance.

The sensitivity analyses highlighted the relevance of ingredient choices
to both the nutritional value and the environmental impacts of the alter-
natives. From an environmental perspective, the ingredient type and origin
of raw materials, including production practices and yields, may affect the
impact categories. Nutritionally, the product formulation had a large
influence. Previous studies have shown that combining cereal- and legume-
based proteins can increase protein quality’', whereas poor combinations
may reduce bioavailability and increase the risk of malnutrition®. This latter
is often highlighted in the context of ultra-high food processing’. Overall,
these results highlight the need for alternative product development to
prioritise balanced formulations, targeted fortification, and lower-impact
ingredients to support sustainable and nutritionally adequate diets. These
priorities may also inform regulatory frameworks, such as fortification
standards, sustainable sourcing guidelines, and labelling requirements.

Despite the careful selection of methods, several limitations should be
acknowledged. Cooking and food preparation were not modelled, although
major food weight changes due to cooking (e.g. water absorption in pasta
and rice) and losses at the consumer stage were accounted for. Preparation
methods can influence both environmental impacts and nutrient avail-
ability. For example, meat products often require more energy-intensive
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cooking than their alternatives, while nutrient retention or degradation can
occur in all foods, depending on the preparation method and food matrix™
(see SI1-2.2). Nutrient bioavailability, particularly relevant when comparing
animal- and plant-based food, was not considered due to limited data
availability and its dependence on the food matrix™*. The nutrient ade-
quacy assessment is further constrained by the ongoing debate around the
reference intake values of several nutrients, which may change in the
future®*. On the environmental side, uncertainty stems from the limited
availability of comprehensive production data for some of the products,
such as tempeh and insect- and mycoprotein-based meat alternatives, as
well as cheese, cream, and yoghurt alternatives. In addition, environmental
and nutrient composition data were based on average values to reflect
population-level dietary patterns. Real-world variability across production
systems and product formulations is therefore not fully captured, and for
conventional meat and dairy products, differences with alternatives may
vary substantially at the individual product level. As dietary recommenda-
tions, consumption patterns, and product formulations evolve, future
assessments will be essential to validate and update our findings.

Conclusion

Our study provides insights into the role of currently available alternative
products in supporting the transition towards more sustainable and nutri-
tionally adequate diets. Our models reveal that although many of the
assessed alternatives show favourable environmental profiles and can
contribute positively to nutrient intake, they vary widely in composition and
are not inherently adequate substitutes for their animal-based counterparts.
To fully realise their potential, product development should prioritise
nutritionally balanced formulations, targeted fortification that accounts for
bioavailability, and the use of low-impact ingredients. Replacing meat and
dairy entirely represents a substantial dietary change and requires informed
product selection to avoid nutritional inadequacies and environmental
trade-offs. Greater value chain transparency can encourage decisions in
favour of both the environment and nutrition by all relevant stakeholders.
Although our assessment focuses on Switzerland, reflecting a specific high-
income dietary context, the findings illustrate how combining product- and
diet-level data can reveal the nutritional and environmental consequences of
dietary shifts. Future studies could apply this approach, linking food con-
sumption, nutrient composition, and environmental data, to evaluate
dietary shifts in other national contexts or population groups, and to inform
evidence-based product development, innovation, and policy strategies.

Methods

The model is based on the Swiss context, since it is an exemplary market for
early adoption of nutritional and dietary trends (high income, innovative,
well interconnected, high awareness of environmental issues and animal
welfare, good data availability, large share of imported foods). Only data on
already purchasable alternative products in Switzerland were included in the
investigation. To ensure relevance and avoid assumptions that could
decrease the accuracy of our results, no preliminary or laboratory data were
considered. The products were compared directly based on weight (as
described in the literature'?).

Datasets on alternatives were selected based on availability, as descri-
bed below. A market analysis confirmed that the included datasets reflected
the range of products available in Switzerland (SI2-T5). Weighted averages
were not calculated, as the analysis captured product availability but not
sales volumes.

Meat and dairy, and alternatives at the product level - Grouping
The products were grouped to facilitate analysis. The groups were based on
their reference product, main ingredient, and type of processing, which we
defined as the main method used to transform the raw ingredients into the
final product. Each group contained between 1 and 20 individual datasets
for the nutrient composition and the environmental assessment, respec-
tively. Generally, more nutrient data than environmental data were avail-
able. We did not use common categorisation systems, such as NOVA’ or the

Good Food Institute (www.gfi.org/investment) classification, since they
would categorise most products into the same group, preventing a detailed
analysis.

Single datasets that could not be associated with an ingredient-specific
group were included in two broader groups: (1) plant-based and
mechanically texturised meat alternatives, and (2) milk alternatives. Due to
limited data, yoghurt, cheese, and cream alternatives could not be grouped
based on raw material or processing type. The average nutrient content and
environmental impacts were calculated for each group as unweighted mean
values of the available datasets.

