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A B S T R A C T

Assessment of the sustainability of diets typically includes the diet’s impact on the environment, including effect 
on greenhouse gas emissions, and the use of land and water. However, there are other crucial sustainability 
aspects including animal welfare and antibiotic use that sustainability assessments usually neglect due to 
methodological challenges and lack of available data. This study contributes to the improvement of sustainability 
assessments of food systems by advancing methods to include animal welfare and antibiotic use. The proposed 
animal welfare indices reflect the number of animals affected per kilogram of animal product, the animals’ 
cognitive ability to experience negative effects, and the quality of the production system, including disease 
frequency and space limitations. The proposed antibiotic use indicator acts as a proxy for the risk of bacteria 
developing resistance to antibiotics that threatens health of humans and animals. It was developed based on 
national sales data, adjusted for species-specific differences. The animal welfare indices and the antibiotic use 
indicator were applied to a range of animal products commonly consumed in a set of European countries, 
revealing substantial variations in animal welfare loss and antibiotic use across species and production systems. 
For example, rabbit and chicken production showed high welfare loss per kilogram of meat due to the number of 
animals affected and the relatively poor conditions in intensive livestock systems. Meat from cattle and wild- 
caught species had lower welfare loss (i.e. favourable) per kilogram, attributed to the larger body mass of 
these animals and less suffering in production. The methodologies developed here offer a much needed tool for 
evaluating trade-offs between animal welfare, antibiotic use, and environmental sustainability in food 
production.

1. Introduction

Ideally, a broad sustainability assessment of food consumption 
should cover most of 17 UN sustainable development goals (SDGs). We 
contribute by developing metrics for two social aspects: animal welfare 
and antibiotic use in animal production. They are relevant since animal- 
sourced products form a large part of many diets; the global average 
consumption is estimated at 230 g per day and person (Miller et al., 
2022). Most sustainability assessments focus on environmental impact 
using metrics for carbon, water and land footprint (Harrison et al., 
2022). Assessments that include social aspects often focus on human 
health, such as diet related risk factors likely to affect mortality and 
disease burden (e.g. Springman et al., 2020) or nutritional quality 
(Yacoub Bach et al., 2023). Interest in broader assessments is growing 
(Hebinck et al., 2021; Lanzoni et al., 2023; Richter et al., 2024) and 

results from such assessments can support more holistic decisions by 
policymakers and consumers.

The World Organisation for Animal Health defines animal welfare as 
“the physical and mental state of an animal in relation to the conditions 
in which it lives and dies” (WOAH, 2024). Animal welfare is a key social 
sustainability aspect (Keeling, 2005; Vinnari and Vinnari, 2022) as food 
production directly and indirectly harms animals (Hampton et al., 
2021). Hence it is highly relevant to include animal welfare in sustain
ability assessments of diets. Though not explicitly mentioned in the 
SDGs, improvements in animal welfare align with the SDG (Keeling 
et al., 2019; WellBeing International, 2022). National animal welfare 
laws, industry programs and certification schemes differ in ambition 
across European countries and production systems (More et al., 2021). 
EU laws (EU Council, 1998) reflect current animal welfare norms, but 
84 % of the Eurobarometer respondents support stronger protection of 

* Corresponding author.
E-mail addresses: Lotta.Rydhmer@slu.se (L. Rydhmer), Elin.Roos@slu.se (E. Röös). 
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farmed animals (EU, 2023). Still, animal welfare remains largely absent 
from sustainability assessments (Vinnari and Vinnari, 2022). Most of the 
few attempts to include animal welfare in sustainability assessments 
have been rather simplistic, such as using share of organic production 
(Hebinck et al., 2021), and limited to a rather low number of animal 
species and production systems (Scherer et al., 2019).

Antibiotic resistance is another key social sustainability aspect. 
Misuse and overuse of antibiotics in animals and releases from animal 
production sites contribute to drug-resistant infections (UNEP, 2023) 
and threatens human and animal health (Aslam et al., 2024). Thus, the 
fight against antibiotic resistance is closely linked to SDG3 Good health 
and well-being and SDG 12 Responsible consumption and production 
(WHO, 2020). In 2019, 1.27 million global human deaths were directly 
caused by antibiotic resistant bacteria and the number of deaths asso
ciated with antibiotic resistance was almost four times higher (Murray 
et al., 2022). In Europe (WHO European region; 53 countries), 541,000 
deaths were associated with antibiotic resistance (Mestrovic et al., 
2022). Antibiotics (used against bacteria) and other antimicrobials are 
used to cure and to prevent infections in humans and animals, and in 
some countries antibiotics are also used for farm animal growth pro
motion. All antibiotic use increases the risk of bacteria developing 
resistance. Though resistance occurs naturally, it is accelerated by the 
use of antibiotics. The EU’s Farm to Fork strategy (EC, 2020) links 
antimicrobial resistance to excessive and inappropriate use in animal 
and human healthcare. The EU commission therefore takes actions to 
avoid overuse and to reduce overall EU sales of antimicrobials for 
farmed animals and in aquaculture, but a greater volume of antimicro
bials is still sold to treat disease in food-producing animals than in 
humans (EEA, 2024).

Animal welfare and antibiotic use are related in several ways. Ac
cording to EU’s Farm to Fork Strategy (EC, 2020) “Better animal welfare 
improves animal health and food quality, reduces the need for medi
cation”. Furthermore, animal welfare can contribute to addressing 
environmental challenges (UN Environment Assembly, 2022). However, 
there are not only synergies, but also goal conflicts between animal 
welfare, antibiotic use and environmental impact (Bartlett et al., 2024). 
For example, exchanging beef from extensive production systems for 
pork and chicken meat from intensive production systems could reduce 
the climate impact of a diet, but may involve trade-offs with animal 
welfare and antibiotic use. Therefore, it is important to include animal 
welfare and antibiotic use together with environmental impacts in diet 
assessments.

Diets vary across regions in animal/plant ratios and product origins. 
We focus on European diets, where consumption of animal-sourced 
products is higher than the global average (Miller et al., 2022). Euro
pean consumers eat animal-sourced food from several countries (i.e. 
domestic and imported food), but mostly from within Europe 
(Schwarzmueller and Kastner, 2022). Ideally, diet assessments use many 
metrics and data from many representative production units in all pro
duction systems contributing to the diets. However, no open database 
covers all relevant species, countries and production systems. Data on 
national antibiotic use for animals exist (ESVAC, 2023), but not by 
species. Primary data could be collected from representative production 
sites, for example by collecting antibiotic prescriptions on farms. Animal 
welfare data could be gathered via Welfare Quality® protocols (Blokhuis 
et al., 2013), but only for pig, cattle and poultry. When the aim is to 
evaluate total consumption of all foods in a diet including a wide range 
of animal products, such large-scale field data collection is not feasible 
for practical and economic reasons. Despite limited data availability, 
incorporating metrics for animal welfare and antibiotic use into sus
tainability assessments is both valid and valuable, contributing mean
ingfully to the advancement of scientific methodologies in this 
underdeveloped field. It can be done based on national databases, sci
entific studies and reports of agricultural organizations and authorities.

Existing animal welfare indices for sustainability assessments of diets 
(Scherer et al., 2018) include only six species, the indicator for animals’ 

moral value is based on scarce data, the indicator for life quality is based 
only on space allowance and production animals’ parents are not 
included. No indicator for antibiotic use in animal production has been 
used for sustainability assessments of diets. Our aim was to further 
develop methods for including animal welfare and antibiotic use 
alongside environmental indicators. This study introduces a novel in
dicator for antibiotic use applicable to specific food products, and ad
vances animal welfare indices building on Scherer et al. (2018), 
covering more species and production systems (including parent ani
mals) and an alternative way of taking animals’ cognitive ability into 
account.

To guide more sustainable food consumption, different diets must be 
compared in a holistic way, taking several issues into account (Hebinck 
et al., 2021; Richter et al., 2024). Public discourse often isolates issues 
like climate impact, animal welfare and antibiotic resistance into sepa
rate debates. Our research question was: How can diet sustainability 
assessments be developed to evaluate and reveal synergies and goal 
conflicts between animal welfare, antibiotic use and environmental 
impact? We answer that question by proposing the following metrics: 

• a set of indices to capture animal welfare issues, based on number of 
animals needed to produce 1 kg of animal product, animal suffering 
in the production system and different species’ ability to perceive 
negative effects of being used by humans

• an indicator for antibiotic use, based on national amounts of anti
biotics sold for animals and estimated distribution over animal spe
cies and total biomass of different species in different countries

We illustrate these metrics using dietary patterns from three Euro
pean countries, and include impact assessments to identify trade-offs 
(see Supplementary material). To ensure transparency, all input data 
and calculations are available as spreadsheets, allowing users to adapt 
metrics or update calculations with more specific data.

2. Background and theory

2.1. Ethical perspectives on animal sourced food

Animal rights and the extent to which using animals for food pro
duction can be morally justified is a complex issue that has been dis
cussed extensively by philosophers. Several perspectives exist where the 
utilitarian view supports humans using other animals provided their 
interests are given the same consideration as human interests, and the 
use enhances overall wellbeing (Singer, 1975). The animal rights view 
considers any use, abuse or killing of sentient animals morally wrong 
and such use should therefore be heavily decreased or abolished (Regan, 
1985). Vinnari and Vinnari (2022) present a framework reflecting these 
perspectives and describe a potential shift from no rights for animals via 
simple rights to fundamental rights for animals. Our work on animal 
welfare indices fits within ‘simple rights’ on the scale of Vinnari and 
Vinnari (2022), where humans’ use of animals is acceptable “but subject 
to welfare considerations” and “suffering inflicted on animals should be 
minimized”. From a utilitarian point of view, an individual animal’s 
impaired welfare may be outweighed by other factors beneficial for 
humans, such as lower climate impact of food consumption. If a large 
number of animals severely suffer in food production, the beneficial 
impacts of this animal-sourced food consumption on humans must be 
large to outweigh the suffering of animals (Palmer and Sandøe, 2011). 
Ideally, consideration should not be limited to the production animals 
themselves, but should include all animals in the system, e.g. parents of 
production animals and wild animals affected by feed production 
(Vinnari and Vinnari, 2022).

