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Abstract

Global food security and agricultural land management represent two urgent and intimately
related challenges that humans must face. We quantify the changes in the global agricultural
land footprint if the world were to adhere to the dietary guidelines put forth by the United
States Department of Agriculture (USDA), while accounting for the land use change incurred by
import/export required to meet those guidelines. We analyze data at country, continental, and
global levels. USDA guidelines are viewed as an improvement on the current land-intensive diet
of the average American, but despite this our results show that global adherence to the
guidelines would require 1 gigahectare of additional land—roughly the size of Canada—under
current agricultural practice. The results also show a strong divide between Eastern and
Western hemispheres, with many Western hemisphere countries showing net land sparing
under a USDA guideline diet, while many Eastern hemisphere countries show net land use
increase under a USDA guideline diet. We conclude that national dietary guidelines should be
developed using not just health but also global land use and equity as criteria. Because global
lands are a limited resource, national dietary guidelines also need to be coordinated
internationally, in much the same way greenhouse gas emissions are increasingly coordinated.


http://dx.doi.org/10.1101/195396
https://creativecommons.org/licenses/by-nc-nd/4.0/

40
41
42

43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75

76

Introduction

Increasing pressures on land and other natural resources such as water is largely attributed to
the increase in demand for agricultural products [1]. The agricultural sector is extremely
resource-intensive and continues to transform itself as populations grow. Global food
production is the largest user of fresh water and uses approximately 38% of the land on Earth
[1,2]. An estimated 62% of the remaining global land surface is either unsuitable for cultivation
on account of soil, climate topography, or urban development (30%) or is covered in natural
land states like forests (32%), so very little land is available for agricultural expansion that does
not destroy native land states. Hence, more efficient agricultural production is urgently needed
[3].

However, approximately 12% of the world remains undernourished [2]. According to
estimates from the Food and Agriculture Organization of the United Nations (FAQO), the world
will need to produce 70% more food by 2050 to meet increased demand [3]. The global food
system is at a point of change where a thorough understanding of the relationship between
food consumption patterns, agricultural production and distribution is required to improve the
overall sustainability of the system [4]. It has become important now more than ever to make
global agricultural production both sustainable and equitable.

The global distribution of diet may play a major role in achieving this goal. Food
consumption patterns vary widely between countries. Average caloric intake in least
developed, developing, and industrialised countries varies widely; 2,120, 2,640, and 3,430 kcal
per person per day, respectively [5,6]. In many developing countries the average intake is even
lower than 2,120 kcal per person per day, resulting in undernourishment [3].

National dietary guidelines provide guidance on what constitutes a healthy diet,
especially in industrialised countries where individuals have access to a wide choice of foods.
The United States Department of Agriculture (USDA) released The Dietary Guidelines for
Americans, 2010 (“USDA guidelines” hereafter) to promote a healthy diet low in calories and
saturated fats. The dietary guidelines are divided by food groups and daily caloric intake levels
depending on age, sex, and physiological status (Table 1) [7]. Comparing the recommended
food group servings to current agricultural outputs and dietary practice reported in food
balance sheets from the FAO—both in the United States and many other industrialised
countries—shows a mismatch between current and guideline diets. For instance, in North
America, the consumption of land-intensive foods like meat is higher than the USDA guidelines
recommend, and consumption of land-sparing foods like vegetables is too low [8,9].
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Table 1. Daily recommended caloric intake of each food group as outlined by the United States

Department of Agriculture Food Guide. Table adapted from the USDA Dietary Guidelines for
Americans 2010 [7]. Food groups are divided into 6 categories with servings determined by

caloric levels. The caloric levels are assigned based on sex, physiological status and age.

Food Group

Fruit (Cups) 1.0

Vegetables

(Cups) 1.0
Grains 3.0
Whole-grain
portion (oz-

eq) 1.5
Meat and

Beans (oz-

eq) 2.0
Milk (cups) 2.0
Oils (tsp) 3.0
Discretionary
calorie

allowance 165

1.0

1.5

4.0

2.0

3.0
2.0
4.0

171

1.5

1.5

5.0

2.5

4.0
2.0
4.0

171

1000 1200 1400 1600

1.5

2.0

5.0

3.0

5.0
3.0
5.0

132

Daily Calorie Level

1800
(Servings)
1.5

2.5

6.0

3.0

5.0
3.0
5.0

195

2000

2.0

2.5

6.0

3.0

55
3.0
6.0

267

2200 2400 2600

2.0

3.0

7.0

3.5

6.0
3.0
6.0

290

2.0

3.0

8.0

4.0

6.5
3.0
7.0

362

2.0

3.5

9.0

4.5

6.5
3.0
8.0

410

2800

2.5

3.5

10.0

5.0

7.0
3.0
8.0

426

3000

2.5

4.0

10.0

5.0

7.0
3.0
10.0

512

3200

2.5

4.0

10.0

5.0

7.0
3.0
10.0

648

It is well known that there is not enough land for land-intensive diets such as those

currently practiced in the United States to be applied globally [3]. However, it is not known

whether the healthier and less land-intensive diets such as described in the USDA guidelines

would have the same limitation. This could result in net land sparing attributable to countries

such as the United States where meat consumption declines under a USDA guideline diet. At

the same time, land use attributable to the poorest countries would increase, as individuals

gain the calories required to avoid malnourishment. This would clearly make global diets more

equitable, but it is not clear what the net effect on land use would be.

