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Abstract
The shift from traditional diets to a diet characterised by higher consumption of sugars, fats, processed foods and animal-
source foods is often termed the nutrition transition. Although research has focused on the health outcomes of this transition, 
there is an increasing interest in environmental impacts. Here we investigated the potential changes in impacts driven by the 
nutrition transition in Brazil, China, India, Indonesia, Mexico, South Africa and Turkey between 2011 and 2030. We com-
bined a multi-regional input–output database (EXIOBASE) with food demand projections (OECD-FAO Agricultural Outlook 
2018). In a business-as-usual scenario, we assessed the impacts of the projected dietary changes on climate change, marine 
and freshwater eutrophication, land stress and water scarcity. Then, we built a second, zero-hunger scenario to investigate 
the impacts due to the eradication of hunger by 2030, a target of Sustainable Development Goal 2. The results show that 
total growth in environmental impacts through food consumption is the highest for Indonesia (44–54%), India (35–43%) and 
Mexico (31–48%). The total impacts stay highest in Brazil (land stress), China (eutrophication) and India (climate change and 
water scarcity), mainly driven by meat, fish and dairy consumption, respectively. The zero-hunger scenario results in similar 
health improvements across all countries: 0.08 to 0.12 prevented disability-adjusted life years (DALYs) per undernourished 
person. It would achieve the highest health improvements in India and China with around 375,000 human life equivalents of 
prevented DALYs combined. There are only slight trade-offs between hunger eradication and environmental goals.

Keywords  Consumption-based accounting · Multi-regional input–output analysis · Food demand · Dietary change · Zero 
hunger · Environmental sustainability

Introduction

Popkin (1993) divided the overall dietary development of 
the human species into five distinct patterns: (1) collecting 
food, (2) famine—a monoculture diet dominated by cereals, 
(3) receding famine—a starchy non-diverse diet high in fibre 

and low in fat, (4) chronic diseases—a more diversified diet 
with increased uptake of sugar, (animal) fat and processed 
foods and (5) behavioural change—increased intake of fruit, 
vegetables and whole grains. The move from the third to 
fourth pattern is termed the nutrition transition, a transition 
already underway across many emerging nations. Global 
meat consumption tripled between 1960 and 2000 (Roser 
and Ritchie 2017). Most of this growth can be attributed 
to the nutrition transition in emerging countries, with the 
uptake of pork in China as a primary example (Godfray et al. 
2018). This transition is also proceeding much faster than the 
previous transition seen in high-income nations (Guyomard 
et al. 2013). Although transitions generally show specific 
national characteristics, all past transitions have entailed an 
increase in the consumption of animal-source foods (ASF) 
(Popkin 1993; Smil 2002). Rising affluence, urbanisa-
tion and various cultural norms have driven this increased 
demand for ASF in emerging countries (Milford et al. 2019).
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Another important trend is continuing food insecurity 
around the world. There are still many millions of people 
living with food insecurity. Although the first target of the 
UN Sustainable Development Goal 2 (SDG2) is a world 
without hunger (UN 2018), about 800 million people are 
still chronically undernourished (Ramankutty et al. 2018). 
Between 2015 and 2018, global hunger has risen to the same 
level as a decade ago (Cohen 2019). At the same time, the 
over-consumption of ASF in the fourth pattern of the dietary 
development has resulted in an uptick in obesity and non-
communicable diseases (Smith et al. 2013). Consequently, 
the largest body of research on the nutrition transition 
focuses on health implications and especially the double 
burden of undernutrition and obesity.

Food systems also have severe environmental impacts 
(Godfray et al. 2010). Among all food products, the envi-
ronmental impacts of ASF are disproportionately high across 
many impact categories (Aiking 2011), with a few excep-
tions, such as water consumption when considering con-
sumption volumes (Harris et al. 2020). Livestock-based food 
production represents one of the major human-made drivers 
of environmental degradation. It is the cause of about one-
fifth of global greenhouse gas (GHG) emissions, and a key 
land user, water polluter as well as a promotor of species 
extinctions (Machovina et al. 2015).

Although several authors have warned of a potential 
increase in environmental impacts due to the nutrition tran-
sition, a thorough, quantitative analysis is lacking (to the 
authors’ knowledge). Gill et al. (2015) restricted their analy-
sis on environmental impacts of dietary changes in Brazil, 
China and India to selected food products. The study of 
Aleksandrowicz et al. (2019) focuses only on India. Fur-
thermore, the pursuit of various SDGs may conflict with 
each other and lead to trade-offs. Scherer et al. (2018) evalu-
ated interactions between social and environmental SDGs, 
concluding that the achievement of social goals may entail 
higher environmental impacts. The issues of sufficient food 
supply and environmental sustainability form a nexus, as 
dietary shifts often imply adverse environmental impacts. 
Understanding these interactions is important to minimise 
the impacts of future dietary change.