From an animal rights perspective, the animal is an individual 
worthy of respect in its own right since it has an interest in continuing to 
live (Francione, 2010). This view excludes consumption of animal- 
sourced food and animal welfare indicators then becomes obsolete. 
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The animal welfare indicators in our work are developed with an un
derlying assumption that humans have the right to use and kill animals 
for food production. With an animal integrity perspective, the animal is 
not defined through its function as source of food for humans, it is 
regarded as a sentient being experiencing its own life (Röcklinsberg 
et al., 2014). With respect for animals’ integrity, what is ethically 
acceptable can therefore not be based only on utilitarian calculations of 
maximum benefit; number of animals needed (i.e. number of lives) for a 
diet also matters (Röcklinsberg et al., 2014). Globally, 200 billion 
farmed animals (birds, mammals and finfishes) were slaughtered for 
food production in 2019 (Mood et al., 2023). Our work is based on a 
utilitarian view, which is why we combine animal welfare, use of anti
biotics and climate impact in the diet assessment to show synergies and 
trade-offs for humans as well as animals (see the Supplementary mate
rial, SMX). However, we also include an animal integrity perspective 
which explains why we take number of involved animals into account in 
the animal welfare indices.

2.2. Animal welfare challenges

Harrison (1964), in the book Animal Machines, stated that animals in 
food production were considered as inanimate machines rather than 
living individuals. The Brambell Committee was set up by the British 
government as a consequence of Harrison’s book (Broom, 2011). In the 
Brambell report from 1965, the ‘five freedoms’ were introduced. Today, 
the five freedoms are known as freedom from hunger and thirst, freedom 
from discomfort, freedom from pain, injury or disease, freedom to ex
press normal behaviour and freedom from fear and distress (FAWC, 
2009). The term ‘animal welfare’ was used in the 1970, but not defined 
and not acknowledged as a scientific subject. Research on motivation 
systems by ethologists and psychologists at the time described that an
imals have needs and become frustrated when these needs are not ful
filled (Broom, 2011). Hughes (1982) proposed that the term animal 
welfare meant that the animal is in harmony with nature, or with its 
environment. Broom (1986) developed the concept into something 
measurable: “The welfare of an individual is its state as regards its at
tempts to cope with its environment”. WOAH (2024) specify that this 
‘state’ is both physical and mental, and that it is in relation to the con
ditions in which the animal lives and dies (WOAH, 2024). In our animal 
welfare indices, the animal’s ability to perceive effects of being used by 
humans mirrors the animal’s state and the quality of the production 
system mirrors the animal’s environment or condition.

There are several major animal welfare issues in food production, 
often related to frequent diseases and injuries and restricted area 
available for farm animals, and to catching or shooting wild animals 
(Hampton et al., 2021). Death is not necessarily regarded as an animal 
welfare issue in itself (depending on ethical perspective), but mortality 
on farm is often preceded by a period of disease or stress and thus 
indicate low welfare. Animals’ ability to perform behaviours that they 
are strongly motivated to perform is crucial for animal welfare (WOAH, 
2024). In intensive production systems, animals are often kept in an 
environment where there is not enough room for performing those be
haviours, such as rooting or grazing. High stocking density does not only 
hinder animals’ movements, it also increases the risk of aggressive in
teractions and spreading of infections in the group (Maes et al., 2020).

Animals like salmon, pigs and chickens are raised to be slaughtered 
at a given time, usually before sexual maturity. Lying hens and dairy 
cows are culled as adults. Wild animals are killed when shot or when 
caught. The whole slaughter process, from animal collection and 
transport to death, may cause fear and pain (e.g. Tomás et al., 2024). The 
duration of this process varies between production systems, with a range 
from less than a minute (for shot animals) to more than a day (ECA, 
2023).

Domesticated animals are selected for high production levels 
(growth, milk, eggs etc.). This has led to lower climate impact per kg of 
product, e.g. per kg of meat or milk produced (Naranjo et al., 2020; 

Thoma et al., 2024) but also some unfavourable genetic changes in traits 
important for animal welfare. Two well-known examples are high se
lection pressure on milk yield that increases the risk of mastitis (udder 
inflammation) and high selection pressure on growth rate that increases 
the risk of leg problems in several species (Rauw et al., 1998). Therefore, 
resistance to mastitis and strong legs and other traits important for an
imal welfare are included in the breeding goals alongside with the 
production traits. However, considerable animal welfare problems 
related to e.g. diseases and mortality on farm still prevail. A metric 
covering disease frequency, mortality rate, stocking density and dura
tion of the slaughter process has the potential to reveal differences in 
animal welfare level between different production systems for different 
types of animals.

2.3. Assessing animal welfare per kg of product

European consumers eat food products from farmed as well as wild 
animals. Wild animals can, of course, suffer from diseases and injuries 
during their whole lifetime. However, our animal welfare indices 
describe the part of an animal’s life that humans are directly in charge 
of. For a pig or a salmon in aquaculture, the evaluated time period starts 
when the animal is born and continues until the animal is dead. For wild 
animals, the evaluated period starts with shouting or catching and 
continues until the animal is dead.

Assessments of specific food products can go to considerable depth 
and breadths. For example, Zira et al. (2021) included animal welfare in 
a life cycle sustainability assessment (LCSA) of different pig production 
systems using more than twenty indicators relevant for pig production, 
e.g. pigs’ access to daylight and frequency of pigs with injured tails. For 
diet assessments, a method that can be used across different animal 
species (e.g. beef, chicken, blue mussels), accounting also for different 
species’ cognitive ability, is however needed. Scherer et al. (2018)
developed a framework for integrating animal welfare in LCSA across 
species. They proposed three different indicators of animal welfare loss: 
animal life years suffered (ALYS), loss of animal lives (AL), and loss of 
morally adjusted animal lives (MAL). In MAL, Scherer et al. (2018) took 
animals’ moral value (denoting “intelligence and self-awareness” of 
different species) into account.

Richter et al. (2024) have reviewed the literature, including the work 
by Scherer et al., 2018, and present a conceptual framework for animal 
welfare assessments of foods. Our animal welfare indices are (as far as 
we know) the first indices presented with clear references, step by step, 
to the framework of Richter et al. (2024). We summarize our approach 
for developing the animal welfare indices according to their framework 
here, and in more detail in SM6. The framework by Richter et al. (2024)
is structured in five steps: 1. Type of assessment; 2. Inclusion and 
identification of animals; 3. Animal welfare components; 4. Indicators; 
5. Aggregation.

Step 1 in the framework of Richter et al. (2024) concerns the type of 
assessment and there are three types; ethical, risk and welfare assess
ments. The definitions of risk and welfare assessments overlap, and both 
evaluate the likelihood of a certain quality of life (Richter et al., 2024). 
Our assessment focuses on loss of welfare, i.e. negative impacts. In terms 
of included animals (Step 2), we include food-producing animals in 
agriculture and aquaculture as well as wild animals used for food pro
duction, but not wild animals indirectly affected by food production (e.g. 
fishes in fish meal fed to poultry). We assume that all animal species 
involved in food production have some capacity of sentience.

Step 3 in the framework of Richter et al. (2024) concerns animal 
welfare components. Our animal welfare indices cover all life stages for 
farmed animals, and the “salience of experiences” is considered by 
weighting indicators. Richter et al. (2024) has “consideration of life 
duration” as one of the animal welfare components in Step 3. ALYS (in 
this article and in Scherer et al., 2018) takes life duration into account, 
assuming that every day is a day suffered. This can be questioned for two 
reasons: Firstly, assume calves slaughtered at 6 or 7 months. If, for 
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example, stocking density is very high the calves have suffered during 
their whole life, regardless of whether it was 6 or 7 months. Secondly, 
animals can experience both positive and negative emotions during life 
(although our indicators only describe welfare loss, i.e. negative animal 
welfare aspects) and shorter life duration might not be preferable from 
an animal welfare perspective.

Mortality on farm which is premature in relation to the expected age 
at slaughter is included in our indices but, in contrast to AL and MAL 
presented by Scherer et al. (2018), we did not include life fraction 
(slaughter age/life expectancy). Broom (2011) states that animal wel
fare is associated with the living animal’s attempts to cope with its 
environment and writes that “ethical issues about whether or not ani
mals should be killed for human benefit are sometimes perceived to 
overlap with the concept of welfare but they do not”. Accordingly, we do 
not include deprived lifetime in the animal welfare concept. Not 
counting with life fraction reflects the perspective that if we accept that 
humans have the right to use and kill animals for food production, the 
lost lifetime has little relevance. For these reasons we wanted to 
construct an index that is not based on lifetime lost.

