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The European Union (EU) plans to decarbonize the region by 2050. As

highlighted by the Green Deal and Farm to Fork Strategy, food systems are
essential for this transition. Here we investigate the resource dependence
and carbon emissions of the EU-27’s food systems from 2004 to 2014 via an
ecological footprint (EF)-extended multi-regional input-output approach,

accounting for demand and supply (including trade), and considering
multiple externalities. Food contributes towards almost a third of the
region’s EF, and appropriates over half of its biocapacity. Average reliance
on biocapacity within national borders decreased, while reliance on
intra-EU biocapacity increased; yet a quarter of the biocapacity for food
consumption originates from non-EU countries. Despite a reductionin both
total EF and food EF over the study period, EU-27 residents demand more
from nature than the region’s ecosystems can regenerate—highlighting

the need for new or strengthened food and trade policies to enable a
transformation to sustainable EU food systems.

Inthe context of persistent global ecological overshoot (https:/www.
overshootday.org/), the transformation of food systems is one of the
biggest challenges of our time', being debated from a variety of per-
spectives®’. The food system, from farm to fork to disposal, generates
substantial pressures and impacts onthe environment and contributes
totheincreasing competition over land and water resources, causing
anthropogenic greenhouse gas (GHG) emissions and the loss of biodi-
versity**. Food-system emissions already amount to the equivalent of
18 Gt CO, per year globally (in 2015), accounting for something between
34% (ref. 6) to 37% (ref. 7) of total GHG emissions. Food consumption

is a substantial driver of the transgression of planetary limits**%, and
of large shares of countries’ ecological footprints (EFs)°.

By 2050, food production would need to increase by 70% rela-
tive to 2009 to meet the food demands of a growing and increasingly
urbanized population that is demanding more resource-intensive
diets'®. Recent estimates suggest that total food consumption will
increaseby 51%relative to 2010 (ref.11); however, yield gains are unlikely
to occur without increasing environmental burdens, even when fac-
toring in improvements in efficiency'. Over the same period, in a
business-as-usual scenario, food-related GHG emissions are expected
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Fig.1| EU-27 EF by consumption categories (left) and BC by land types (right)
inselected years (2004-2014). The EF consists of five major categories: food,
goods, housing, personal transportation and services. Food, in turn, includes
anumber of food typologies, that is, bread and cereals; milk, cheese and eggs;
fruit; meat; plant-based oils and fats; vegetables; non-alcoholic beverages;

fish and seafood; animal-based oils and fats; sugar, jam, honey, chocolate,
confectionery and alcoholic beverages; food products not elsewhere classified
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(n.e.c.). This classification is based on the United Nations COICOP coding system.
BC consists of five land types: cropland (for the provision of plant-based food,
feeds and fibre products), grazing land (for the production of animal products);
fishing grounds (for the production of fish products); forests (for the production
of timber and other forest products, and for CO, sequestration); and built-up
surfaces (for the provision of shelter and other urban infrastructures).

togrow by 87%, cropland use by 67%, blue water use by 65%, and phos-
phorus and nitrogen application by 54% and 51%, respectively; this
would put key ecosystem processes at risk®. A transition to healthier and
more sustainable food systems thus requires a global shift in dietary
patterns and reductions of food loss and waste, alongside radical
improvements in agriculture and food production practices®. It will
also require the preservation of both domestic and global natural
capital to maintain and improve the resilience of food systems in the
upcoming decades™.

Inthe European Union (EU), food systems are ata crossroads. The
European Commission hasrecently launched the Farmto Fork Strategy,
whichis at the core of the Green Deal’s ambitious target to decarbon-
ize the continent by 2050. The Strategy” calls for abroad food-system
transformation, withan upcoming legislative framework by 2023. This
policy could align EU food systems with the Sustainable Development
Goalsandthe Paris Agreement, despite claims by afew impact assess-
ments that theimplementation of the Farmto Fork Strategy could lead
toleakage effects in terms of GHG emissions'®, adecrease in agricultural
production, as well as price increases and income losses for produc-
ers’, Asfood patternsin the EU are already close to exceed the reference
value of 2.49 kg CO,,, per capita per day—used to assess the climate
compatibility of diets”—supply-side changes alone are probably insuf-
ficient to make EU food systems sustainable. Previous research?*** has
already shown that shifting to healthy diets could substantially reduce
the carbon, water and land footprints of the EU, while also limiting the
social risks associated with food production and consumption®. Food
systemsinthe EU arealso atstake in the framework of the EU Strategic
Autonomy, which has gained new momentum with coronavirus disease
2019 (COVID-19) and the conflictin Ukraine, and calls for amore diver-
sified food system, trade policies aligned with EU food sustainability

standards and competitiveness, and the fostering of local and regional
productions with reduced environmental footprints.

In this Article, against this background, we examine the biomass
resources and carbon emissions dimensions of food systems in the
EU-27 region and its member countries (and place it in the context of
their wider socio-economic development) through a customized ver-
sion of EF accounting (EFA)**—namely an EF-extended multi-regional
input-output (EF-MRIO) approach’. A country or region’s EF indicates
the appropriation of biological resources and ecosystem services” to
support the consumption patterns—including food consumption—of
that country or region’s residents. This method expresses human
demand in terms of equivalent land units or hectare-equivalents—
namely global hectares (gha), where each gha represents the annual
capacity ofahectare ofland (for example, crops, pastures, forests and
fishing grounds) with world-average productivity to provide ecosystem
services that are useful to people. Although not exempt from limita-
tions (Methods), the use of MRIO to perform the EF analysis enables
adetailed assessment of the food consumption and sourcing profiles
of EU-27 countries, including EF embedded throughout whole supply
chains. By including international trade, this methodology captures
the externalization of pressures from EU consumption of final food
products to other countries, both intra- and extra-EU, highlighting
food sourcing dependencies. While previous studies have investigated
food-related EFs at the national and city level in a specific year (for
example, see research on Portugal®® and the Mediterranean region®),
or have uniquely analysed the carbon, water or land footprints of afew
European countries®, no analysis has yet comprehensively explored
the EU-27 region and all its Member States, simultaneously looking at
land appropriation and carbon emissions over a 10 year timespan. In
this respect, this paper informs the EU Strategic Autonomy ambition
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toreduce economic dependence on foreign supply chainsin virtually
all EU policy areas, shedding light on progresses in the food sector
(alsointhe context of the Farmto Fork Strategy), while responding to
emerging calls for the generation and integration of knowledge that
supports policy decisions and progress tracking®.