Here we aim to (1) estimate the potential environmental 
impacts of predicted dietary change in emerging countries 
in 2030 and (2) estimate the health benefits of eradicating 
hunger and their potential trade-offs with environmental 
goals. Since countries follow different diets and nutrition 
transitions, comparative, country-specific analysis is impor-
tant. We investigate several emerging countries that are esti-
mated to have much greater levels of ASF consumption in 
the future if current socio-economic trends continue. These 
countries are China, India, Brazil, Mexico, Indonesia, Tur-
key and South Africa. Including Russia would complete the 
BRICS countries, but Russia shows different characteristics 

than the chosen countries, such as a decreasing population 
and stagnating urbanisation. As such, we expect Russia’s 
nutrition transition and consequent environmental impacts 
to be less significant. To address the two research objectives, 
we assess a business-as-usual scenario where the impacts of 
the nutrition transition are investigated until 2030. A second 
scenario investigates the fulfilment of SDG2 (zero hunger) 
in 2030, using the diets obtained from the business-as-usual 
scenario as a starting point. We then evaluate any potential 
trade-offs between social and environmental goals.

Materials and methods

Scenario analysis for 2030

Business‑as‑usual scenario on the nutrition transition

For dietary data in the business-as-usual scenario, we used 
the Agricultural Outlook (AO) (OECD and FAO 2018), a 
global, country-specific agricultural market projection for 27 
food commodities over a 10-year timeframe. All food com-
modities included in the AO are shown in Table A2 (Sup-
plementary Information). The Food and Agriculture Organi-
sation of the UN (FAO) publishes the AO in collaboration 
with the Organisation of the Economic Co-operation and 
Development (OECD). The main advantage of the AO over 
other projections is that it is updated annually (OECD 2018) 
and so continuously estimates future nutrition transitions.

OECD and FAO (2018) follow three main steps to obtain 
a global baseline projection of the agricultural market:

1.	 The data are collected through national statistical offices 
via a questionnaire on expected agricultural develop-
ments.

2.	 Aglink-Cosimo, a partial equilibrium model of world 
agricultural markets (OECD and FAO 2015), is used 
to estimate food demand. The model is first run glob-
ally to ensure consistent data integration and agreement 
between global consumption and production of all com-
modities.

3.	 The results of the first baseline are reviewed with the 
help of the questionnaire results and national and inter-
national agricultural expert panels. Refinements are 
made according to the results of these consultations to 
obtain a final global baseline projection.

The Aglink–Cosimo framework provides supply and 
demand data on the main agricultural commodities (prices 
are determined by regional or international equilibria of sup-
ply and demand and non-agricultural markets are exogenous 
to the model). The model is recursive-dynamic, i.e. out-
comes for one year influence the respective outcomes in the 



567Sustainability Science (2021) 16:565–579	

1 3

following year. Commodity quality is assumed to be homo-
geneous and buyers do not distinguish between countries 
of origin. Underlying model determinants include current 
agricultural market conditions as well as macroeconomic, 
political and demographic assumptions, such as population, 
real gross domestic product (GDP), deflators of GDP and 
of private consumption expenditure and monetary exchange 
rates.

Since the AO has been published for the last ten years, 
starting in 2009, we present a brief analysis of its accuracy 
over time by comparing previously projected to actual food 
use (see results in Sect. 3.2). For all commodities, we evalu-
ated observed data and the most recent projection against 
linear, exponential and logarithmic trends. A linear model 
showed the best fit for all commodities. Since the AO data 
finish in 2027, we then linearly extrapolated the data by 
commodity until 2030. Only consumption data labelled as 
“food” were used (rather than production for other uses such 
as feed and fuel). Note that feed is considered indirectly as 
an upstream process to produce ASF.

For the business-as-usual scenario, we investigated the 
plausibility of the results for per-capita (p.c.) consumption 
by comparing against the current, global maximum of p.c. 
national supply. We see this supply level as a logical satu-
ration point and hence checked for any results exceeding 
these levels by commodity in between today and 2030. There 
was no significant food consumption of fish meal, fish oil, 
distiller’s dry grains, molasses, protein meals, raw sugar, 
white sugar and whey powder. These commodities can be 
classified as intermediate products which are not demanded 
by households for direct food consumption.

Zero‑hunger scenario

The zero-hunger scenario modifies the business-as-usual 
scenario to quantify the environmental impacts related to 
the potential eradication of hunger by 2030, as proposed by 
SDG2. Here, the diets followed by all countries are of the 
same composition as AO projections for 2030, as used in the 
business-as-usual scenario, but we increased the total dietary 
energy available to reflect the zero-hunger target.

To make this estimation, we have to determine the poten-
tial level of undernourishment by 2030. We began with the 
FAO’s regular update on the prevalence of undernourish-
ment, i.e. the undernourished proportion of the national pop-
ulation. As this proportion does not provide insight into the 
food supply gap of the undernourished population, the FAO 
publishes the depth of the food deficit (Roser and Ritchie 
2018a). The depth of the food deficit compares the average 
dietary energy consumption of the undernourished popula-
tion with the average dietary energy requirement (ADER) 
of the country’s population and provides a weighted aver-
age deficit in kcal p.c. per day of the whole population. The 

ADER is defined as “the caloric intake required to provide 
energy balance in a given individual of a healthy weight 
for their gender, age and activity levels” (Roser and Ritchie 
2018b).