Step 4 in the framework of Richter et al. (2024) concerns the choice 
of indicators. The production system (i.e. the type of environment and 
management in which the animals are kept) leading to mortality, disease 
and impaired ability to perform natural behaviours is crucial to animal 
welfare. We use the term ‘suffering’ to describe the quality of the pro
duction system with regard to animal welfare; Scherer et al. (2018)
called it ‘life quality’. Scherer et al. (2018) used only space allowance to 
capture this, and the indicator differed between species, e.g. days on 
pasture for dairy cattle and stocking density for chickens. We wanted to 
base the indices on a broader, but still feasible (in terms of data 
collection and comprehensiveness), description of the production sys
tem and used disease frequency, mortality on farm, lack of space and 
duration of slaughter process to describe “the conditions in which it [the 
animal] lives and dies” as stated by WOAH (2024). According to the 
framework of Richter et al. (2024), indicators can be resource-, animal- 
or management-based. In our indices, lack of space (including time on 
pasture) is resource-based, mortality and disease frequency are animal- 
based, and slaughter duration is management-based.

The final step (step 5) in the framework of Richter et al. (2024)
concerns aggregation. We do a full aggregation into one overall score to 
enable the use of the indices in diet assessments. The aggregation is done 
taking species’ ‘welfare capacity’ and ‘valuation of affected animals’ 
into account, as asked for in the framework of Richter et al. (2024). For 
affected animals, we use the number of involved animals needed to 
produce a certain amount of animal product (e.g. 1 kg of beef), in 
accordance with Scherer et al. (2018). For welfare capacity, Scherer 
et al. (2018) used brain mass, number of total neurons or number of 
cortical neurons (depending on data availability) to determine the moral 
value relative to a human being. Paris et al. (2022) also used moral value 
to assess foods from different species and for species lacking data on 
neurons they used brain weight/body weight ratio. We wanted another 
way to describe different species’ ability to perceive negative effects of 
being used for food production, for several reasons. Firstly, although 
Herculano-Houzel (2012) use neuron numbers to predict animals’ ‘in
telligence’, the correlation to “the physical and mental state of an ani
mal” (in the animal welfare definition of WOAH) seems unclear. 
Secondly, data on number of neurons are not available for all species 
involved in European diets (Paris et al., 2022). Thirdly, we wanted to 
take the potential effects of age (e.g. a newly hatched chicken compared 
to an adult hen) and domestication (e.g. a pig compared to a wild boar) 
into account. Although the number of scientific studies on animals’ 
ability to feel pain, fear and distress is increasing (see Birch et al., 2021
for molluscs and Gibbons et al., 2022 for insects), comparable data for 
young and adult animals of all species included in European diets are 
still lacking. While waiting for such data, we defined animals’ ability to 
perceive negative effects of being used by humans with a questionnaire 
to experts in animal science and veterinary medicine.

Three comprehensive sustainability assessments of diets were 
recently performed by Scherer et al. (2019), Paris et al. (2022) and 
Allenden et al. (2022). They used ALYS, AL and MAL developed by 
Scherer et al. (2018). Thus they were all based on only one indicator of 
animals’ life quality and a moral value calculated from scarce physio
logical data. Furthermore, the number of included species was limited, 
especially for wild animals.

2.4. Antibiotic resistance challenges

Antibiotics are a group of antimicrobials produced from moulds or 
made synthetically and used against bacteria. The aim of treating 
humans and animals with antibiotics is to kill bacteria or prevent bac
teria from multiplication. The first antibiotics were used to treat humans 
with infections in the beginning of last century (Uddin et al., 2021). 
Fleming discovered that a fungus inhibited growth of staphylococci and 
isolated the active substance penicillin 1929. Flory and Chain managed 
to scale up the production and penicillin treatment was implemented in 
practice 1945. Already 1945, Fleming, when receiving the Nobel prize, 
warned that overuse of antibiotics could result in selection for resistant 
bacteria. The fact that most of the antibiotics used today are still variants 
of those developed during the glorified era of antibiotic discovery 
(1950–1970) increases the health threat of antibiotics resistance (Uddin 
et al., 2021).

Antibiotics are needed in both human and veterinary medicine to 
cure infections and to prevent infections when surgery and cancer 
treatments are performed. Eating food products from animals treated 
with antibiotics do not cause direct health problems among consumers – 
use of antibiotics in food production is a social sustainability aspect 
because it increases resistance to antibiotics, thereby threatening the 
health and welfare of humans and animals. In general, problems with 
antibiotic resistance get worse the more antibiotics that are used. Unlike 
animals, bacteria have the capacity to exchange genetic material be
tween each other within generation. When, for example, manure is used 
as fertilizer on the field, bacteria that have achieved resistance due to 
mutations can transfer the resistance genes to other species of bacteria in 
the soil (Lima et al., 2020). The magnitude of this transfer is, however, at 
large unknown.

Antibiotics are used in animal production for three reasons: 

• To cure infected animals
• To prevent animals from being infected
• To promote higher production levels (often higher growth rate), so 

called ‘growth-promotors’.

Regular use of antibiotics by routine for prevention and as growth- 
promotors can mask issues related to hygiene, stocking density and 
inappropriate management which can decrease animal welfare. A 
completely antibiotic-free food production is, however, not acceptable 
from an animal welfare perspective since sick animals shall be treated. 
The goal is a prudent, medically rational use of antibiotics so that spe
cific antibiotics continue to offer successful treatments against specific 
infections in humans and animals, and so that the ratio of resistant 
bacteria species does not further increase (Magnusson et al., 2019). The 
use of antibiotics as growth promotors is prohibited in the EU since 2006 
(EC, 2005) and the use of antibiotics for regular disease prevention is 
prohibited in the EU since January 2022 (EU, 2019a; EU, 2019b).

2.5. Assessing use of antibiotics per kg of product

The actual amount of antibiotics used for animals in food production 
is not known and therefore the country-wise monitoring performed by 
European Surveillance of Veterinary Antimicrobial Consumption 
(ESVAC) was based on sold amounts (ESVAC, 2023). Since the popula
tion of animals varies between countries, the use of antibiotics has been 
reported per total biomass. Corresponding data are available for some 
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countries outside Europe and missing for others. No country reports data 
on sales per production system in a systematic way and so far, only a few 
countries report data on sales per species (e.g. UK (UK-VARSS, 2022) and 
Denmark (DANMAP, 2021) for some species).

The amount of prescribed antibiotics for an animal depends on its 
weight. Species differ in bodyweight and the proportion of different 
livestock species varies among European countries. Comparisons be
tween countries should thus be made in relation to biomass. National 
data on total biomass, recorded in Population Corrected Units (PCU) 
have been presented by ESVAC (2023). PCU is a theoretical unit 
developed by the European Medicines Agency (EMA). It takes into ac
count that it is more common to treat young than adult animals and that 
young animals are lighter than adult animals. The total biomass for each 
country is calculated as number of animals of different species in the 
country (reported yearly to national authorities) and an assumed body 
weight at treatment for each species (ESVAC, 2023).

The need for antibiotic treatments differs between production sys
tems and species. Rabbits, for example, are highly susceptible to bac
terial infections (Peng et al., 2015). Since low use of antibiotics is easier 
to achieve for some species than others, the proportion of species in 
animal production matters for the national total sales. As stated by the 
European Public Health Alliance: “Most of the differences between 
countries are in fact likely due to large differences in usage in each 
species” (Nunan, 2022). For each country, our antibiotic use indicator 
takes into account the sold amount of antibiotics, the total biomass in 
population corrected units, the proportion of species in that biomass and 
how ‘easy’ it is to keep the amount of antibiotics low for different 
species.

3. Methods

The study consists of several parts. First, we develop three animal 
welfare indices based on the framework by Richter et al. (2024), 
developing and expanding the work by Scherer et al. (2018), and 
populate them with literature data across various livestock species and 
countries (Section 3.1). Second, we propose a new indicator to measure 
antibiotic use, using official data from European livestock systems 
(Section 3.2). In the Supplementary material (SM3a), we show how an 
animal welfare index and an antibiotic use indicator can be combined 
with existing data on climate impact, to demonstrate how diets can be 
assessed using our metrics.

The animal welfare indices include indicators for affected animals, 
animals’ cognitive ability and suffering caused by the production sys
tem. The antibiotic use indicator is a species specific adjustment of 
amount of sold antibiotics per animal biomass in each country. 
Together, the animal welfare indices and the antibiotic use indicator are 
called ‘metrics’. The functional unit for these metrics is kg animal 
sourced food.

3.1. Animal welfare indices

Animal welfare is defined as “the physical and mental state of an 
animal in relation to the conditions in which it lives and dies” (WOAH, 
2024), taking the five freedoms (FAWC, 2009) into consideration. We 
present results for three indices: 1) a new index, Perception Adjusted 
Animal Lives Affected (PAALA), 2) Animal Life Years Suffered (ALYS) as 
defined by Scherer et al. (2018) but with an extended ‘life quality’ 
component here called ‘suffering’, and 3) Perception Adjusted ALYS 
(PAALYS). PAALA and PAALYS consider 1) the number of involved 
animals to produce 1 kg of raw commodity (e.g. kg of bone-free meat, 
eggs, peeled shrimps or milk, 2) these animals’ ability to perceive 
negative effects of being used by humans, and 3) a judgement of the 
quality of the production system expressed as the suffering that animals 
are exposed to in the typical production system. Thus ‘ability’ describes 
the animal and ‘suffering’ describes the production system. ALYS con
siders the number of involved animals and suffering, but not animals’ 

ability. The indices reflect the whole life for farmed animals. For wild 
animals, only the part of life directly related to food production, i.e. 
shooting or catching, transport and slaughter, is included.