Results and discussion

The ecological and food footprints of the EU-27 region

Over the timespan considered in this study (2004-2014), EU citizens
demanded on average a much higher amount of biocapacity (BC) to
sustain their overall consumption patterns than what the region could
regenerate, leading to an ecological deficit (Fig.1). Average per capita
EF decreased by 20%—from 4.34 gha per capitain 2004 to 3.47 gha per
capitain2014, withreductions observedinall the constituent land types
of the EF (Supplementary Fig. A). Despite such decreases, the EU-27
EF was still higher than the per capita BC available within the region,
whichin turn fell by 4%—from 2.31 gha per capitain 2004 to 2.21 gha
per capitain 2014 (https://data.footprintnetwork.org).

Food is a key driver of the EF over the timespan considered.
Specifically, we refer to the EF of household food consumption (that
is, the BC demanded to provide households with the food they con-
sume) as their food footprint (FF)°. At the EU-27 level, FF represents
between 28% and 31% of the total EF, appropriating over half of the
region’s BC. Food consumption is by far the single largest compo-
nent in all years considered, followed by personal transportation
(21-22%), housing (18-19%), goods, and services (14-16% each). On
average, FF accounted for 1.32 gha per capita in 2004 and decreased
to 1.06 gha per capita in 2014, while still representing about 30% of
the total EU-27 EF. In the majority of EU-27 countries, food consump-
tion is the largest component of the EF (Supplementary Fig. B): this is
the case for 21 out of 27 countries in 2004 (excluding Austria, Czech
Republic, Finland, Ireland, Luxembourg and Slovenia) and in 2014
(excluding Austria, Czech Republic, Finland, Ireland, Luxembourg
and Malta).

FF by country or region

Overall, five countries alone make up nearly 70% of the EU-27 FF:
Germany (21%) in Central Europe; France (15%) in Western Europe;
Italy (13%) and Spain (12%) in the Mediterranean; and Poland (8%) in
Eastern Europe (details are provided in Supplementary Figs. Cand D).
Each country’s overall FF is determined by its population size and the
dietary patterns of its citizens. As shown in Fig. 2, Luxembourg has the
highest per capita FF (over 2 gha), followed by Lithuania, Latvia and
Belgium (each slightly exceeding 1.50 gha per capita), while—on the
other end of the spectrum—Bulgaria, Hungary and Ireland (each with
aFF <0.6 gha per capita) have amuchlower FF, below that of the EU-27
average (1.06 gha per capita).

Over the timespan considered (2004 values are shown in Sup-
plementary Fig. E), per capita FF values have decreased in most of the
countries analysed—especially Cyprus (-36%), Czech Republic (-35%),
Hungary, Luxembourg and Romania (-30%)—except for Latvia (+41%),
Lithuania (+24%) and Malta (+4%). Nonetheless, FF as a proportion of
the total country EF remains quite stable (about 30%) over the period
from 2004 to 2014, with a few exceptions—that is, Bulgaria (where it
drops from 38% to 31%), Malta (from 28% to 19%), Poland (from 36%
to 31%) and Romania (from 43% to 37%). Differences among countries
can be explained by different income levels, purchasing powers and
lifestyles, including food habits (as discussed below). Thisisalsoinline
with previous water®® and carbon” footprint studies.

Dietary patterns play akey role indetermining the FF: on average
the consumption of bread and cereals, meat, and fish and seafood
collectively contributes to nearly half (49%) of the FF of an EU-27 resi-
dent (Fig. 3), although these products constitute just above a quarter
(27%) of the approximately 860 kg of food available per personin2014
(ref. 31). Milk, cheese and eggs, and vegetables, contribute 21%, and

19%, of the total food provisioninkg, respectively, despite contributing
together tojust16% of the FF.

Figure 4 displays the EU countries according to their per capita
FF value and food supply in 2014, showing a highly heterogeneous
situation: among those with per capita FF values lower than the EU-27
regional average (green-shaded area), we find (1) countries with a
lower-than-average food supply whose diets are characterized by a
higher intake of bread and cereals (for example, Bulgaria, Cyprus and
Slovenia), (2) countries in which milk, cheese and eggs are the pre-
dominantsources of animal proteins, irrespective of whether their food
supply is lower (for example, Croatia, France, Hungary and Slovakia)
or higher (for example, Austria, Ireland, Italy and the Netherlands)
than the EU-27 average (Supplementary Fig. F), (3) countries with a
higher-than-average food supply whose diets are characterized by
a higher intake of vegetables (for example, Malta), and (4) countries
whose FF noticeably (-70%) rely on BC from within national borders
(for example, Poland and Romania) (Supplementary section 1.3 and
Supplementary Fig. G).