Calculation of the depth of the food deficit requires 
knowledge of the prevalence of undernourishment, which 
in turn is based on the minimum dietary energy requirement 
(MDER). The MDER is measured in kcal p.c. per day and 
commonly accepted as a level of threshold caloric intake 
to define the prevalence of undernourishment (Roser and 
Ritchie 2018b). Once the caloric intake of an individual falls 
below the MDER for an extended period, the individual is 
regarded as undernourished. The food security indicators of 
FAOSTAT (FAO 2018) provide data on the average ADER 
and MDER levels of a country’s population, based on the 
demographic weighting (Roser and Ritchie 2018b).

We used the total food deficit (TFD) of a country as well 
as the prevalence of undernourishment (PoU) to determine 
the depth of the food deficit (DFD), as illustrated by Moltedo 
et al. (2014):

where cunder is the average consumption of the undernour-
ished population.

cunder results from the average consumption of the indi-
viduals within a country whose consumption falls below the 
MDER in the dietary energy consumption distribution:

We modelled dietary energy consumption at the national 
level using a lognormal distribution (Naiken 2003, 2014). 
f (x) is the probability density function of a lognormal 
distribution:

The indefinite integral of the density function is:

where erf is the error or Gauss error function.
The calculation of the prevalence of undernourishment is 

based on the two parameters that form the lognormal distri-
bution: the national p.c. dietary energy consumption and its 
coefficient of variation. The data on the dietary energy sup-
ply was used as a proxy for energy consumption (INDDEX 
Project 2018). This ensures consistency among all coun-
tries, as most countries do not have nationally representative 
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(
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dietary intake surveys. To better match supply values with 
actual consumption, data on region-specific average waste 
percentages at the household level (Gustavsson et al. 2011) 
was taken into account.

In addition, caloric supply may vary significantly within 
a country. The inequality of caloric intake within a nation is 
measured using the coefficient of variation of the habitual 
caloric consumption distribution (CV(x)) (Roser and Ritchie 
2018b). The prevalence of undernourishment (PoU) is cal-
culated with:

We determined the two parameters � and � of the density 
function of the lognormal distribution (Eq. 3) as follows:

where μ is the location parameter or geometric mean, σ the 
scale parameter or geometric standard deviation and 

−
x the 

average dietary energy supply p.c. in kcal/day, corrected for 
food waste.

The caloric intake of many people in most countries fell 
close to the minimum dietary energy requirement, so precise 
quantification was critical for the subsequent calculation of 
the prevalence of undernourishment. The minimum dietary 
energy requirements differ across the world, as they depend 
on the country-attained height and population structure 
for different age groups by gender. We followed the FAO 
(2008) to compute the minimum dietary energy requirement 
(MDER):

where LLER is the lower limit of energy requirement p.c. 
per day of a given age and sex group, pij the proportion of 
each age and sex group of the total population and PA the 
pregnancy allowance. The World Population Prospects (UN 
2017) includes projections of the share of gender and 5-year 
age groups of the total population which were used to pro-
ject the minimum dietary energy requirement. Our calcula-
tion of the lower limit of energy requirement is presented in 
the Supplementary Text. The Supplementary Information 
also shows projections for attained height (Fig. A1), dietary 
energy supply (Fig. A2), average daily energy requirement 
(Fig. A3) and the coefficient of variation for the habitual 
caloric consumption distribution (Fig. A4).

The food balance sheets of FAOSTAT provide data to 
calculate the proportion of a subcategory to the total dietary 

(5)PoU ≡ �
x<MDER

0

f (x) dx.

(6)� = ln
(

−
x
)

−
�2

2
,

(7)� =

√

ln
(

CV2(x) + 1
)

,

(8)MDER =
∑

ij

(

LLERij ∙ pij
)

+ PA,

energy supply for each food category in 2011. The respective 
ratio was considered constant over time per food category 
and country and was therefore applied to the changed diet 
in 2030, which was extracted from the AO. This required 
harmonisation between FAOSTAT and the AO. After har-
monisation (Table A3 in the Supplementary Information), 
the nutritional value (in kcal/kg) for the AO food catego-
ries were calculated for each of the countries. There are 
many more FAOSTAT products, so the nutritional value 
of each AO product was based on the contribution of the 
FAOSTAT subproducts to the main product in 2011. Thus, 
it was assumed that these shares are constant due to a lack 
of disaggregated data. For cheese, high fructose corn syrup 
and milk powder, no nutritional information was available. 
These values were taken from the USDA Food Composition 
Database (USDA 2019).

To allow for accurate projections, the prevalence of 
undernourishment and depth of food deficit were first repro-
duced for 2013. Here, some of the calculated prevalence 
of undernourishment values deviated considerably from 
the FAO values. These deviations were used as bias cor-
rection factors when calculating the projected prevalence of 
undernourishment for 2030. The projections of the depth of 
food deficit were used to increase food consumption levels 
in 2030 to reflect the remaining existence of hunger before 
eradication.