The indices are calculated as follows (variables are further explained 
in Sections 3.1.1–3.1.3): 

PAALA = number affected× ability× suffering including slaughter×100 

ALYS = number affected×
(
[life duration − slaughter duration]

× suffering excluding slaughter+ slaughter duration
)

PAALYS = ability×ALYS 

where 

number affected is number of animals involved to produce 1 kg food
ability is the animals’ ability to perceive negative effects of being 
used by humans
suffering describes the quality of the production system, either 
including or excluding the slaughter process
life and slaughter durations are animals’ life length and length of 
slaughter process.

PAALA is multiplied with 100 to increase the readability of the index 
value. Data for number affected, suffering, life duration and slaughter 
duration come from the literature. Data for ability come from a ques
tionnaire to experts in animal science and veterinary medicine.

The animal welfare index values for production animals and their 
parents were added to get the animal welfare index value per kg product 
for beef from suckler production and for sheep, pig and chicken meat. 
For calves from dairy cows, all welfare impact was allocated to the cow 
and its milk, and parent is thus not applicable. For other animals, the 
impact of parents was assumed to be negligible due to the low number of 
parents needed (salmon and insects) or due to similarity to production 
animals (rabbit and laying hen), and thus not included as a separate 
group of animals. Horses were not regarded as production or parent 
animals since commercial horse meat production is very limited and 
horse parents were therefore not included as a separate group of ani
mals. For eggs, male chickens discarded at hatching were included as a 
separate group of animals in addition to laying hens.

The indices are presented for major animal products (from cattle, 
pig, poultry, sheep, rabbit, horse, farmed salmon, blue mussel, wild fish, 
shrimp, octopus, wild ruminants, wild boar, wild rabbit, mealworm and 
honey bee) as consumed in nine European countries (France, Germany, 
Greece, Hungary, Ireland, Italy, Poland, Spain and Sweden, see SM1). 
Hence, we developed animal welfare indices for livestock production in 
these countries. Indices were also developed for meat, milk and eggs 
from Denmark and the Netherlands, and lamb meat from the United 
Kingdom (UK) and New Zealand, as the nine consumption countries 
import substantial amounts of these products. Indices were also devel
oped for insects like mealworms and honeybees and for wild ruminants, 
boars, rabbits, and for blue foods, i.e. animal products produced or 
caught in waters (including farmed salmon from Norway), wild fish, 
octopus, shrimp and blue mussel.

3.1.1. Number of animals affected
The number of affected animals to produce 1 kg of animal product for 

different species in the nine countries was based on Röös et al., 2025. 
Number of animals (lives) per functional unit can be an ethical issue but 
it is not necessarily an animal welfare issue per se. Thus we chose to 
reduce the importance of this factor at its extremes, and used an arbi
trary minimum number of 0.0001 animal per kg which resulted in an 
increased number affected for the dairy cow. We also chose to reduce the 
importance of number affected by adjusting the number for the smallest 
animals; the number for blue mussels and shrimps was divided with 10 
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and the number for honeybees and meal worms was divided with 100. 
Without these arbitrary adjustments (that reflect our ethical view), the 
animal welfare index value for food from the smallest animals would be 
very unfavourable even with a perfect production system, and very 
favourable for milk even with the worst possible production system. The 
adjustments of numbers of animals were done for all three animal 
welfare indices.

3.1.2. Ability
The involved animals’ ability to perceive negative effects of being 

used by humans is a relative value defined with input from a group of 15 
experts in animal science and veterinary medicine at the Faculty of 
Veterinary Medicine and Animal Science at the Swedish University of 
Agricultural Sciences. They were asked to distribute 110,000 points over 
11 groups of species (e.g. poultry and wild fowls, ruminants including 
game, and mealworms and honeybees) in a questionnaire (SM4). The 
total of 110,000 was chosen to facilitate the distribution of points to 
species for which we assumed the respondents would give very few 
points, as compared to the number of points they would give to large 
mammals. The average points given by the 15 respondents were divided 
by 110,000 to get a relative value. A value of 0 would mean that animals 
of this species have no ability to perceive negative effects of being used 
by humans. The questionnaire also included questions on domesticated 
and wild animals’ and young and adult animals’ ability (within species) 
to perceive negative effects of being used by humans. Again, relative 
values were used. The average points were reported and discussed with 
the respondents at a workshop, and they got the possibility to review 
their points based on that discussion. The questionnaire including the 
answers from the experts is available in SM4.

3.1.3. Suffering
The suffering in the production system is described based on i) 

mortality and ii) disease frequency and iii) lack of space in relation to 
body size and iv) duration of the slaughter process. These indicators 
were chosen because they are associated with four of the five freedoms 
defined by FAWC (2009), i.e. freedom from discomfort; freedom from 
pain, injury and disease; freedom to express normal behaviour and 
freedom from fear and distress (freedom from hunger and thirst is not 
covered by suffering). They were also chosen for being relevant to many 
species and for their ‘feasibility’, i.e. comparable data could be found for 
many species. We calculated the suffering part of the indices as: 

suffering = (2×mortality+2× disease frequency+2× lack of space)
+ slaughter duration 

For ALYS and PAALYS we normalised mortality, disease frequency 
and lack of space between 0 (best) to 1 (worst) to be consistent with the 
definition of ALYS in Scherer et al. (2018). Equal weight on mortality, 
disease frequency and lack of space and less weight on slaughter dura
tion was based on Zira et al. (2020) where experts gave equal weight to 
“free from fear, pain and injuries” (reflected by mortality), “good animal 
health” (reflected by disease frequency), “animal friendly housing” plus 
“possibility to express natural behaviour” (reflected by lack of space) 
and halved weight to animal friendly management (reflected by 
slaughter duration). When including suffering in ALYS and PAALYS we 
omitted the slaughter duration (as it is included in these indices 
explicitly) to avoid double counting. Average values for mortality and 
disease frequency and slaughter duration for production systems in 
different countries were collected from scientific and ‘grey’ literature 
(references in SM5).

Mortality describes the ratio of animals dying on farm (i.e. before 
slaughter). Disease frequency reflects the ratio of animals diseased or 
injured at least once before slaughter. For animals living longer than one 
year (e.g. dairy cows), it reflects the number of animals diseased or 
injured at least once per year. Wild animals were assumed to live a life 
independent of humans and enter the food production system at the end 

of their life, i.e. when shot or caught (fishing). Mortality and disease 
frequency were therefore set to zero for wild animals. Mortality and 
disease frequency were also set to zero for honeybees and meal worms 
due to lack of data.

Lack of space (describing stocking density) was calculated based on 
the size of the animal (animal area = body length × body width at the 
largest place of the body) and the available minimum area per animal 
according to EU’s animal welfare law or the national law in the country 
where the production takes place. If the bodies of all animals in a pen fill 
up one third of the pen size the lack of space is 0.33 and if they fill up two 
thirds the lack of space is 0.67. This was done for several phases of the 
animals’ lifetime so that the relative lack of space describes the average 
of all days in life. Days on pasture were regarded as days without space 
restriction (lack of space = 0); if an animal spends one third of its life
time on pasture the relative lack of space value is only two thirds of the 
value for a corresponding animal spending all time indoors. For fish, 
relative space was based on volume (body length x body area at the 
largest place of the body). Wild animals have no lack of space. Lack of 
space was also set to 0 for meal worms and honeybees, due to lack of 
data and with the assumption that stocking density is not relevant for 
insects that form colonies. Furthermore, honeybees can leave the hive 
for most of the year.

Slaughter duration describes the average length of the slaughter 
process expressed as duration in hours divided by 24 h. Slaughter 
duration includes catching or collecting animals on farm, loading, 
transport, loading off and lairage time on the slaughterhouse. Data on 
localisation of farms and slaughterhouses as well as average duration of 
slaughter process are scarce. The duration of transport from farm to 
slaughter plant was assumed based on frequencies of short (<8 h), long 
(8–24) and very long (>24 h) journeys in EU 2017–2021 presented by 
ECA (2023) for intra-EU transports of horses, poultry, pigs, small ru
minants and cattle. For wild animals killed by shooting, the slaughter 
process duration was set to one minute. Mealworms were assumed to be 
slaughtered by shredding which is a rapid process (Erens et al., 2012). 
Honeybees are not slaughtered and slaughter duration was thus set to a 
very short, arbitrary value (0.5 min.). Slaughter duration for blue 
mussels includes handling and killing by boiling, but not storage time at 
the retailer and shop. Salmons’ slaughter duration includes transport 
and the actual slaughter, but not the resting period at the slaughter
house. For wild fish and octopus, the time from catch (including time in 
trawl or on hook) varies between fishing methods and the time it takes 
for the animal to suffocate when taken out of water varies between 
species. The duration was set to 3.5 h, based on data from Breen et al., 
2020.

In a hypothetical ‘worst possible production system’ where almost all 
animals get sick and die on farm before slaughter, and the animals’ 
bodies fill up the whole pen, and slaughter duration is 24 h, the suffering 
would have the score of 7.

3.2. Antibiotic use indicator

The antibiotic use indicator indicates the risk of bacteria developing 
resistance to antibiotics that threatens health of humans and animals. 
The indicator builds on the assumption (from ESVAC, 2023) that the 
amount of sold antibiotics mirrors the amount of used antibiotics. The 
sales of veterinary medicinal antibiotic products per population cor
rected unit (mg/PCU) in different countries reported by ESVAC (2023)
was used for the indicator. The total biomass used by ESVAC when 
calculating the amount of antibiotics for animals in mg/PCU includes 
cattle, pigs, poultry, sheep, goats, rabbits, farmed fish and horses 
(ESVAC, 2023). Use of antibiotics is not relevant for caught and shot 
wild animals. Antibiotic residues have been found in honey but there are 
no antibiotics approved for honeybees in EU (Croppi et al., 2021). Due to 
lack of data on used amounts of antibiotics in honey production, we 
assumed that no antibiotics were used. Based on Halloran et al. (2016)
we also assumed that no antibiotics were used for production of 
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mealworms. Blue mussels, cultivated in the open sea, are not treated 
with antibiotics (Cajas de Gliniewicz, 2016).