These countries have dietary EF intensities (ranging from 4.2
globalm?per1,000 kcal provided in Ireland to 8.5 global m*in Slovakia)
lower than the EU-27 average (8.6 global m? per 1,000 kcal) (Supple-
mentary Table 1), due to acombination of at least four factors: intake
(amount and composition), environmental impact of food products,
food waste and food sourcing patterns. While this latter is analysed,
Fig. 5 shows that the EF intensity (gha per 1,000 kcal) varies by food
items and, in line with finding from previous studies®, is far larger for
animal-based products (for example, meat, fish and seafood) than
for plant-based products (for example, vegetables, fruits and pulses).

Consuming meat (especially bovine meat) and fish and seafood
(especially high trophic level fishes such us tuna, cod and swordfish)
inbigger quantities thanthe EU-27 average (82 kg and 24 kg per capita,
respectively) contributes to increasing a country’s FF. This is the case
for Luxembourg (85 kg and 35 kg), Lithuania (81 kg and 33 kg), Portugal
(94 kg and 53 kg), and Spain (99 kg and 44 kg) (Supplementary Fig. F).
Considering current agricultural and livestock practices, a protein tran-
sition away from beef meat could help reduce EU-27 citizens’ FF: cutting
the yearly consumption of beef meat (-13 kg per capita according to
the Food and Agriculture Organization (FAO)) by half, and replacing
the equivalent kcal provision with kcal obtained from poultry or pig
meat, or from beans and pulses, would lead to a 6% or 7% reduction,
respectively, inthe overall per capita FF of a EU-27 resident (from1.06
toabout 0.99 gha per capita).

Food losses and waste also influence the FF of EU-27 countries.
Addingtogether the food waste generated at the retailing, food service
and household levels (this being the most relevant component), France
generates the largest amount of food waste (135 kg per capita per
year)—far above the EU regional average of 113 kg per capita per year,
followed by Spain (116 kg), Germany (102 kg), Italy (97 kg) and Poland
(94 kg) (calculations based on ref. 32). At the current average footprint
intensity of these nations’ diets, eliminating food waste could resultina
FF reduction between 9% (in Austria and Belgium) and 19% (Malta) and
anaverage reduction of13% at the EU-27 level (Supplementary Table1).

Origins of the EU-27 FF and reliance on trade
Food consumption in EU countries is found to noticeably depend on
food production activities outside national boundaries, as shown in
Fig. 6. Thisfigure describes aheterogeneous distribution between food
production and food consumption in the EU-27, which is maintained
by anintense trading of food and agricultural commodities.
Onaverage, one-fourth of the FF of an EU-27 residentin 2014 relied
on BCimports from non-EU countries (24%) (Fig. 6; year 2004 in Sup-
plementary Fig. H). This implies that food consumption within the
EU-27 region drives the geographic displacement of ecological asset
use throughout the world, although most of such displacement takes
place within the EU-27 borders. This figure also shows the ecological
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Fig. 2| Per capita FF of EU-27 countries, by COICOP macro-categories (2014). The 2004 values are shown in Supplementary Fig. E.

assets sustaining human demand for food in the EU-27: in both 2004
and 2014, cropland was by far the main ecological asset sustaining food
demand (57%inbothyears), followed by land for carbon sequestration
(21%in2004 and 20% in 2014), fishing grounds (10%in 2004 and 11% in
2014) and grazing land (8% in both years).

Theshare of the EU-27 FF thatis reliant onintra-EU BC has slightly
increased from 74%in2004 to 76%in 2014. Although small, thisincrease
isconsistent withtheincreaseinintra-regional trade that hasoccurred
over the past few decades as a result of EU trade integration policies
(Fig. 7).

Figure 7 displays inflows and outflows of food-related BC for the
EU-27 region over the 2004-2014 period, showing that the decrease
(from 26% to 24%) in the FF reliance on BC from the rest of the world
(ROW)was coupled by an average increase (from 22%to 30%) in the reli-
anceonBC fromtherest of Europe (ROE); thisisinline withincreasesin

intra-EU trade flows observed by other studies® for virtual water trade
(for further country details, see Supplementary Fig. G).

When plotting per capita FF values against the percentage reliance
onBClocated outside national borders for the year 2004, EU countries
seem to fit within three clusters (Fig. 8). The first is made up of
Eastern European countries (Romania, Poland, Czech Republic,
Bulgaria, Hungary and Slovakia), which were experiencing a transi-
tion phase linked to the accession (recent or upcoming) to the EU,
with a share of international FF below 40% and consumption values
between 0.75 and 1.2 gha per capita. The second cluster contains the
majority of EU countries with 40-80% of FF imports from abroad, and
consumption values between 0.75and 1.75 gha per capita. Countries of
very limited size and high population densities (Luxembourg, Belgium
and Malta) compose the third cluster, featuring very high levels of BC
dependency on other countries (over 80%).

Nature Food | Volume 4 | September 2023 | 810-822

813


http://www.nature.com/natfood

Article

https://doi.org/10.1038/s43016-023-00843-5

EU-27 diet compositions

5%

6%
5

B

5%
10%

5%

19%

6%

B Bread and cereals
B Meat
M Fish and seafood
B Milk, cheese and eggs
Qils and fats, plant based
Oils and Fats, animal based
B Fruit
Vegetables
Sugar, jam, honey, chocolate, confectionery
Food products n.e.c.
Non-alcoholic beverages

Alcoholic beverages

Fig.3|Food supply (inner circle, kg) and FF (outer circle, gha) composition of the EU-27 diet, year 2014. Country-specific pie charts for the year 2014 are shown in

Supplementary Fig. F.