Health impacts

Disability-adjusted life years (DALYs) are a commonly 
used metric of the global burden of disease (Kassebaum 
et al. 2016). DALYs sum years of life lost due to premature 
mortality and years lived with disability due to diseases or 
injuries. Lowering the depth of food deficit brings about 
a health benefit by reducing protein–energy malnutrition. 
DALYs due to protein–energy malnutrition are an indica-
tor of the burden of undernourishment or chronic hunger 
which, despite big improvements, exceeds the burden of 
hidden hunger due to micronutrient malnutrition (Gödecke 
et al. 2018). The UN Environment Life Cycle Initiative rec-
ommends a health effect factor of 4.55 × 10−8 DALY/kcal 
(Jolliet et al. 2018). Life expectancies at birth (The World 
Bank 2019) were projected until 2030 so health improve-
ments could be given in terms of human life equivalents of 
prevented DALYs.

Environmental impacts

Globalisation has driven an increasing complexity in the 
production and consumption of goods through trade. We 
used an environmentally extended input–output analysis 
(EEIOA) to trace emissions, resource use and environmen-
tal impacts through international supply chains (Gallego and 
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Lenzen 2006; Lenzen et al. 2007; Mäenpää and Siikavirta 
2007; Munksgaard and Pedersen 2001).

EEIOA tables are generally in monetary units (e.g. 
EUR), as physical data are rarely available. By combining 
the input–output data (L) with an environmental coefficient 
matrix (C), the total change of emissions or resource use 
( Δb ) resulting from a change in final demand ( Δy ) can be 
calculated:

where Δedir is the change of direct environmental impacts.
We used EXIOBASE 3, a time series of multi-regional 

input–output tables for 44 countries and five remaining 
world regions from 1995 to 2011 (Stadler et  al. 2018). 
EXIOBASE has been used to evaluate the environmental 
impacts of national dietary recommendations (Behrens 
et al. 2017; Scherer et al. 2019) and benefits of food waste 
reductions in the EU (Usubiaga et al. 2017). AO food cat-
egories were harmonised with EXIOBASE food categories 
(Table  A2, Supplementary Information). Subsequently, 
AO demand projections were used to change the monetary 
household demand vector for the countries investigated. 
Not all parts of the nutrition transition could be studied, as 
EXIOBASE holds no food categories to evaluate a change 
in demand for processed food products.

This study accounts for five impact categories: (1) climate 
change, (2) marine eutrophication, (3) freshwater eutrophi-
cation, (4) land stress and (5) water scarcity. We applied 
characterisation models to the results of the EEIOA calcula-
tions to conduct an impact assessment. Here, only midpoint 
models which provide indicators that describe environmental 
problems were used. In the order of the impact categories 
above:

•	 The carbon footprint is expressed as the impact on cli-
mate change in carbon dioxide ( CO2 ) equivalents using 
the global warming potential at a 100-year time horizon 
(Myhre et al. 2013).

•	 The eutrophication potential indicates the contribution 
of a substance to eutrophication, divided into freshwa-
ter and marine eutrophication, using phosphorus (P) and 
nitrogen (N) equivalents. This considers the molecular 
mass of different P and N compounds and a fate factor 
describing the level of the emissions reaching the aquatic 
environment. This fate factor was assumed to be 1 for 
emissions to water, 0.3 for N emissions to air and 0.1 for 
P emissions to soil (Bouwman et al. 2009).

•	 Agricultural commodities are water-intensive. Instead of 
accounting for total water consumption, a regionalised 
evaluation of water-related impacts is required due to the 
high variation of impacts depending on geographical fac-
tors, such as freshwater availability and freshwater use 

(9)Δb = C ∙ L ∙ Δy + Δedir,

patterns. For this purpose, we used the water scarcity 
footprint in m3 equivalents. In contrast to the water foot-
print as defined by the water footprint network, which 
is volumetric, the water scarcity footprint is impact-ori-
ented (Pfister et al. 2017). It is based on water scarcity 
indices ranging from 0.01 to 1 (Pfister and Bayer 2014; 
Scherer and Pfister 2016). Water scarcity indices relate 
to a consumption-to-availability ratio.

•	 Similarly, a regionalised evaluation of anthropogenic 
land occupation is critical, as biodiversity is character-
ised by high spatial heterogeneity. For this, the land stress 
footprint in m2 equivalents, introduced by Pfister et al. 
(2011), was calculated using land stress indices.

Results

Environmental impacts of diets in 2011

Total environmental impacts through food consumption in 
the base year 2011 were highest for China, Brazil and India 
(Fig. 1). India and China had the highest total carbon foot-
print (0.7 Gt CO2 eq.). China saw the highest freshwater 
eutrophication (7.3 Mt P eq.) and marine eutrophication (0.9 
Mt N eq.). Brazil showed the highest land stress footprint 
(1.1 million km2 eq.), while the water scarcity footprint was 
the highest in India (460 billion m3 eq.).