Data on use of antibiotics divided across different species were found 
for six European countries: the Netherlands (SDa, 2022), UK (UK- 
VARSS, 2022; Tallon et al., 2023), Denmark (DANMAP, 2021), France 
(Nunan, 2022), Austria (AGES, 2023) and Norway (NORM-VET, 2022). 
Based on estimated use for different species in these countries (accord
ing to the references given above), we calculated the average use within 
species, in mg per PCU, and used those average amounts as a base to set 
the following standardised values for different animal species in Europe: 
rabbits 780; pigs 60; farmed fish 30; cattle 30; poultry 30; sheep-goat 20; 
horses 5 (Table 1). An interpretation of these standardised values is that 
with the current production systems in Europe, lower levels of antibi
otics are in general needed to produce lamb meat as compared to rabbit 
and pig meat. We assume that the proportion of antibiotics used for 
different species (in mg per PCU) within country is the same in all 
countries (e.g. twice as much antibiotics to pigs as compared to cattle in 
all countries), and that this is reflected in the total national sales of 
antibiotics.

Animal production differs between European countries. For example, 
several countries in this study have no rabbit production, Greece has 
relatively large numbers of fish and sheep and goats, Denmark has a 
relatively large number of pigs and Sweden has a relatively large 
number of horses Consequently, the distribution of the total biomass 
over different species varies between countries (Table 2).

Since low use of antibiotics is easier to achieve for some species than 
others (see above), the proportion of species in animal production 
matters for the national total sales. The ratio of national total sale (from 
ESVAC, 2023) per expected sale (according to the distribution of 
biomass over species in the country, see Table 2 and SM2) was therefore 
multiplied with the standardised value for the animal species, for each 
country. The result is the antibiotic use indicator (in mg per kg product) 
that can be multiplied with the amount of different animal products in 
the diet. An example: Spain has a total sale of 127 mg per PCU and an 
expected sale (i.e. expected given the species proportion of biomass and 
standardised values) of 48 mg per PCU and the ratio of total sale per 
expected sale is 127/48 = 2.64, as presented in Table 2. The stand
ardised value for pigs is 60 mg per PCU. Thus, the antibiotic use- 
indicator for Spanish pig meat is 2.64 × 60 = 159. The corresponding 
calculation for Danish chicken meat is 0.66 × 30 = 20. For a country like 
France, with a ratio of total sale per expected sale close to 1 (0.97), the 
antibiotic use-indicator for different species is close to the standardised 
values. The antibiotic use indicator was calculated for animal products 
produced in the nine countries included in the evaluation of diets plus 
countries they import from (Norway, Denmark, Netherlands, UK). Since 
the antibiotic use indicator includes several assumptions, we have 
compared the results with a simple indicator based only on antibiotics in 
mg per PCU reported for each country (ESVAC, 2023), see SM2 for the 
comparison.

Cattle meat is produced either in systems with suckler calves (i.e. 
cows are not milked for milk sales) or in dairy systems, with varying use 
of antibiotics, but ESVAC data are presented for ‘cattle’ as an aggregate. 
For the indicator calculations, we assumed higher use of antibiotics for 

milk production than beef production, as indicated by Humphry et al. 
(2021) and Ferroni et al. (2020), and allocated 70 % on dairy cattle and 
30 % on beef cattle. Using a weight of 600 kg per dairy cow and 
assuming a milk yield of 9900 kg milk per cow and year, the stand
ardised value for milk was 1.3 mg per kg. Poultry produce eggs and 
chicken meat, but ESVAC data are presented for ‘poultry’. We assumed 
that lying hens use ten times more antibiotics in mg/PCU than chickens, 
as indicated by UK-VARSS (2022) and TESCO (2024), giving a stand
ardised value 0.4 for eggs (based on a hen weight of 1.5 kg and an egg 
yield of 16 kg egg per year and year). See SM2 for details.

4. Results

4.1. Animal ability and suffering

The experts in animal science and veterinary medicine that we 
consulted in this study ranked wild boar to have the highest ability to 
perceive negative effects of being used by humans. Among domestic 
animals, pigs, cattle and horses were ranked as having the highest 
ability. Blue mussels and mealworms were judged to have a considerably 
lower ability than other animals included here (Fig. 1). Parent animals 
(i.e. adults) were judged to have slightly higher ability than their cor
responding offspring. Male chickens discarded at hatching in the egg 
production system were judged to have an ability of 0.26, as compared 
to 0.59 for the laying hen.

As for suffering, hens had the highest scores due to high disease 
frequency; an average of more than 40 % of hens suffer from keel bone 
fractures at the end of the production period (Rufener and Makagon, 
2020). Pigs also had high suffering scores due to high piglet mortality 
and lack of space (Fig. 1 and Table 3). Production of farm animals in 
Germany is used as an example here, but suffering varies between 
countries. For ruminants, grazing season length and proportion of ani
mals on pasture have a large influence on lack of space. Results for all 
countries are presented in SM1. Wild animals on land had considerably 
lower suffering scores, stemming only from shooting (assuming the 
slaughter duration was one minute) which was the only human-induced 
suffering for these animals.

4.2. Animal welfare indices

Regardless of type of index used, meat from cattle and wild animals, 
mealworms and honey show low index values (i.e. favourable) per kg of 
animal product (Fig. 2). For mealworms and honey this is partly an ef
fect of our adjustment of number affected (Section 3.1.1). Without this 
adjustment the PAALA value for mealworms and honey would have 
been 27 (instead of 0.27) and 37 (instead of 0.37). Meat from cattle 
shows low values due to the large body mass in comparison to other 
livestock species, resulting in a low number affected as one animal gives 
many kg of meat. Meat from wild animals killed by shooting show low 
values per kg due to their low human induced suffering (Table 3). Wild 
animals from the sea show higher values due to a longer slaughter 
duration. The values for shrimps and blue mussels are influenced by the 
adjustment of number affected. Without this adjustment, the PAALA 

Table 1 
Average amount of antibiotics for different species presented in the literature and standardised values used for adjustment of production, in mg per PCU.

Country Amount, mg per PCU References

Cattle Pigs Poultry Sheep goat Fish Rabbits Horses

Austria 16 69 25 AGES, 2023
Denmark 25 42 10 1 44 2 DANMAP, 2021
France 38 73 64 51 775 Nunan, 2022
Netherlands 61 33 24 943 SDa, 2022
Norway 1 NORM-VET, 2022
UK 20 87 14 8 43 9 UK-VARSS, 2022; Tallon et al., 2023; TESCO, 2024
Stand. values 30 60 30 20 30 780 5
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value for shrimps and blue mussels would have been 97 (instead of 9.7) 
and 36 (instead of 3.6).

For PAALA, rabbits and chicken have the highest values (i.e. unfav
ourable) due to high number affected as almost one animal is needed to 
produce one kg of meat (approximately 0.8 animals for chicken and 1.0 
for rabbit; see SM1) and relatively high suffering scores due to relatively 
high disease frequency and lack of space (Fig. 2). For chicken produc
tion, number affected is similar across countries as the production sys
tem and genetic type are homogenous, while rabbit production can be 
performed using rabbit breeds of various sizes (Cesari et al., 2018) which 
influences the number affected and hence assessment results.

When accounting for the time an animal lives before slaughter as in 
ALYS and PAALYS, farmed salmon scores worst of all species, due to 
relatively long life duration (3 years compared to 5 weeks for chicken; 

see SM1). For the same reason, eggs have higher values relative other 
products when measured with ALYS or PAALYS compared to PAALA 
(Fig. 2).

Adjusting for animals’ ability to perceive negative effects of being 
used by humans in PAALYS compared to ALYS did not change the 
ranking between food products but made the difference between food 
from farmed salmon and from chicken, rabbit and laying hen less pro
nounced as salmon was judged to have a lower such ability (Fig. 1).

4.3. Country difference for animal welfare assessment

Variations in PAALA and PAALYS between animal products pro
duced in different countries (Fig. 3) stem mainly from differences in 
suffering, reflecting varying mortality, disease frequency, lack of space 

Table 2 
Total biomass in Population Corrected Units (PCU) per country and proportion of biomass for different species (ESVAC, 2023), reported total sale of antibiotics (mg per 
PCU) during 2022 (ESVAC, 2023) and ratio between the reported sale and the sale adjusteda for distribution of biomass over species.

Country Total PCU, tonnes Proportion of biomass, % of total PCU Reported total sale, mg per PCU Reported/expected sale

Cattle Pigs Poultry Sheep goat Fish Rabbits Horses

Austria 946 46 36 10 4 0 0 4 36 0.92
Denmark 2356 16 74 5 1 2 0 3 34 0.66
France 6561 44 26 15 9 1 1 4 39 0.97
Germany 7601 36 42 13 2 0 0 7 70 1.63
Greece 1142 7 9 13 60 11 0 0 89 3.05
Hungary 833 22 39 24 9 3 1 3 111 2.46
Ireland 2246 60 13 5 16 2 0 4 34 1.07
Italy 3716 39 21 18 14 1 1 5 158 3.99
Netherlands 3025 34 52 11 2 0 0 1 37 0.82
Norway 2198 10 5 3 4 75 0 2 2 0.06
Poland 4278 35 28 33 0 1 0 3 196 5.13
Spain 8063 13 53 11 16 4 1 3 127 2.64
Sweden 788 36 26 15 4 2 0 18 11 0.32
UK 7038 25 11 17 39 3 0 5 26 0.90

a Standardised values used for adjustment of production (mg per PCU): cattle 30; pigs 60; poultry 30; sheep-goat 20; fish 30; rabbits 780; horses 5.