1,700
@ Alcoholic beverages
RO

= e) @ Bread and cereals
8 1,000 FI HCE
T © e Milk, ch d
] e Al ilk, cheese and eggs

IT (]
2 AT \.Fg BE O © Sugar, jam, honey,
2 900 NL DK O chocolate, confectionery
o g
5 PI\III-T 327 s CIDLT O Vegetables
Q Lv
E] I FR® DE
= [
= O s %
Q
Q HR
2 ®
B 700 cY
<]
L @

SK

V)
600
0.5 1.0 1.5 2.0

Food ecological footprint

(gha per capita per year)
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isalso used along the x axis, depending on whether the per capita FF is <30%
(shades of green) or >50% (shades of red) of the EU BC (2.21 gha per capita
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Two mainprocesses canbe observed fromalongitudinal perspec-
tive. First, there is an overall reduction in per capita FFs, with differ-
ent magnitudes in the EU: larger changes in the central and northern
countries (with the exception of increasing FF trends in Estonia, Lat-
via and Lithuania) and less substantial changes in the Mediterranean
region. Second, there is an overall increase in the share of FF sourced
outside the national borders. More specifically, in 2004, the average
reliance of EU-27 countries on the import of BC from abroad was 48%
of the FF, with notable differences between countries: the share of FF
sourced from outside national borders ranged from as low as 13-18%
(inRomaniaand Poland), which indicates ahigh degree of food-related
BC sovereignty, to as much as 83-86% in Belgium and Luxembourg,
respectively, which signals, in turn, a high degree of dependence on
external BC. These differences are largely driven by differencesinboth
consumption patterns and the BC available per person. In 2004, all

but five countries (Romania, Poland, Bulgaria, Hungary and the Czech
Republic) exceeded 30% reliance on BC from outside their national
borders (Supplementary Fig. G).In 2014, the average reliance of EU-27
countries on foreign BC for food increased to 54%: this percentage
exceeds two-thirds of the FF per capitain10 out of 27 countries, includ-
ing Austria, Belgium, Cyprus, Estonia, Latvia, Lithuania, Luxembourg,
Malta, the Netherlands and Slovenia. Interestingly, some of the main
exporters of agrifood products show asubstantial dependency on BC
originating outside national borders. For instance, the Netherlands
decreased the proportion of the FF met via domestic BC from 26%
to 22% over the period considered, while increasing the proportion
sourced fromboth ROE (from 33% to 36%) and ROW (from41% to 42%).
Recent data (accessible at https://food.footprintnetwork.org/) shows
thatthe Netherlands’ top BC partnersinclude Brazil, as well as Germany
and Franceinthe EU. France and Germany, in turn, exhibitareliance on
importstoaccess food BC that amounted to 49% and 58%, respectively,
of their FF in the year 2014 (Fig. 8 and Supplementary Fig. G).

Science and policy implications of this study

Our study demonstrates a decrease in both the EF and FF of the EU-27
during the decade considered, with a decrease in all the constituent
land types of the EF. The reduction in the carbon component of the
per capita EF (-21% between 2004 and 2014) can be attributed to a
decrease in EU GHG emissions (-31% in 2020 compared with 1990),
whichiis likely to be the result of a general energy decarbonization
process in the EU connected with—among other factors—three main
policies: (1) the EU Emissions Trading System, (2) the Effort Sharing
legislation and (3) the legislation on emissions and removals from land
use, land use change and forestry**. The decrease in the cropland and
grazing land components of the EF (-19% and 34%, respectively), and
that in the carbon component, can be explained by the reductionin
total meat consumption at the EU level (more specifically, red meat
consumption decreased, while consumption of white meatincreased)
between 2004 and 2014 (ref. 31).

During the study period, most EU-27 countries converged towards
areductionintheir residents’ per capita FF, coupled with anincreased
dependency (viatrade) on BC (thatis, biomass and ecosystem services)
from outside their national borders, although primarily from within
the EU. This tendency is particularly marked for Eastern European
countries, probably as a result of the uptake of EU trade integration
policies.Such anevolutionis possibly also related to the globalization
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of food systems, which in turn can be related to the nutrition tran-
sition: a shift that is expected to produce a global dietary conver-
gence towards Western-style diets, and associated nutrition-related
non-communicable diseases (for example, obesity, type 2 diabetes
and hypertension)™®.

Despite reductions in FF values, our analysis demonstrates that
food consumption still represents the largest share of the average
per capita EF of EU-27 citizens when compared with the four other
categories: goods, housing, personal transportation and services,
thus contributing to a growing literature of studies identifying food
as one of the largest components of national carbon”, water*>*® and
ecological® footprints in industrialized countries. It also shows the
EU-27 is still living beyond a sustainable level, and a significant scope
exists for designing, implementing and enforcing policies that facilitate
and support food-system transformation.

Through our analysis, we have identified a combination of at
least four factors that contribute to the EU-27 FF and that, therefore,
require urgent policy intervention. These include: (1) food production
(and the environmental impacts associated with it), (2) food intake
(amount and composition), (3) food waste and (4) food sourcing pat-
terns. Meanwhile, sustaining afootprint larger thanits ownterritorial
BC, asinthe case of the EU-27 illustrated here, is possible under three
conditions: (1) national natural resources are overused, (2) global com-
monsare used (for example, by emitting excess CO,inthe atmosphere
beyond domestic sequestration) and (3) the BCembedded inimports

is higher than that in exports, thus limiting strategic autonomy and
putting resource security at risk>**, By helping understand these fac-
tors and conditions and the extent to which they each influence the
EU-27 FF, we believe our analysis—although limited by the resolution
imposed by a large pan-European assessment—can serve as a start-
ing point to (1) guide remedial actions along the full supply chain of
food systems, (2) inform the development of policies and actions at
multiple governance levels, both nationally and regionally, and (3)
favour multi-sectoral and cross-scalar policies for a more efficient
science-policy interface”. The type of MRIO-based footprint results
provided by analyses such as those in our study, could inform the
work being conducted at EU level on modernizing the European agri-
cultural statistics system (EASS) via the EU regulation (2022/2379) on
statistics on agricultural input and output adopted within the con-
text of the Strategy for Agricultural Statistics for 2020 and beyond.
Insights from this study canalso support further researchin the field:
forinstance, starting from our results, dynamic scenarios (at country
and regional level) could be developed where high footprint inten-
sity foods are replaced with novel and/or more sustainable foods,
or where current food imports are replaced with more sustainable
European production.