The contribution of meat to the environmental impacts 
of diets was highest for Brazil (17–56%) and Mexico 
(10–41%) and intermediate for China and Indonesia. China 
was the only country in which fish consumption contributed 
appreciably to overall impacts (10–30%). Dairy consump-
tion contributed most to the impacts of Brazil (4–27%) and 
India (3–22%), as well as the land stress footprints of South 
Africa, Mexico and China (23–43%). Sugar consumption 
played a negligible role, except for the water scarcity foot-
print of India (5%). Likewise, vegetable oils and fats only 
contributed significantly to Indian impact results (2–7%). In 
addition, the impact composition varied across the different 
impact categories. Meat and dairy consumption saw large 
impacts across climate change (2–53% and 2–22%, respec-
tively), land stress (1–46% and 2–43%) and marine eutrophi-
cation (4–56% and 5–22%). Fish consumption contributed 
more to climate change (1–30%) than to the other impact 
categories. Combined ASF consumption contributed least 
to water scarcity and freshwater eutrophication as compared 
to other impact categories.

India’s high water scarcity footprint and Brazil’s high land 
stress footprint can be explained by their high water scarcity 
and land stress index, respectively (Pfister et al. 2011). As 
such, both are influenced more by the food origin than the 
diet pattern. The characterisation factors for the carbon foot-
print as well as freshwater and marine eutrophication are not 
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spatially explicit and, therefore, their results are driven by 
the diet pattern.

In 2011, Brazil dominated p.c. impacts (Fig. 2), consist-
ent with having the highest GDP p.c. in that year (The World 
Bank 2019). In 2011, Brazil showed the highest impact 
results for the carbon footprint (1.7 t CO2 eq.), marine 
eutrophication (3.1 kg N eq.) and land stress (5400 m2 eq.). 
Turkey caused the highest p.c. freshwater eutrophication 
(6.1 kg P eq.) and India showed the highest p.c. water scar-
city footprint (369 m3 eq.).

Environmental impacts in 2030 
in the business‑as‑usual scenario

The population is projected to increase in all studied coun-
tries (Fig. A5, Supplementary Information). Generally, AO 
projections provide higher accuracy for the near future and 
see larger divergences the further into the future they go 
(Fig. A6 and Supplementary Text). According to the AO 

of 2018, p.c. meat and fish consumption will grow in all 
countries until 2030 (Fig. 3). P.c. dairy consumption will 
grow considerably for India and Turkey, p.c. sugar consump-
tion will grow considerably for China and Indonesia and 
p.c. consumption of vegetable oils and fats will grow most 
in India and Indonesia (Table A4, Supplementary Informa-
tion). Consumption of other food will remain at a similar 
level, except for Indonesia and Mexico. The increases will 
be dominated by consumption of wheat in Indonesia and 
coarse grains and oilseeds in Mexico.

The increased consumption of ASF in 2030 is set to 
increase consumption-based total environmental impacts 
(Fig. 1). We estimate that total impact increases would be 
the highest for Indonesia (44–54%, especially the carbon 
footprint), India (35–43%, especially the land stress foot-
print) and Mexico (31–48%, especially marine eutrophi-
cation). South Africa would see the largest increase to its 
water scarcity footprint (38%) and Turkey and China to its 
carbon footprint (34% and 27%). Brazil would see the largest 

Fig. 1   Total impacts for a carbon footprint (CF), b marine eutrophication (ME), c freshwater eutrophication (FE), d land stress footprint (LF) 
and e water scarcity footprint (WF) in 2011 and in 2030 for scenario A (AO) and scenario B (SDG2)



571Sustainability Science (2021) 16:565–579	

1 3

increase almost equally to its land footprint, carbon footprint 
and marine eutrophication (32%). Across the seven emerg-
ing countries, all impact category results would grow by 
25–37%. The growth would be strongest for the water scar-
city footprint, followed by the carbon footprint and the land 
stress footprint (both about 34%). The high impact increases 
of India and Indonesia would be mainly driven by population 
growth, next to high fish consumption increases p.c. in the 
case of Indonesia and high dairy consumption increases p.c. 
in the case of India.

Our scenario suggests that, compared to total impact 
changes, China and South Africa would experience com-
paratively high p.c. impact growth. The p.c. impact increases 
for China, Mexico, Turkey and South Africa would be solely 
based on higher intakes of ASF, sugar and vegetable oils 
and fats, as impacts of other food categories will remain 
constant. The high p.c. impacts of Brazil would be due to 
high levels of red meat consumption, which has the high-
est marine eutrophication potential and global warming 

Fig. 2   Per-capita impacts for a carbon footprint (CF), b marine eutrophication (ME), c freshwater eutrophication (FE), d land stress footprint 
(LF) and e water scarcity footprint (WF) in 2011 and in 2030 for scenario A (AO) and scenario B (SDG2)

Fig. 3   Per-capita consumption of meat, fish, dairy, sugar, vegetable 
oils and fats, and other food products in 2011 and 2030
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potential of all food products and the very high land stress 
index of Brazil. Brazilian beef demand is primarily sourced 
locally and produces comparatively high impacts due to 
methane-emitting cattle (Harper et al. 1999; Xue and Landis 
2010; Simoes and Hidalgo 2011).