Fig. 1. Ability to perceive negative effects of being used by humans for different animal species (relative value from 0 to 1 based on expert scoring, in blue) and 
suffering per animal (red) for production animals and parent animals. Suffering is normalised against a ‘dystopia’ scenario with the score of 7. Suffering reflects 
German production of farm animals, Norwegian farmed salmon production, and non-country specific insect production and shooting and catching of wild animals.
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and slaughter duration. Variation in index values for eggs depend on 
varying space allowances between countries with Hungary, Poland and 
Spain offering the least space for laying hens due to a large share of hens 
kept in cages, while France, Germany and Sweden keep more than 90 % 
of the laying hens in free-range systems (Schuck-Paim et al., 2021). For 
PAALYS, differences in suffering between countries lead to more pro
nounced country differences in the overall value as suffering is multi
plied by the life duration which is relatively long for laying hens.

The relatively low value for Swedish chicken meat in comparison 
with other countries stems from larger space allowances for chicken in 
Sweden compared to other countries and lower disease frequency (see 
SM1). The low value for Swedish rabbit meat is also explained by the 
Swedish animal welfare law with large space requirement but also by 
larger animals being used in Sweden (giving lower number affected). 
However, commercial rabbit production is very small in Sweden (and in 
Denmark and Ireland; no data for these countries included here). Lamb 
meat from New Zealand has the lowest value of all lamb meat as lambs 
are raised entirely on pasture which results in the best possible score for 
lack of space (Fig. 3). This is despite a higher mortality in New Zealand’s 
lamb production as compared to European lamb production (see SM1).

Patterns in between country variation are similar for PAALA and 
PAALYS (Table 4). Pig meat from Italy presents an exception. With 
PAALA, Italian and Swedish pig meat has the lowest value, i.e. most 
favourable (Italian due to lower number affected and Sweden due to 
lower suffering), while with PAALYS, which also considers the life 
duration before slaughter, Italian pig meat score the worst of all pig 

meat. This is because Italian pigs are raised to a higher age (nine instead 
of six months) and when animal welfare loss is measured with PAALYS 
living longer means that suffering is extended during a longer period and 
the index value is higher.

4.4. Antibiotic use indicator

Results for the antibiotic use indicator for animal products from a 
subset of countries are shown in Fig. 4 (results for all included countries 
in SM2). Egg and milk have the lowest values due to large production of 
eggs and milk per animal. Across species, the index value is highest for 
rabbit meat (SM2) followed by pig meat. Meat from cattle has a lower 
antibiotic use indicator than lamb meat since a large part of the anti
biotics used for cattle is allocated to milk. The ranking between coun
tries is the same for all food products, as a consequence of our method.

5. Discussion

In academic discussions concerning sustainability, it is recognized 
that science alone cannot determine whether animal welfare or threats 
to human health should be prioritized, as these decisions are influenced 
by personal and societal values. However, scientific evidence can pro
vide a foundation for making informed decisions in these areas. In this 
article, we have developed metrics for assessing animal welfare loss and 
antibiotic use, which can be used alongside environmental metrics to 
evaluate impacts from food consumption in diet assessments (e.g. 
Eustachio Colombo et al., 2023) and food system modelling studies (van 
Zanten et al., 2022). The aim of these metrics is to bring in the aspects of 
animal welfare and antibiotic use to provide more comprehensive de
cision support to assist various stakeholders, such as politicians, poli
cymakers in food and agriculture industry, producers, and consumers.

It is important to note that our metrics are not intended for moni
toring or improving livestock production practices. For instance, only a 
small number of parental animals are needed per kg food product, 
therefore their contribution to the overall animal welfare index is min
imal. Consequently, even a very low animal welfare value for parental 
animals would have little impact on the overall animal welfare index 
value. Therefore, assessing and acting on animal welfare indices on a 
diet level is far from enough; efforts to improve animal welfare of all 
parent and production animals need to continue regardless how they 
score in our indices, including reducing mortality, disease frequency and 
slaughter duration and increase space allocation. Nevertheless, diet as
sessments performed with our metrics could motivate the industry to 
improve livestock production systems. Likewise, diet assessments could 
increase consumers’ awareness of the consequences of their diets for 
animal welfare and threats to human health.

5.1. Design of the animal welfare indices

Suffering in our indices includes indicators crucial for animal wel
fare: mortality, disease frequency, lack of space and slaughter duration. 
The corresponding ‘life quality’ used by Scherer et al. (2018) included 
only one indicator. We believe suffering or quality of life is better 
described when including more than one aspect, and chose four in
dicators. A potential fifth indicator could have reflected mutilation 
routines such as castration, tail docking and beak trimming. Feasibility, 
however, decreases with number of indicators and feasibility is a quality 
criterion for assessment tools, as stated by Richter et al. (2024). We 
based the weighting of the four indicators on a previous pig study (Zira 
et al., 2020). This is a limitation, since the relative importance of the 
four different indicators may differ between animal species.

The consumption of 1 kg honey involves the life of 12,000 honey
bees, while one pig life is enough for consuming more than 50 kg meat. 
Globally, number of animals affected is increasing due to increasing 
meat consumption and an ongoing shift toward chicken meat, making 
number of animals affected increase much faster than total meat 

Table 3 
Mortality, disease frequency, slaughter duration and lack of space for different 
species and production systems. Data reflects German production of farm ani
mals, Norwegian farmed salmon production, and non-country specific insect 
production and shooting and catching of wild animals.

Mortalityc Disease 
frequencyc

Slaughter 
durationd

Lack of 
spacee

Production animals
Cattle in suckler 

herds
0.04 0.05 0.25 0.27

Calves from dairy, 
intensivea

0.07 0.10 0.25 0.17

Young cattle from 
dairy, extensiveb

0.08 0.05 0.25 0.27

Dairy cows 0.06 0.16 0.25 0.21
Horse 0.03 0.15 0.25 0.10
Sheep 0.08 0.06 0.25 0.20
Pig 0.23 0.15 0.25 0.63
Chicken 0.04 0.10 0.17 0.60
Rabbit 0.15 0.11 0.25 0.34
Laying hen 0.04 0.46 0.25 0.45
Farmed salmon 0.16 0.15 0.25 0.03
Wild fish 0 0 0.15 0
Blue mussels 0 0 0.08 0
Shrimp 0 0 0.04 0
Octopus 0 0 0.15 0
Wild ruminants 0 0 0.0007 0
Wild boar 0 0 0.0007 0
Wild rabbit 0 0 0.0007 0
Mealworm 0 0 0.0007 0
Honeybee 0 0 0.0003 0

Parent animals
Cattle in suckler 

herds, cow
0.03 0.04 0.25 0.08

Sheep, ewe 0.06 0.05 0.25 0.13
Pig, sow 0.03 0.15 0.25 0.42
Chicken, hen 0.06 0.46 0.17 0.39

a Calves reared indoors; slaughter age 10 months.
b Slaughter age 2 years; on pasture 3 months.
c Share of animals.
d Share of 24 h.
e Share of space occupied by animal.
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Fig. 2. Three different animal welfare indices for animal products: Perception Adjusted Animal Lives Affected (PAALA), Animal Life Years Suffered (ALYS) and 
Perception Adjusted ALYS (PAALYS). The indices reflect German production of farm animals, Norwegian farmed salmon production, and non-country specific insect 
production and shooting and catching of wild animals. The inset image provides a magnified view of the lower range of the main bar chart.
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consumption (van der Laan et al., 2024). We have taken animal lives 
into account in our animal welfare assessment and so has Scherer et al. 
(2019), Paris et al. (2022) and Allenden et al. (2022). To what degree the 
number of animal lives is relevant varies between individuals and 
ethical perspectives. With the excel sheet in the Supplementary material 

(SM1), readers can see the consequence of taking away our adjustment 
of number affected for ‘very small’ animals in the PAALA index, or the 
consequence of an adjustment of number affected also for ‘rather small’ 
animals like chickens and rabbits.

While data on various forms of animal suffering in different 

Fig. 3. Perception Adjusted Animal Lives Affected (PAALA) and Perception Adjusted Animal Life Years Suffered (PAALYS) for livestock products produced in 
different countries. The index value of a country can be hidden behind another country. The inset image provides a magnified view of the lower range of the main 
bar chart.

Table 4 
Perception Adjusted Animal Lives Affected (PAALA) and Perception Adjusted Animal Life Years Suffered (PAALYS) for 1 kg of livestock products produced in different 
countries.