The EU Green Deal and the Farm to Fork strategies aim to position
the EU as a leader of the transition towards more sustainable food
systems by improving the sustainability of EU agricultural produc-
tion; yet, as nearly 25% of the BC needed to support the average food
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consumption of EU-27 citizens originates from non-EU countries, our
analysis suggests that the sole application of Farm to Fork objectives
to the domestic agricultural sector is not sufficient to meet the EU
decarbonization targets. Rather, it would keep externalizing part of
the environmental damages to non-EU countries, as also argued by
ref.16.Indeed, with €184 billion in exports and €122 billioninimports
in 2020, the EU is among the largest exporters and the third largest
importer of agrifood products after the United States and China’®, with

afood system that spans across the whole world. Clearly, the EU-27 shall
consider further changes in food sourcing profiles.

We acknowledge that not all EU-27 countries might be endowed
with the necessary ecological assets to be able to be self-sufficient and
feed their citizens within planetary boundaries (thus avoiding running
into an ecological deficit); as such, trade might be key for levelling out
potential scarcities in national resources. In practice, however, recent
global developments and shocks—such as COVID-19 and the war in
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external dependency between 40% and 80%) is provided in Supplementary Fig. I.

Ukraine—have highlighted the vulnerabilities of global supply chains
and the risks for the EU-27 region of food trade dependencies. Such
considerations have triggered discussionin the EU on how tobecome
lessimport dependent, which is the main goal behind the widening of
the EU Strategic Autonomy to almost all policy areas since 2021. In this
respect, our detailed analysis of food trade interdependencies shows
an evolution coherent with the EU ambition: EU-27 countries have
reduced their dependence on food-related BC from outside the EU
(from 26% to 24% of the overall FF) in favour of anincrease in intra-EU
trade (from22%to 30%) over the time period considered. Nevertheless,
about a quarter of food consumption within the EU-27 still depends
on BC located outside the region, which raises the need for new or
strengthened food trade policies.

At the same time, our results show that variations in the FF of
EU-27 countries are also due to aspects such as food consumptionand
behaviour trends, for which changes are called forin the Farm to Fork
Strategy. This is consistent with previous studies®**°, and reinforces
theimportance of sourcing proteins beyond meat and dairy products,
increasing the uptake of plant-rich dietary patterns* and reducing
ultra-processed foods*>*, as well as portion sizes**. In line with pre-
vious research***¢, our analysis demonstrates that animal products
(meat, fish, and to alesser extent, dairy) are highly resource-intensive
compared with plant-based foods, by both weight and nutritional
unit. Yet, plant-based foods (for example, vegetables) constitute
the primary item in the diets of only 8 of the 27 EU countries (Fig. 4
and Supplementary Fig. F). While indicating what the recommended
sustainable per capita consumption of certain food items should be is
beyond the scope of our study, we found that replacing about half of
the beef meatintake with kcal obtained from beans and other pulses
could contribute up to a 7% reduction in the per capita FF of EU-27
citizens. The need to increase plant-based protein sources such as
pulses and nuts is also called for by recent approaches integrating
bothnutritional and environmental considerations”. At the same time,
an additional 13% reduction in FF could be achieved by eliminating
food waste. As such, policies aimed at securing sufficient access to
sustainable and healthy foods should be promoted to achieve both

humanand planetary health targets, starting for instance from public
procurement and school curricula*.

Such changes in food consumption could help address sus-
tainability issues while mitigating the increasing prevalence of
non-communicable diseases in EU countries, which are linked to
unhealthy diets as modifiable risk factors*”*%, Developing national
food-based dietary guidelines (FBDG) that include both nutritional
and sustainability perspectives would be integral to this purpose**
as recently found by ref. 41.Unfortunately, environmental and
socio-cultural aspects have so far been neglected in most FBDG, which
have mainly focused on health issues*. Fortunately, this historical
trend is beginning to be reversed, as is the case in the New Nordic or
in the Mediterranean Diet, with countries such as Finland, Germany,
Sweden, the Netherlands, Denmark, Spain, Estonia, France and Belgium
currently embracing both nutritional and sustainability perspectives
in their FBDG™.

To conclude, the analysis presented in this paper has two main
strengths. Firstly, it explores the EF and, in particular, its food com-
ponent across the EU-27 region and its Member States, tracing the
evolution of land appropriation and carbon emissions over a 10 year
timespan. Secondly, the use of an MRIO approach captures the exter-
nalization of the impacts of EU consumption to other countries, both
intra- and extra-EU, highlighting food sourcing dependencies. The
limitations of the study are also acknowledged. The analysisiis limited
tothe decade 2004-2014 due to data availability, and therefore should
beupdatedtobetter understand current EU-27 food-system challenges,
whichhave alsobeenimpacted by the COVID-19 pandemic. Food waste,
while embedded in the national per capita FF values, is not clearly
singled out in our analysis, making it difficult to assess the reduction
in FF that could be achieved through waste prevention as opposed to
dietary shifts. Moreover, our study does not adequately assess the
possible savings that dietary shifts could generate, which should be
the subject of a dedicated dynamic modelling study. Last, but not
least, by methodological design, current FF analyses do not track GHG
emissions other than CO,, thus neglecting some of the environmental
pressures associated with the meat sector (for example, the release
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of methane from bovine meat production®, or that of nitrogen and
phosphorous from poultry meat production®?). All these limitations
should be addressed by future research.