According to this scenario, the p.c. carbon footprint of the 
most populous countries China, India and Indonesia would 
be still much lower than the level of Brazil, which indicates 
that further growth after 2030 is likely in the future. Across 
all countries, p.c. impacts would grow by 9–16%, with the 
strongest growth for the carbon footprint, next to marine 
eutrophication (15%) and land stress (14%).

Environmental and health impacts in 2030 
in the zero‑hunger scenario

Even without modelling the extra food production and con-
sumption needed to meet the zero-hunger target, the depth 
of food deficit is projected to reduce rapidly across most of 
the studied countries (Fig. 4b). However, the depths of food 
deficit in Mexico, Turkey and South Africa are estimated to 
increase due to a growing prevalence of undernourishment 
(Fig. 4a) as well as rising minimum and average dietary 
energy requirements (see Supplementary text). The corre-
sponding food deficit of the undernourished population is 
estimated to be highest in China, but is of a similar level 
across all countries (Fig. 4c).

As a result of the developments of the prevalence of 
undernourishment and the depth of food deficit, the achieve-
ment of SDG2 in 2030 would only add a small amount to 
the total and p.c. environmental impacts of all studied coun-
tries (Figs. 1 and 2). For the undernourished population, we 
assume that increases in impacts follow the impact pattern 
of the respective country. Upon reaching the average dietary 
energy requirement as consumption level for all undernour-
ished people, impacts would be close to p.c. impacts of the 
total population (Fig. 5).

We estimate that zero hunger in 2030 would bring about 
similar health improvements in all countries of 0.08 to 0.12 
prevented DALYs per undernourished person (Fig. 6a). To 
illustrate the differences between countries, Fig. 6b shows 
the health improvements in human life equivalents (HLEs) 
of prevented DALYs of the total undernourished population. 
Overall, health improvements would be greatest in India 
(228,000 HLEs) and China (147,000 HLEs).

Discussion

Environmental impacts of the nutrition transition

The results of this study illustrate the potential environ-
mental impacts from nutrition transitions across emerging 

countries. This does not include all the potential changes 
in the transition, such as rising demand for processed food 
products. Yet, the results show a clear trend towards higher 
consumption of ASF, vegetable oils and fats and, for some 
countries, sugar, all resulting in higher impacts. This analy-
sis also shows how these nations are at different stages of 
the nutrition transition. In terms of the speed of nutrition 
transitions across the nations investigated, Indonesia’s p.c. 
impacts are the fastest growing, which implies a rapid nutri-
tion transition until 2030. However, increases in p.c. impacts 
from “other” food products (like wheat and soya beans) in 
Indonesia and India indicate that in both countries the adop-
tion of the third pattern of the transition is still increasing in 
contrast to the other studied countries where the pattern is 
already more established. It implies that these parts of the 
populations in Indonesia and India will start transitioning 
towards the fourth pattern later. The transition progresses 
at a moderate pace in India and China and at a slower pace 
in Mexico and Brazil (Figs. 2, 3). This leads to convergence 
with Western diets by 2030, as Brazil, Mexico and China 
reach high levels of meat consumption. However, India’s 
transition is very different from other emerging countries. 
Here, meat consumption grows slowly to 2030, as especially 
beef consumption is historically limited due to religious 
and cultural taboos (Ferry 2020). The possibility of surg-
ing poultry and goat meat demand is still debated, as both 
are viable substitutes for most of the impacted consumers 
(Begum et al. 2011; Dhanda et al. 2003). An acceleration in 
economic growth could alter this trend, as Indian consumers 
slowly move towards consuming more meat, fish and eggs 
instead of dairy products with rising income (Gandhi and 
Zhou 2014), while other studies still project an increase in 
dairy consumption (Alae-Carew et al. 2019). This study’s 
results show that p.c. impacts through Indian meat consump-
tion remain very low. This is important, as India represents 
17.6% of the global population in 2030 (UN 2017). South 
Africa and Turkey show a slow dietary change, limiting 
potential increases in environmental impacts.

The business-as-usual scenario can be considered 
as one of social inertia and represents current trends. 
Whether this trend will continue into the future is of 
course uncertain and while a shift from this trend is pos-
sible, some research has cast doubt on the societal appe-
tite for dietary change (O’Riordan and Stoll-Kleemann 
2015). Likewise, global meat consumption continues to 
rise although its environmental impacts are known since 
decades (Subak 1999). However, if the nutrition transi-
tion in emerging countries were to progress according 
to the business-as-usual scenario, associated environ-
mental impacts could directly affect the further course 
of the nutrition transition in a feedback and thus offset 
additional environmental impacts (Woodard et al. 2019). 
This feedback would increase as the agricultural sector 
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approaches environmental limits. Limits to growth, such 
as available arable land, could increase the political will 
to limit the consumption of ASF or to stimulate more 
investment in new production techniques. In the course of 

this, alternatives to conventional meat products, such as 
plant-based substitutes and in vitro meat, could increas-
ingly compete with livestock (Hocquette 2016).