Beef fr suckler herds Beef fr dairy, intens. Beef fr dairy extens. Milk Horse meat Lamb meat Pig meat Chicken meat Rabbit meat Egg

Perception Adjusted Animal Lives Affected (PAALA)
Denmark 0.32 0.58 0.33 0.010 0.35 4.12 3.68 70.34 6.71
France 0.30 0.74 0.40 0.008 0.42 4.57 3.76 76.38 121.3 6.81
Germany 0.34 0.68 0.46 0.010 0.36 4.91 3.57 67.86 101.9 6.90
Greece 0.35 0.74 0.46 0.013 0.42 3.83 3.69 76.38 102.7 9.93
Hungary 0.36 0.74 0.49 0.013 0.44 5.95 3.58 76.36 102.7 10.4
Ireland 0.31 0.74 0.41 0.008 0.44 3.55 3.56 76.38 7.35
Italy 0.41 0.74 0.55 0.011 0.44 3.83 2.85 76.38 97.6 8.51
NL 0.31 0.68 0.41 0.009 0.37 3.33 3.44 75.32 101.9 8.14
Poland 0.40 0.74 0.53 0.011 0.49 6.20 3.69 76.36 101.9 10.0
Spain 0.28 0.74 0.37 0.012 0.42 4.62 3.87 76.36 121.3 8.85
Sweden 0.26 0.67 0.34 0.008 0.35 3.83 2.82 60.40 41.6 7.71
UK 0.29 0.70 0.38 3.59
NZ 3.06

Perception Adjusted Animal Life Years Spent (PAALYS) × 0.01
Denmark 0.093 0.080 0.11 0.012 0.13 0.36 0.37 1.22 1.82
France 0.077 0.092 0.12 0.011 0.13 0.36 0.36 1.34 4.01 1.80
Germany 0.100 0.092 0.15 0.014 0.14 0.43 0.36 1.16 3.39 1.86
Greece 0.091 0.092 0.14 0.017 0.13 0.29 0.35 1.34 3.40 2.54
Hungary 0.098 0.092 0.15 0.017 0.13 0.47 0.33 1.34 3.40 2.60
Ireland 0.079 0.092 0.12 0.011 0.13 0.27 0.33 1.34 1.88
Italy 0.110 0.092 0.17 0.015 0.13 0.29 0.40 1.34 3.26 2.17
NL 0.089 0.092 0.14 0.013 0.14 0.29 0.33 1.34 3.39 2.19
Poland 0.110 0.092 0.16 0.014 0.15 0.49 0.35 1.34 3.36 2.48
Spain 0.069 0.092 0.11 0.016 0.12 0.36 0.38 1.34 4.01 2.21
Sweden 0.073 0.091 0.11 0.012 0.13 0.34 0.29 0.99 1.52 2.10
UK 0.072 0.087 0.17 0.27
NZ 0.009
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production systems can be improved with additional studies and in
dustry reports, it remains difficult to compare animals with differing 
cognitive capacities. In previous assessments (Scherer et al., 2019; Paris 
et al., 2022; Allenden et al., 2022), physiological characteristics, such as 
number of cortical neurons and brain weight, were used in the assess
ments. However, comparable physiological data for all species used in 
human food production are unlikely to be available soon, and the vali
dation of such metrics in welfare assessments remains incomplete. Thus, 
we chose to gather data on ability to perceive negative effects of being 
used by humans using a questionnaire to researchers in animal science 
and veterinary medicine (Section 3.1.2). The scoring was subjective, 
based on the respondents’ knowledge, experience and intuition; it re
flects humans’ perception of animals’ ability to perceive negative effects. 
This is a limitation, but we believe it is a better choice than using 
inadequate physiological characteristics.

Species rankings concerning moral value were similar in Scherer 
et al. (2018) and Paris et al. (2022) with cattle ranked as having the 
highest value followed by pigs, chickens, salmon, crickets (Scherer et al., 
2018)/honeybees (Paris et al., 2022) and shrimp. Respondents to our 
questionnaire on animals’ ability ranked pigs first, followed by cattle, 
chickens, salmon, crickets, and honeybees (Fig. 1). The relative ability to 
perceive negative effects or moral value assigned to smaller species, such 
as shrimp and insects, varied substantially across studies. For instance, 
Scherer et al. (2018) assigned crickets a value 0.00004 times that of pigs, 
whereas in our questionnaire, the value for honeybees was 0.16 times 
that of pigs. The scale (summing up to 110,000 points) could potentially 
have influenced the results, but the respondents were told that they 

could give less than 1 point to one or several species. One respondent 
gave 0 points to honeybees (SM4).

It is essential to consider that our adjustment of number involved 
(Section 3.1.1) lacks a scientific basis, but was deemed necessary to 
achieve a reasonable assessment of the animal welfare loss across spe
cies. The deviation between respondents was larger for the ‘small’ ani
mals, i.e. meal worm, honey bee, blue mussel and shrimp (see SM4), for 
which the numbers were adjusted, as compared to mammals and birds. 
The adjustment of numbers could thus partly be seen as an adjustment 
based on uncertainty. Richter et al. (2024) state that different weights 
could “reflect empirical uncertainties about whether animal species 
fulfil relevant criteria for moral consideration”.

We agree with Richter et al. (2024) that inter-species weighting 
should be regarded as provisional and adjusted to new empirical and 
ethical findings. The relative values for animals’ ability to perceive 
negative effects that we used in PAALA and PAALYS can easily be 
replaced by relative values based on physical characteristics if such data 
become available for all species included in diets. Meanwhile, we 
encourage readers to use the questionnaire (SM4) to perform their own 
assessments of animals’ ability to perceive negative effects of being 
handled by humans. Feedback from some of the respondents indicated 
that familiarity with a species tends to result in assigning them a higher 
value. It would be interesting to use the questionnaire to a larger group 
of experts and study associations between their research area and their 
distribution of points. Instead of relying on experts in animal science or 
veterinary medicine, stakeholders such as consumers or policymakers 
could be asked to complete questionnaires regarding animals’ ability to 

Fig. 4. Antibiotic use indicator per kg of product from different countries. The index value of a country can be hidden behind another country. The inset image 
provides a magnified view of the lower range of the main bar chart.
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perceive negative effects. ALYS avoids addressing the contentious issue 
of how to compare species with different cognitive capacities, which 
leads to larger welfare losses for species like salmon compared to 
mammals (Fig. 2).

The PAALA index does not account for the length of life and the 
slaughter process is included in the suffering (Section 3.1.3). Suffering 
during slaughter is given lower weight than that given to mortality, 
disease frequency and lack of space, reflecting the short slaughter 
duration relative to the animal’s lifetime. Still, the impact of slaughter 
duration is more influential in PAALA than in the ALYS and PAALYS 
indices. Handling time in animal welfare assessments is complex, as Zira 
et al. (2020) noted in an evaluation of pork production systems. For wild 
species not subject to human-controlled living conditions, counting each 
day as a day of suffering, as in ALYS and PAALYS, is misleading. Seeing a 
shorter lifespan as favourable for welfare also means that a production 
system where e.g. pigs are slaughtered at 5.5 months scores better than a 
system where pigs are slaughtered at 6.0 months, given the same 
slaughter weight in both systems. ALYS and PAALYS may therefore 
disadvantage systems where animals are reared in less intensive, more 
welfare-friendly environments but have longer lifespans.

When comparing PAALA and PAALYS, the ‘worst’ and the ‘best’ 
country within food product are often the same with both indices (with 
Italian pig meat being an exception, as described in 4.3). Comparing beef 
from dairy calves reared in intensive versus extensive production systems 
reveals a difference between the two indices. The intensive system has 
higher PAALA values (more unfavourable) than the extensive system in 
all countries, partly due to higher number affected (lower slaughter 
weight) and partly to higher disease frequency. The extensive system has 
higher PAALYS values than the intensive system, due to a longer life 
span (two years, as compared to ten months for the intensive system). 
Based on the results presented in Section 4.1 and discussed in this sec
tion, we think PAALA is a more useful indicator of animal welfare loss in 
diet assessments than PAALYS and ALYS.

5.2. Design of the antibiotic use indicator

To our knowledge, no indicator specifically measuring the risk of 
antibiotic resistance has been included in dietary assessments, despite 
the World Health Organization (WHO) identifying antibiotic resistance 
as a critical threat to human health. Although Life Cycle Assessment 
(LCA) studies can assess the direct toxicity of antibiotics, they do not 
account for the broader public health risks associated with resistance 
(Nyberg et al., 2021). In addition to accounting for the sales of antibi
otics for farm animals as reported by ESVAC, i.e. as the total use in a 
country divided on livestock units, we also account for the distribution 
of different species within countries and differences between species in 
the typical use of antibiotics in today’s production systems. However, 
the later suffers from limitation in data availability. As more detailed 
species-specific data become available it will be possible to refine the 
antibiotic use indicator and improve its accuracy. Such reporting is 
ongoing for cattle, pigs, chickens, laying hens, and turkeys (starting 
2024), and planned for 2027 for sheep, goats, fish, rabbits and horses in 
the European union (EU, 2021). The coming species specific data will 
also show the correctness of our assumption that the proportion of an
tibiotics used for different species (in mg per PCU) within country is the 
same in all countries. Simply using national total use of antibiotics as 
reported by ESVAC (2023), without adjusting for species distribution in 
different countries and typical use across species (as we did in the 
antibiotic use indicator) resulted in almost the same results (SM2, 
Simple indicator). For Ireland, which produces low amounts of pig meat, 
the assessment with the antibiotic use indicator is, however, less 

favourable than an assessment based only on the total national use of 
antibiotics.