Methods

EF and BC overview

EFA offers a way to measure the resource dimension of the human
socio-economic development by comparing the demand humans
place on Earth’s ecosystems (that is, biologically productive land and
marine areas that provide regeneration) to the amount of ecosystems
available®. Accounting for such an ecological balance is realized by
means of two different metrics, both expressed in gha, of biologically
productive hectares with world-average productivity**:

« Onthe demandside, the EF measures the biologically produc-
tive land and sea area—the ecological assets—that a population
requires to meet all its material demands that compete for eco-
system regeneration. This includes food, fibre, timber, carbon
sequestration from fossil fuel burning and space to accommo-
date built infrastructure.

» Onthesupply side, BC tracks the areas of ecosystems, adjusted
for their respective regeneration rates, available in countries,
regions or at the global level.

BC, as tracked by National Footprint and Biocapacity Accounts
(https://data.footprintnetwork.org), includes cropland for the provi-
sion of plant-based food and fibre products, grazing land and cropland
for the production of animal products, fishing grounds (marine and
inland) for the production of fish and seafood products, forests for the
production of timber and other forest products as well as for climate
regulation via CO, sequestration, and built-up surfaces for the provi-
sion of shelter and other urban infrastructures.

EFA can be applied at various scales: from a single product to an
individual, fromacity toanation, and fromaregion up to humanity as
awhole. Depending on the scale of application, EFA can adopt either
atop-down (compound) or bottom-up (component) approach. For a
givengeographical scale (forexample, a city), the compound approach
calculates the EF using aggregated national statistics on resource and
service flows (for example, data on the total national production,
importand export of food, fibres, commodities and so on, thus track-
ingbothdirect and indirect flows) and eventually allocating the share
of the national total it is responsible for to the level being analysed.
Conversely, the component approach calculates the EF by first identify-
ingalltheresource and service flows directly and indirectly consumed
at that geographical scale (for example, the amount of food, fibres,
commodities and the like consumed by the residents of that territory)
andthenadding-up theirindividual footprint values. The first approach
is most commonly used for assessments at global and national scale,
while thelatter is preferred in product- or company-level assessments,
itbeing dataintensive and prone to truncation errorsin tracking indi-
rect flows. Within this study, the top-down approach has been used.

When adoptinga consumer-based approach, acountry’s EFis cal-
culated by tracking the BC (that is, crop, grazing, forest, fish, built-up
and carbon-uptake land) used by national production activities and
then adding the ecological assets embedded in imported goods and
subtracting those embedded in exported goods. While country-level
EF analyses usually rely on physical trade flows data*, tracking coun-
tries’ food consumptionand sourcing profiles requires the traditional
footprint method to be extended by means of the Global Trade Analysis
Project (GTAP) 10 MRIO model**,inwhat s called an EF-MRIO approach.
The analysis presented here covers all 4 years provided by the GTAP
10 model: 2004, 2007, 2011 and 2014. The years investigated in this
study thus fully depend on the time horizon available within the GTAP
database.

While both the traditional EF approach® and the EF-MRIO
approach’refer to the EF of final net consumption activities, differences

exist in the way in which consumption values are derived. The tra-
ditional approach uses physical statistics on production and trade
to derive consumption EF values of the country by first tracking the
ecological assets appropriated by national production activities (EF;)
andthenadding the EF embeddedinimported goods (EF,) and subtract-
ing thatembedded in exported goods (EF;), as shown in equation (1).

EF¢ = EFp + EF, — EFg n

Irrespective of whether it is locally produced (P), imported (I) or
exported (E), the EF of each single product or good i, is calculated as
inequation (2).

Pi

EF = -1 x EQF, (2)
yW,i

where Pis the amount of each primary product or good i that is har-
vested (or carbon dioxide emitted) in the nation, Y,y; is the annual
world-average yield for the production of the product or good i
(or its carbon-uptake capacity in cases where P is CO,), and EQF; is
the equivalence factor for the land use type producing products i
(for the full list of products considered and their data sources, see
Supplementary Table 2).

The EF-MRIO approach uses the standard methodology (as in
equation (2)) and physical input data to calculate the EF of national
production activities (EF,) but then derives national EF of consump-
tion (EF.) by using monetary trade flows to estimate the footprint
embedded in global trade flows, as per equation (3):

EFc = Fx (I—A)™ x Dy €)

where:

e Fisthe environmental extension matrix (direct EF, of sec-
tors normalized per unit of sector output, which is expressed
in gha US$™) derived from the initial allocation of EF, for
the six assets/land types (crop, grazing, forest, built-up and
carbon-sequestration land, as well fishing grounds) to
each of the 65 producing economic sectors identified by GTAP
10 (ref. 9);

« D,isthe country total final demand for goods, expressed in US$;

« [istheidentity matrix;

« Aisthetechnical coefficients matrix (representing the Leontief
inverse), which reflects the monetary exchange between each
sector to produce one currency unit worth of output from a
specific sector of the economy.

To run the EF-MRIO model, six environmental extension tables
are required, which initially allocate the EF of production (EF;) for
crop, grazing, forest, built-up and carbon-uptake land, as well fishing
grounds, to each of the 65 producing economic sectors identified by
GTAP10.TheEF,for croplandisallocated to GTAP sectors1to 8, the EF,
forgrazinglandisallocated to GTAP sectors 9-12, the EF . for forest land
isallocated tosector 13 and that of fishing grounds to sector 14, the EF,
for carbon-uptake landis allocated to each sector according toits share
of the total emissions as provided by GTAP’s energy-environmental
extension, and the EF, of built-up land is assigned to each sector
depending on the sector’s value added to the country’s GDP (for
the full list of GTAP 10 sectors, see Supplementary Table 3). While a
global MRIO modelis used to calculate the EF of trade flows among 65
economic sectors of 141 regions of the world, the EF results are then
provided in this paper are for the sole use of the EU-27 region and its
member countries.