Fig. 4   Results for a prevalence 
of undernourishment, b depth 
of the food deficit in 2013 and 
2030 and c food deficit per 
undernourished person in 2030
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Eradication of hunger

The estimated environmental impacts as a result of zero hun-
ger by 2030 are negligible. Calories consumption across the 
nations investigated would have to increase between 0.01% 
(Brazil) to 2.67% (India) when compared to the business-as-
usual scenario. Food deficits shrink between 2011 and 2030, 
especially in the case of Brazil. It highlights that there are 
hardly any trade-offs between environmental impacts and 
achieving the SDG2 goal of eradicating hunger. India and 
China see the largest benefits in prevented DALYs.

The assumed increased food production to eradi-
cate hunger drives the environmental impacts. How-
ever, increased food production might be unnecessary to 
improve food security. By 2011, the dietary energy supply 
per capita (Fig. A2) was already higher than the average 
dietary energy requirement (Fig. A3) in all studied coun-
tries. Solving the paradox of hunger and obesity coexist-
ing within a country (Steiner et al. 2019) by improving 

food access and redistributing food within its population 
may avoid any need for increased food production. Reduc-
ing food loss and waste offers another opportunity for 
enhanced food security without increased food production 
(Shafiee-Jood and Cai 2016). Besides, the environmental 
impacts of meeting zero-hunger targets are so low that the 
uptake of a vegetarian diet among some people in high-
income parts of the populations could already offset these 
impacts (Marlow et al. 2009).

It remains uncertain if all countries will end hunger by 
2030, as proposed in SDG2. While there was progress in 
previous decades, the related Millennium Development Goal 
to half hunger was not achieved and food insecurity has risen 
in recent years. More coherent policies and the right priori-
ties are needed to reverse this trend (Cohen 2019), as well as 
solutions that are country-specific, adaptive and participa-
tory (Blesh et al. 2019). In addition, climate change itself 
and related migration might pose new risks to food security 
(McMichael 2013).

Fig. 5   Per-capita impacts for undernourished part of population for a carbon footprint (CF), b marine eutrophication (ME), c freshwater eutroph-
ication (FE), d land stress footprint (LF) and e water scarcity footprint (WF)
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Limitations

Fundamentally, all results obtained in this study are based 
on projections which depend on many assumptions on how 
social, economic and environmental systems may change. In 
the following, we discuss some major sources of uncertainty 
but do not claim to be exhaustive.

There are numerous sources of uncertainty in EEIOA 
databases, such as sampling, measurement, aggregation and 
reporting errors. Harmonising data over several national or 
regional economies entails issues, such as industry con-
cordance, monetary exchange rates and trade flow estima-
tions. As the assessment is static, structural changes in the 
world economy between 2011 and 2030 remain unconsid-
ered. Changes in trade could alter environmental impacts 
and technological advancements could allow for reduc-
tions. Presently, a hybrid (physical and monetary) table of 
EXIOBASE is being compiled, which is computationally 
more complex but could reduce uncertainty and simplify 

the translation of assessment results into policies (Merciai 
and Schmidt 2018).

The different product categorisations of EXIOBASE 3 
and the AO can make harmonisation of the databases chal-
lenging. For example, high-fructose corn syrup is similar 
to sugar but has a range of uses as a sweetener and addi-
tive in beverages, dairy products, bread and various pro-
cessed food products. In the US, uptake of high-fructose 
corn syrup consumption has coincided with an increase in 
noncommunicable diseases (Parker et al. 2010; Bray 2013). 
A higher product resolution in EEIOAs would allow for a 
more accurate analysis of its impacts. In addition, the AO 
does not consider the full range of food products: No equiva-
lent to the EXIOBASE 3 categories ‘Vegetables, fruit, nuts’, 
‘Beverages’, ‘Food products nec’ or ‘Animal products nec’ 
is included. Considering the demand growth for most cat-
egories until 2030, it is improbable that demand for these 
categories remains unchanged. This is significant, as, ‘Food 
products nec’, for example, represent the second-highest 

Fig. 6   Health improvements 
through the eradication of hun-
ger in 2030 for a each under-
nourished person and b the total 
undernourished population. 
DALYs are disability-adjusted 
life years and HLEs are human 
life equivalents
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contributing food category to China’s carbon footprint in 
2011. ‘Animal products nec’ contain eggs, whose consump-
tion is assumed to increase strongly, similar to vegetable 
consumption in India (Gandhi and Zhou 2014). The omis-
sion of these products may lead to an underreporting of 
dietary change and the associated changes in environmental 
impacts.

Our impact assessment only provides a simplified evalu-
ation of global impacts, as characterisation factors are only 
an approximation. Characterisation factors for the carbon 
footprint, marine eutrophication and freshwater eutrophica-
tion per substance are applied globally without differentiat-
ing site-specific characteristics, as done for land stress and 
water scarcity. The characterisation factors for a specific 
impact category also represent a choice. For example for 
climate change, a different time horizon or a different met-
ric, such as the global temperature change potential (Shine 
et al. 2005) instead of the global warming potential, could 
have been used.