5.3. Data limitations

The quality of production systems with respect to animal welfare 
(which we termed suffering as it solely includes negative aspects of 
animal welfare loss) encompasses four aspects; mortality, disease fre
quency, lack of space and slaughter duration. Scherer et al. (2018)
included only one welfare aspect per species. However, the limitations 
posed by incomplete data and variability in data quality remain sub
stantial challenges. A logical progression for this research would be to 
assess specific production systems rather than relying on national av
erages, as we have done. Sandøe and co-workers have developed a tool 
for benchmarking animal welfare across countries based on legislation, 
welfare labels, market-shares and welfare consequences expected by 
experts. Sweden had a much better benchmark for chicken production 
due to higher legal standards than the Netherlands, UK, Germany and 
Denmark (Sandøe et al., 2022), which is in accordance with suffering in 
our study. The benchmark for consumption was, however at the same 
level for the Netherlands and Sweden, because a relatively large part of 
the Dutch consumption is welfare labelled chicken, whereas the expor
ted chicken is produced according to the minimum legal requirements 
(Sandøe et al., 2022). When comparing pig production, Sweden and UK 
had the highest welfare, followed by Netherlands and Germany and 
Denmark (Sandøe et al., 2020). The rank order of Sweden, Netherlands, 
Germany and Denmark is the same for suffering in our study. Sweden 
had a lower benchmark score for consumption than for production, due 
to import (Sandøe et al., 2020). Our indices can be further developed by 
assessing different kinds of production systems not only for beef (where 
we assessed three systems) but also for other species. For instance, 
organic and conventional pig production systems can differ substantially 
within a country in terms of both social and environmental sustain
ability factors (Zira et al., 2021).

Hebinck et al. (2021) suggests share of certified organic products as 
an indicator of animal welfare. Åkerfeldt et al. (2020) reviewed 166 
scientific studies and found no strong evidence for higher over-all ani
mal welfare in organic compared with conventional production but 
concluded that the possibilities to perform species-specific behaviours is 
better in organic production systems. Data on outdoor access and 
available space per animal can be sourced from the rules governing 
certified production systems (e.g., EU organic production regulations), 
but obtaining data on mortality, disease frequency and slaughter dura
tion for specific production systems is more challenging. The use of 
antibiotics is more strictly regulated in organic compared to conven
tional production systems, with extended withdrawal periods after 
treatment (EC, 2018), yet detailed data on antibiotic use for different 
production systems are unlikely to become available in the near future.

Our assessment of lack of space is primarily based on animal welfare 
legislation in the EU and specific countries, along with the amount of 
time animals spend on pasture. Since average data on space availability 
in practice for all species and countries are lacking, this may lead to an 
underestimation of welfare loss, especially given that not all farms 
comply fully with legal requirements. General indices of law compli
ance, such as the World Justice Project Rule of Law Index (WJP, 2023) 
offer a proxy for estimating compliance levels. According to WJP 
(2023), countries included in our study are ranked (from worst to best) 
as follows: Hungary (0.51), Greece (0.61), Poland (0.64), Italy (0.67), 
Spain (0.72), France (0.73), Ireland (0.81), Germany (0.83), and Sweden 
(0.85). Such law compliance values could be used to adjust animal 
welfare and antibiotic use indices.
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In cases where comparable data across countries are absent, we have 
made necessary assumptions. One such assumption is that the average 
transport time for different species, as reported by the European Court of 
Auditors (ECA, 2023), is adequate for calculating slaughter duration. 
Another assumption pertains to countries that have advocated for an 8- 
hour maximum transport time for live animals within the EU, where we 
have presumed shorter transport durations compared to other European 
nations (see SM1, Slaughter). Such assumptions are open to debate, 
particularly regarding the point at which data should be considered 
‘missing’ in sustainability assessments and how to address these gaps. An 
example of ‘missing’ data concerns suffering for honeybees. Honey bees 
are not slaughtered and we found no data on individual mortality or 
disease frequency and lack of space seems irrelevant. Suffering is 
multiplied with the other components of the animal welfare indices and 
thus a suffering-value of zero is not an option. We handled this prag
matically by giving honeybees an arbitrary short slaughter duration – 
would it have been better to exclude honey from the diet assessment? 
Where specific country-level data on production systems were unavai
lable, we used average data from other countries, or data from only one 
country. To address the issue of missing comparable data in diet as
sessments across countries, we have documented references, assump
tions and simplifications in the Supplementary material (SM1–5). As 
concluded by Richter et al. (2024), “indicators for assessing animal 
welfare at scale need to be developed and an extensive and transparent 
database for these indicators built”.

The timeliness of references is critical when utilizing data from 
various sources related to animal production. This is particularly evident 
in the context of antibiotic use, where the general trend is toward 
reduced use across countries, although the pace of this reduction varies 
between countries (ESVAC, 2023). Ideally, all data would reflect the 
same time period to ensure a fair and accurate assessment. In the case of 
the animal welfare indices, some of the oldest references for disease 
frequency and mortality date back to the beginning of this millennium 
and changes in management routines can have substantial impacts on 
suffering. Consequently, the indices presented here should be updated 
regularly to reflect new data.

The animal welfare indices used in this study focus exclusively on 
welfare loss, or negative welfare aspects, which may give the impression 
that animal welfare is solely concerned with problems. However, 
research into the measurement of positive welfare aspects, with records 
on play behaviour and facial expressions, is ongoing (Mattiello et al., 
2019). At present, the data necessary to incorporate positive welfare 
aspects into diet assessments are insufficient. Should such data become 
available in the future, it may be possible to integrate both negative and 
positive aspects into a single index. However, this approach risks 
allowing positive and negative aspects to cancel each other out; for 
example, high mortality could be obscured by frequent play events. An 
alternative solution might be to present two separate indices: one 
focusing on negative welfare aspects and the other on positive welfare 
aspects.

5.4. Interpretation of results

Although our metrics for animal welfare and antibiotic use share a 
common functional unit, their scales differ, making direct comparison 
impossible. This is critical to remember when interpreting visual rep
resentations, such as the figures presented in the Supplementary mate
rial SM3a. In this case, we adjusted the scales of the y-axes to fit within 
the same figure, which could misleadingly suggest that the impacts of a 
diet on animal welfare and antibiotic use are of the same magnitude just 
because the staples are of the same size.

An alternative to relative comparisons is to relate the results to ab
solute targets or boundaries, though establishing such benchmarks for 
food and diets is challenging. While some attempts have been made for 
environmental impacts (Karlsson-Potter and Röös, 2021; Moberg et al., 
2020), establishing similar targets for animal welfare and antibiotic use 

remains complex. For instance, the European Public Health Alliance 
recommends that use of antibiotics should remain below 30 mg per 
population correction unit (PCU), with a long-term target of 15 mg or 
less (Nunan, 2022). The Nordic countries are already below this 
threshold; thus, setting the goal at 15 mg in assessments would overlook 
the substantial efforts made by farmers, advisors, and veterinarians in 
these countries. This raises the broader issue of who should set such 
targets. Slätmo et al. (2016) argue that the use of indicator-based 
frameworks to assess sustainability represents “an expression of power 
by the developers of the framework.”

There is a risk that assessments of food products based on national 
data may be interpreted as if all products (e.g., all chicken meat) from a 
given country have uniform impacts. This is misleading, as practices 
vary widely. For instance, international fast-food companies may 
impose high standards for housing, management, and slaughter pro
cesses, independent of the country in which animals are raised. 
National-level diet assessments often fail to account for such programs.

When interpreting projections of future diets (as in the Supplemen
tary material, SM3a), it is essential to consider the feasibility of pro
ducing sufficient food to meet dietary demands. For example, our animal 
welfare index values show substantially lower welfare loss for meat from 
wild animals killed by shooting compared to farm animals (Fig. 2). 
Additionally, wild animals are not treated with antibiotics. Conse
quently, replacing farmed meat with wild game would be highly bene
ficial for animal welfare and antibiotic use (as well as climate impact). 
However, wild animal populations are insufficient to meet current meat 
consumption levels.

Vinnari and Vinnari (2022) assert that “non-human animals are 
largely invisible in discussions of sustainability and associated ac
counting efforts.” It is hoped that our work, alongside studies by Scherer 
et al. (2018, 2019), Paris et al. (2022), Allenden et al. (2022), van der 
Laan et al. (2024) and Richter et al. (2024), will help to bring greater 
visibility to the welfare of both wild and domesticated animals in these 
discussions. However, it is important to recognize that comparable and 
readily available data are scarce, that the indices developed here involve 
simplifications, and that the design of the welfare index affects out
comes, as does the way results are presented.

6. Conclusions

We have developed metrics for assessing animal welfare and anti
biotic use to be used in sustainability assessment of diets and food sys
tems. While scientific evidence can inform decisions, societal and 
personal values shape the prioritization of issues like animal welfare and 
threats to human health. Our metrics aim to quantify welfare loss and 
antibiotic use but do not replace the need for ongoing improvements in 
livestock production practices, such as reducing mortality and disease 
rates. Comparing species with different cognitive capacities presents 
challenges, but our method offers a starting point. More data is needed 
to refine these metrics, especially for species-specific antibiotic use and 
welfare outcomes across different production systems. The new PAALA 
index for assessing animal welfare loss developed here presents an 
alternative perspective in relation to similar previously developed ani
mal welfare indices as it does not see lifetime as problematic per se but 
focus on number of animals affected, their ability to perceive negative 
effects of being used by humans and the quality of the production sys
tem. Despite the limitations in data availability and the complexity of 
balancing various aspects, our work underscores the need to account for 
animal welfare and risk of antibiotic resistance alongside environmental 
considerations in diet assessments. It also highlights the necessity of 
updating these metrics regularly to reflect new data, while cautioning 
against over-reliance on simplified assessment methods that may 
obscure important nuances in welfare outcomes.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.spc.2025.08.020.
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