Once the resource requirements of each sector in the economy
are calculated, as well as the household final demand for each eco-
nomic sector—including both food-related and food-unrelated
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sectors®—the household final demand is re-categorized into
the United Nations Classification of Individual Consumption
According to Purpose (COICOP) consumption categories using a
sector-to-household (thatis, GTAP-COICOP) concordance’. We thus
refer to the EF of household’s food consumption (that is, the BC
demanded to provide households with the food they consume) in each
EU-27 country as the country’s FF or food EF. While the results here are
presented as individual consumption categories, they represent the
entire EF associated with the final demand for each food consump-
tion category. This includes both the direct and indirect demand by
each EU-27 country residents for the cropland (directly to produce
food crops and indirectly to produce livestock feed crops), grazing
land (to produce meat) and fishing ground (directly to produce fish
and seafood products and indirectly to produce livestock feed) foot-
print components, and their indirect demands for the carbon (from
CO, released due to food production/cultivation and trade), forest
(wood and fibres used for paper and infrastructure) and built-up (land
occupied by food industries) components of the EF. The value for the
EF associated with COICOP category 01.1.2 or ‘meat’ consumption,
for example, includes supply chain or indirect footprints associated
with: (1) all cropland that was used to produce the feed purchased
by the livestock industry, (2) all cropland used to produce the fibres
purchased by the textile industry (to produce clothing and or natural
fibres then purchased by the livestock industry), (3) all forest prod-
ucts purchased by livestock industries to build wood pasture fences,
(4) all fishing grounds footprint associated with fish-derived fertiliz-
ers eventually used to produce crop-based feed, (5) the built-up land
associated with infrastructure such as buildings associated with the
supply chain, and (6) the land needed to sequester the CO, emitted
by vehicles used to transport livestock.

While EF quantifies human demand, BC acts as an ecological
benchmark and quantifies nature’s ability to meet this demand. BC
is calculated as in equation (4) and, for each country, it provides an
assessment of the regenerative capacity of the country’s ecosystems.

BC =) Ay; X YFy,; x EQF; “4)
i
where:

« A,,isthe bioproductive area that is available for the production
of each productiatthe country level;

* YF,,is the country-specific yield factor for the land use type pro-
ducing products i, which compares national yields to global aver-
ageyields for suchland use type; and

» EQF;istheequivalencefactor for theland use type producing each
producticompared with average land.

Ecosystems such as croplands, grazinglands and fishing grounds
produce both food and non-food biomass such as cotton and other
fibres; given thelack of detailed datato clearly trace the end use of the
produced biomass, it is not possible to quantify the sole food-related
BCavailableinthe EU-27 region and its member countries. Hence, the
food EF versus BC eco-balances provided in this study are likely to
underestimate the actual pressure that food consumption places on
each country’s ecosystems.

EF intensity of national diets

Thefootprintintensity of each country’s dietary consumption pattern
(that s, its food EF intensity) provides information on the amount of
BCneeded by the food system of that country to provide residents with
food. Footprint intensities are useful for cross-country comparisons
and for assessing footprint reduction potentials. Footprint intensi-
ties are calculated by dividing the annual per capita FF of a country
(expressed in gha per capita per year) by that country’s annual food
supply datadrawn from the FAO Food Balances (FBS) (expressed inkg

per capita per year and kcal per capita per year), and are thus expressed
in both gha kg™ and gha kcal™; for ease in data and results visualiza-
tion, the latter is then converted in global square metres (global m?
per 1,000 kcal). FF intensities were here calculated by COICOP food
macro-categories (Supplementary Table 1) and a few key food items
(Supplementary Fig. G). While calculating footprint intensities for
key products is straightforward, their calculation for COICOP food
macro-categories requires matching the FBS database with the COICOP
categories following the procedure stated here below.

EachFAO’s Food Balance Sheet presents acomprehensive picture
of a country’s food supply during a reference period. For each food
item—thatis, each primary commodity and anumber of processed com-
modities available for human consumption—data on the sources of sup-
ply andits utilization are shown. On the utilization side, adistinctionis
made between multiple food uses, including data on the food supplies
available for human consumption. To calculate FF intensities for the
EU-27 countries (gha per kg of product), food supply data (expressed
inkg per capita per year) was first downloaded from the FBS database™
for the years 2014-2018 for each country. Supply quantity data from
the FBS is provided per broad categories of food commodities (for
example, item #2601 tomatoes and products) and each category thus
needs to be associated with the COICOP food macro-categories clas-
sification used in the FF calculation.

The FBS-COICOP concordance s straightforward for most catego-
ries, although afew FBS categories contain several food derivates that
fitinto different COICOP categories: forinstance, FBS category #2601
tomatoes and products includes tomato, tomato juice, paste of toma-
toes and peeled tomatoes, which fitinto different COICOP categories
(Supplementary Fig.)). For these FBS categories, anintermediate step
relying on the Central Product Classification (CPC) version 2.1 (ref. 55)
is used to divide the FBS category into multiple subcategories. CPC
is used as it represents an international coding standard providing a
complete product classification covering allgoods and services, witha
correspondence to both the FAO FBS classification and the UN COICOP
classification. Subcategories (mostly derived products) from CPC
classification are then matched to COICOP subcategories based on the
following allocation method: 2017 world crop trade data (thatis, import
data) drawn from the FAO* are used to calculate the share of specific
subcategories (for example, tomato juice) over the totalimport of all
related items (for example, all tomato items); the obtained allocation
percentageisthenusedtosplitthe FAO food supply datainto different
COICOP categories (Supplementary Fig.J).