Meat and dairy, and alternatives at the product level -

Nutrient data

Nutrient data at the product level were retrieved from the EuroFIR platform
(www.eurofir.org), which provides harmonised access to national food
composition databases. Through the platform, data from France, Greece,
Portugal, Slovenia, Spain, Switzerland, and the United Kingdom were
accessed. These countries were selected based on the availability of data for
alternatives and to complement the Swiss database in that regard. Meat and
dairy products were taken exclusively from the Swiss database. This ensured
sufficient data for the relevant products while maintaining regional focus.
Suitable datasets were identified by searching for appropriate terms and
filtering the metadata (SI1-1.3.1). The process was repeated twice to ensure
completeness. Raw products were selected for consistency, since the pre-
paration of the products can have large consequences for nutrient com-
position as well as environmental impacts and is highly dependent on
individual consumer food preparation habits” . The inclusion of the
preparation stage would likely have added large uncertainty to the results.
Moreover, energy use during preparation is typically higher for meat, which
requires more thorough cooking, than for many alternatives that are often
highly convenient and require minimal heating. Thus, excluding prepara-
tion yields a conservative comparison that avoids overstating the benefits of
alternatives due to assumptions about cooking practices. For nutrients, the
effects of cooking are highly variable, depending on both the method and the
nutrient in question. Given this complexity and the lack of standardised
preparation practices, systematic integration was not feasible.

Some of the selected datasets were incomplete. In these cases, they were
complemented using literature values, average values from similar datasets,
or informed assumptions (see SI1-1.3.4 and 1.3.5). Due to a lack of data on
insect-based, pea-based, and mycoprotein-based alternatives, new datasets
were created from the literature and data provided by the U.S. Department
of Agriculture (fdc.nal.usda.gov) (SI1-1.3.6).

Nutrient density was assessed using the NRF index, a widely applied
method well suited for LCAs that integrate the nutritional dimension.
Originally developed by Fulgoni et al.”’, the NRF has since been adapted and
applied in various food system studies”*"*’. In this study, we applied the
NRF11.3 variant, which offered a balance between comprehensiveness and
data availability for our dataset and objectives. The nutrient selection was
tailored to reflect Swiss dietary concerns and the specific context of meat and
dairy alternatives. Iodine was added due to its known risk of deficiency in
Switzerland*®*, while vitamin B12 and calcium were included for their
relevance in comparing animal-based and alternative products. Sugar and
sodium were included as disqualifying nutrients, consistent with rising
intake concerns and their public health significance’’. Nutrient contribu-
tions were expressed relative to dietary reference values consistent with
those used for the diet-level analysis, with sex-specific recommendations
averaged to represent population-level requirements (SI2-T6).

Meat and dairy, and alternatives at the product level -
Environmental data

To assess the environmental impacts of meat and dairy and their alternatives
at the product level, life cycle inventories were taken from different data-
bases, including Agribalyse v3.1, AgriFootprint v6.3, ecoinvent v3.9.1,
SALCA (Swiss Agricultural LCA) v3.4 and v4.0, and World Food LCA
Database (WFLDB) v3.5. The life cycle inventory selection process included
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a term search comparable to the one for nutrient data (SI1-1.4.1), as well as
filtering based on metadata. The process was repeated independently by two
researchers to ensure completeness. To complement the selection of pro-
ducts, additional inventories were created based on the literature and
publicly available product data (SI1-1.4.2). Most of the final selections of
inventories were based on European background data. The system
boundaries were set from cradle to production gate, since packaging, retail,
and consumption were assumed to be similar between alternative and
reference products, hence not affecting the comparison between them.
Environmental impacts were calculated in SimaPro v9.6 by applying the
SALCA v2.01 method®. Group averages were obtained using unweighted
mean values. The results for additional impact categories are presented
in SI2-T3.

Diet level - Food consumption data

Two diets were chosen as references: the Swiss self-selected diet and the
Swiss recommended diet for the adult population. The self-selected diet was
based on 24-h food consumption recall questionnaires®. Given the large
number of food items reported, a selection procedure was applied to reduce
complexity while maintaining representativeness, resulting in 104 food
items used for modelling. The remaining food items were accounted for via
proxies (see SI1-1.2.1).

Although the consumption data were based on the most recent
national nutrition survey available for Switzerland, we acknowledge its age
as a limitation. To improve validity, meat consumption was updated based
on reported sales trends”, adjusting product proportions while keeping the
total intake constant. Dairy consumption data were cross-checked with
national purchase statistics”. These comparisons showed stable overall
dairy intake, with a gradual decline in milk intake but a recent increase in
cheese consumption. However, due to inconsistencies between purchase
and consumption data, no adjustments to product proportions were made,
as such changes would have been uncertain.