The UN population prospects (2017) only provide data 
on limited age groups. Since there are formulas for total 
energy expenditure with higher accuracy (FAO et al. 2001), 
the calculation of the minimum dietary energy requirements 
could potentially be improved if population data is updated. 
The modelling of food security is merely done by raising 
the dietary energy supply of the undernourished population 
to the average dietary energy requirements. Thus, to what 
extent all micronutrients are covered by the different diets 
obtained in the business-as-usual scenario is not modelled. 
As an alternative to the lognormal distribution, the skew-
normal distribution could also be used for calculating the 
prevalence of undernourishment (Asia and Pacific Com-
mission on Agricultural Statistics 2014; Naiken 2014). The 
health impact indicator DALY and its application to assess 
the protein–energy malnutrition damage also represent a 
simplification. National differences and individual nutri-
tional requirements remain unconsidered so that the results 
can only give a macro-level estimate.

Opportunities for environmental impact mitigation

The expected impact increases of emerging countries call for 
mitigation measures. It requires measures on both the sup-
ply and demand side of food systems (Scherer and Verburg 
2017). This includes the optimisation of water irrigation, 
fertilizer use, fodder quality, energy inputs and manure treat-
ment, among others (Jarvis et al. 1996; Usubiaga-Liaño et al. 
2020; Yue et al. 2017). In China, the Ministry of Agriculture 
issued a policy to halt the increase in fertilizer use by 2020 
(Yue et al. 2017). In general, the resource efficiencies in live-
stock farming have increased over time, as shown by Capper 
et al. (2009) using the example of dairy production in the 
US between 1944 and 2007. Moving towards diets following 

the nutritional advice of national institutions and contain-
ing fewer animal products would entail large decreases in 
GHG emissions, eutrophication and land use in Brazil, while 
GHG emissions would slightly decrease in China (Behrens 
et al. 2017). Our results likewise demonstrated a high impact 
intensity of animal products. Thus, the central question is 
how behavioural changes may develop, including a wider 
adoption of nationally recommended diets or a higher uptake 
of plant-based diets. Behaviour changes will necessarily be 
location-based. For instance, until now, there is no indication 
of declining beef consumption in Brazil (Ruby et al. 2016), 
while Buddhist communities might act as disseminators for 
vegetarianism in China (Kieschnick 2005).

Identifying and sharing key learning outcomes between 
countries regarding policies on sustainable food consump-
tion is vital. The Global Alliance for Improved Nutrition 
(Gain 2014) argues that the trend of emerging countries 
adopting poor diets from the high-income world could be 
broken by leapfrogging the current food system and associ-
ated environmental impacts that derive from it. Our results 
suggest that India has the opportunity to establish food secu-
rity while maintaining comparatively low p.c. meat intake, 
leading to a healthier and more environmentally viable 
nutritional pattern than foreseen by the nutrition transition. 
However, this does not apply to the water scarcity impacts 
of Indian diets which we find are the highest p.c. of all the 
nations investigated.

Importantly, with the increasing environmental challenge 
posed by the transition in emerging countries, it is incum-
bent upon high-income consumers to reduce their environ-
mental impacts from diets. High-income nations are gener-
ally responsible for a higher proportion of environmental 
impacts from food and also import environmental damage 
from goods produced in lower-income nations (Sun et al. 
2019). Overall, if lower-income nations can leapfrog the cur-
rent food system and high-income nations can transition, we 
may see a global convergence to healthy and environmen-
tally sustainable diets as called for in several publications 
including the EAT-Lancet commission (Willett et al. 2019). 
Because another global hotspot of the current nutrition tran-
sition is sub-Saharan Africa (Steyn and Mchiza 2014), fur-
ther research should focus on investigating implications of 
dietary evolution in this region.

Conclusions

Here we investigated potential environmental impacts of 
the nutrition transition in emerging countries. We assessed 
impacts on climate change, marine and freshwater eutrophi-
cation, land stress and water scarcity. The highest impacts 
per country by 2030 are in Brazil for the land stress footprint 
(1.41 million km2 eq.), China for marine and freshwater 
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eutrophication (1.15 Mt N eq. and 8.32 Mt P eq.) and India 
for the carbon and water scarcity footprints (0.96 Gt CO2 eq. 
and 661 billion m3 eq.). All impacts induced by the nutri-
tion transition grow significantly. Total impact changes are 
highest for Indonesia (44–54%, with the carbon footprint the 
highest among these), India (35–43%, with the land stress 
footprint the highest among these) and Mexico (31–48%, 
with marine eutrophication the highest among these). Parts 
of India and Indonesia are still consolidating the third pat-
tern of the nutrition transition, indicating that the transition 
could still accelerate in these countries.

The need for efforts of eradicating hunger is highest in 
India and China, offering the possibility for great health 
improvements (about 375,000 human life equivalents of 
prevented DALYs combined). Eradicating hunger in 2030 
while accounting for the projected nutrition transition leads 
to very small trade-offs with the environmental impacts stud-
ied here.
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