By using suchamethod, the quantities of derived products thatare
imported (production side) are assumed to reflect the same propor-
tion of derived products that remains and are consumed in the country
(consumption side). Lacking better data, we believe this represents a
useful firstapproximationtobe able to allocate FBS datainto COICOP
food subcategories. Once the concordance between FBS categories
and COICOP categories was finalized, including the allocation shares
of fewitems, the final supply data (kg per capita per year) were summed
up in the 12 COICOP macro-categories for all EU countries. Finally, FF
values (gha per capita per year) were divided by the relative food supply
data (expressed in kg per capita per year or kcal per capita per year) for
each EU-27 country to derive FF intensities (expressed in gha kg™ and
ghakcal™, respectively).

Ecological waste data

Food waste data are directly extracted from the 2021 United Nations
Environment Programme Food Waste Index Report®? and refers to the
amount of waste produced within each country by (1) households,
(2) food services and (3) the retails sector. Country-specific values are
drawn directly from the database without any manipulation/adjust-
ment, while population data is used to derive population-weighted
food waste averages (at household, service and retail level) for the
EU-27 region.
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Strengths and limitations of the analysis

EFA focuses broadly on human metabolism. It aims to measure whether
or not humans are able to live within the overall ecological budget
of the planet. Answering this research question requires trade-offs
betweenscope and resolution: as EF employs awide scope and systemic
approach to assess the impact of multiple pressures that are usually
evaluated independently, it is characterized by a reduced resolution
inits capacity to assess impacts on each single land component. The
carbon footprint component of the EF, for instance, only tracks the
bioproductive area that would be needed to sequester CO, emissions,
leaving out other key GHGs (for example, methane), which are substan-
tial when assessing the sustainability of meat production and consump-
tion. Other EF limitationsinclude: (1) it tracks pressure on ecosystems,
but does not quantify theimmediate consequences of such pressures
on ecosystem health, such as soil degradation or overfishing, (2) it
measures flows rather than stocks of resources, and (3) it only accounts
for ecosystems where solar energy is captured by autotrophic organ-
isms (that is, photosynthesis) to create any form of biomass humans
find useful, leaving out many of the regulating, maintaining and cultural
services that the planet’s ecosystems provide to humans. The results
presented in this study shall thus be considered as an underestima-
tion of the full pressure that food production, consumptionand trade
activities place on the planet’s ecosystems.

Concerning the integration of the traditional EF methodology
with an MRIO model to trace pressures connected with the consump-
tion activities of EU-27 citizens (food, more precisely), we used the
MRIO GTAP version 10 model**, with data availability for the years
2004, 2007, 2011 and 2014, and with specific product, sector and
country (dis)aggregations. Many other MRIO models exist, including
EXIOBASE, FABIO and EORA. These models differ in country resolu-
tion, sectoral/product (dis)aggregation and time coverage. Some
models are provided open-access, others not. Efforts are being done
inthe MRIO community toincrease product and country disaggrega-
tion, suchas recently for EXIOBASE”. As with any modelling effort, the
choice of aspecific EE-MRIO model withiits specifications influences
the final results of an environmental footprint assessment. Ideally,
multi-model assessments should be conducted, thereby provid-
ing a sensitivity analysis. However, such an approach is extremely
resource and time consuming. This would require an analysis on its
own, which was outside the scope of this paper. Such a multi-model
analysis has been recently conducted by ref. 58 confirming that
consumption-related environmental footprint results for a geo-
graphical region can differ substantially, depending on the MRIO
modelused. Theresultsinour paper are therefore not to be regarded
asabsolute. However, this does not influence the temporal evolution
analysis we show.

Statistics and reproducibility

This study uses a known environmental accounting methodology
(that s, EF) to assess the impacts associated with food systems in the
EU-27 region and eachindividual Member State. No method was used
to determine sample size as the footprint assessment was conducted
by means of national statistical data drawn from official international
databases and referring to all residents. Attempts to repeat the analysis
(by different researchers via different data analyses) were successful.

Inclusion and ethics statement
Theresearch conducted inthis study hasincluded local (EU) research-
ers throughout the research process—study design, study imple-
mentation, data ownership, intellectual property and authorship of
publications. We thus deem the research reported in this study to be
locally relevant.

Roles and responsibilities of authors were agreed among them
ahead of the research, but no specific capacity-building plan for local
researchers was discussed or putin place.

No approval by an ethics review committee was necessary; the
findings of our research do not result in stigmatization, incrimina-
tion, discrimination or otherwise personal risk to participants, and
the research does not involve health, safety, security or other risk to
researchers. No biological materials, cultural artefacts or associated
traditional knowledge was transferred out of any country.

Regional (EU) and local (country-level) research relevant to this
study hasbeen takeninto accountinthereferences citedin the study.

Reporting summary
Furtherinformation onresearch designis availablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Data supporting the findings of this study is available from multiple
sources (for example, FAO, IEA and GTAP) as described in Methods
(for further details on each individual dataset and how to accessit, see
Supplementary Table 2). Some of these data are freely available (and
provided as raw datain the Excel file ‘EU-27 Food Footprint_source data.
xIsx’) while restrictions apply to the availability of other data (that is,
GTAP version10), which was used under licence for the current study,
andisthusnot publicly available. Data other than those includedin the
‘EU-27 Food Footprint_source data.xIsx’ file are available from the cor-
responding author upon request. Visualization of aggregated results
is publicly available at https://food.footprintnetwork.org/.

Code availability

The mathematical algorithms used to obtain the results of this research
aredescribein detailsin Methods. The MATLAB and mySQL codes used
torun the analysis, however, are not publicly available.
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