The recommended diet was based on Swiss dietary recommendations,
which are visualised in the ‘Swiss food pyramid™’. Explicit recommenda-
tions were translated into consumption amounts. If the recommendations
were only food group-specific, the composition of the food group was
assumed to be identical to the self-selected diet. If this was not possible, the
amounts were divided among the available food items, following the prin-
ciple of a balanced diet (SI1-1.2.2).

Alternative diets were based on the total replacement of meat or both
meat and dairy. This approach was chosen to illustrate the largest possible
adoption of alternative products, as the consequence of any partial sub-
stitution can then be derived from linear equations. To limit the variety of
diets presented, the substitution of meat is shown individually but not the
substitution of dairy products. Moreover, the reduction of meat con-
sumption is advisable from both a health and an environmental perspective,
while the reduction of dairy is mainly advisable from an environmental
perspective. The incorporation of meat and dairy alternatives into the diets
assumed a 1:1 replacement by weight'>”.

To calculate the nutrient composition and environmental impacts of
the alternative diets, the average product groups were used as a standard for
replacement, that is, plant-based and mechanically texturised meat alter-
natives, milk alternatives, cheese alternatives, cream alternatives, and
yoghurt alternatives.

Diet level — Nutrient data

The nutrient composition data for food products other than the alter-
natives were taken from the EuroFIR dataset for Switzerland. Datasets
that best represented the relevant foods we previously identified were
selected through targeted searches. All food items were considered raw to
minimise uncertainty due to individual food preparation practices. The
selection of nutrient thresholds depended on the availability of reference
values. Population Reference Intakes (PRIs) and Average Requirements
were used as reference values for nutrient adequacy where available,
while Adequate Intakes (AIs) were applied when no PRI was defined. For

nutrients recommended to be limited, Recommended Upper Intake
Levels were used where available. Otherwise, the Al served as a pragmatic
reference (SI2-T6). When reference values differed by sex, the average of
female and male recommendations was used to represent population-
level requirements.

Diet level - Environmental data

Environmental data were extracted from several sources to ensure suit-
ability. Swiss raw material production was modelled based on internal data®
and ecoinvent inventories. If no Swiss inventory was available, a suitable
proxy was identified. The processing steps for food items in Switzerland
were modelled by adapting suitable inventories from external databases—
that is, Agribalyse, ecoinvent, and WFLDB—to Swiss production conditions
(SI1-1.4.5). For each food item, the self-sufficiency of production (ie., the
ratio between Swiss production and total consumption) was considered”’.
Hence, import inventories were created. Here, the import mixes by country
of origin were accounted for (SI1-1.4.6). All available environmental data
within the Agribalyse, Agri-Footprint, ecoinvent, SALCA, and WFLDB
databases were considered to create the import inventories. Within inven-
tories for processes taking place outside of Switzerland, background data
and elemental flows were regionalised according to the country of origin of
the food item. The system boundaries were set at the cradle-to-production
gate for Swiss production and at entry into Switzerland for imported food.
Since the diets were based on consumption data, food losses and waste
occurring between the production gate and the consumption were
accounted for, as they increased the required production volume”'. Addi-
tionally, weight adjustments for water absorption during cooking, such as
for rice and pasta, were applied to align the reported consumption weights
with the raw material weights used in environmental modelling. Economic
allocation was the preferred measure for dividing environmental impacts
into multifunctional processes.

For the analysis, the environmental impacts of the diets were compared
to those of the reference diet. Currently, there are no established reference
values for maximum dietary environmental impacts comparable to dietary
reference intakes. Nonetheless, approaches to defining absolute environ-
mental sustainability have been proposed’”. The selection of the presented
impact categories was based on their relevance in the food Life Cycle
Assessment literature'. The results for additional impact categories are
provided in SI2-T4.

Sensitivity analyses

The robustness of the findings was evaluated through sensitivity analyses.
To assess the influence of product choice, the nutrient content and envir-
onmental impacts of the alternative diets were calculated individually,
assuming total replacement with only one product group at a time. The
observed sensitivity of the diet-level results is depicted graphically as ranges
in Fig. 3. The origin of the raw materials as an uncertainty factor was
additionally investigated for an exemplary product. The product was chosen
based on the availability of matching nutrient and environmental data, as
well as a high content of the main ingredient. The input flow of the main
ingredient was replaced with the same raw material from six different
locations on four continents. Lastly, the effect of the products’ composition
was investigated. For that purpose, individual products from the largest
product group, the mechanically texturised soy-based alternatives, were
analysed for their ingredient composition and put into direct comparison
with the group’s average performance. The results of the sensitivity analyses
are provided in SI2-T8 and T9.

Data availability

The supplementary information is accessible at the Zenodo repository:
https://doi.org/10.5281/zenodo.11393922 and also attached to this pub-
lication. The cited files are: Supplementary Information 1 (SI1) “Mehner
et al._20260313_Supplementary Information_I_vF’, Supplementary
Information (corresponding to supplementary data) 2 (SI2) “Mehner
et al._20260313_Supplementary Information_2_vF".
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