Therefore, in this paper we build on the global land use change literature, which

explores both the drivers and consequences of how human decisions affect landscapes [10,11],

to address the question: Is there enough land worldwide under current agricultural practice for

every country to adhere to the USDA guidelines?

Methods
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We used the USDA guidelines because they are comprehensive and well articulated (Table 1)
[7]. Also, many lower-income countries are beginning to adopt a more westernized lifestyle
including a diet similar to that expressed in the USDA guidelines, so the study is consistent with
ongoing global dietary trends.

We used the FAOSTAT database [2] to compile the food supply quantity for each of the
commodity aggregates listed in Table 1 and grouped them according to the major food groups
recognized in the USDA MyPyramid model: fruits, vegetables, grains, meat/protein, dairy, oils
and discretional [7]. For beverages, oils, sugar, butter and stimulants we converted the
processed quantities to equivalent primary quantities (e.g. wine to grapes, beer to barley,
butter to milk etc.) using conversion factors given by the FAO [12]. The food supply quantity
derived from the domestic supply and reported in the Food Balance Sheets includes production
plus imports minus exports. Thus, when calculating domestic land use, we subtracted the
imported quantity to determine domestic land used for growing food. We also used these data
to compute the import dependency ratio, defined as the ratio of the import quantity to the
domestic supply quantity, for each country and each commodity. This ratio is used at a later
step of the analysis (see below).

Next we took the recommended daily serving sizes of each food group based assuming
an intake of 2000 kcal/day and converted those to masses using the food balance sheets
handbook given by the FAO [13]. For each country we multiplied each of these masses by 365
(days) times the population of the country to get the quantity of each food group that would be
required in order for that country to adhere to the USDA guidelines in a year. A country’s
surplus of each food group was taken to be the actual food supply for each food group minus
the corresponding quantity that would be required to meet the USDA guidelines. A negative
surplus is interpreted as a deficit, meaning that the country would need more food from that
group to follow the guidelines.

For each country the surplus of each food group was divided into two parts: one that
was produced within that country (domestic), and one that was produced outside of that
country (displaced) according to the import dependency ratio [13]. To meet the dietary
guidelines, we allow that imports may be increased, exports may be changed to domestic
production, and domestic production may be expanded where possible. For example, suppose
a country’s domestic supply is X tonnes of some commodity and it imports Y tonnes of the same
commodity. The import dependency ratio is then Y/X. Now suppose that the amount of that
commodity required by that country to meet the guidelines is Z tonnes. The surplus is given by
S=X+Y-Z. We assume the surplus can be divided into two parts according to the domestic part Sq
= S$*(1-Y/X) and the imported (displaced) part S; = S*(Y/X).

For the domestic portion of the surplus, the change in agricultural land area within that
country that is required to meet the USDA guidelines was taken to be the domestic surplus Sq
divided by that country’s combined yield of all commodities in the given food group
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(Supplementary Appendix, Table S1) [2,7]. The change in agricultural land area outside of that
country was computed in the same way, but using the displaced surplus S; and the world
average yields. Yields for crops can be found in the FAOSTAT database. For livestock products
we estimated vyield in terms of production per hectare of land. The details of the calculations
and the corresponding python script appear in Supplementary Information (Appendices A and
B). The «code we used for the analysis is also available on Github
(https://github.com/Pacopag/faolyzer).

Using this approach, we converted the USDA guidelines to land area required for the
guideline diet at the level of country, continent, and world. We wished to estimate a
conservative lower bound on the amount of land needed to meet the guidelines, if countries
were to switch to the USDA guidelines in 2010. Hence, instead of relying on model-based
projections for future demographics and possible dietary trends, we used historical FAOSTAT
country-level data and estimated the amount of land required for the guideline diet, given the
observed (lower) historical population sizes and agricultural activity until 2010. Hence, the
resulting data point for each year represents the amount of land spared or required in that
year, if the given country had been adhering to the USDA guidelines. Although we generated
these estimates for 1960 to 2010 to evaluate past trends, the values for 2010 are most relevant
to the current situation and generate a lower bound for possible future land requirements.
Hence we focus on the 2010 estimates for our conclusions.

Results

Global analysis

On a global scale it is apparent that certain food groups are driving most changes in agriculture.
We observe that if the world were to alter its food consumption to meet the USDA guidelines,
there would need to be a dramatic and unsustainable increase in agricultural lands (Figure 1).

Figure 1. There is not enough land in the world to allow everyone to eat a USDA
guideline diet. Plot shows net amount of land spared (or required) to meet the
USDA Dietary Guidelines for Americans 2010, by year for (a) all food groups, and
for (b) oils, (c) grains, (d) meat and pulses, (e) vegetables, (f) fruits, (g) dairy, and
(h) discretional. Red depicts the amount of land spared or required based only on
domestic production while the blue line combines domestic land and displaced
land (land use a country generates elsewhere by relying on food imports) to depict
a total amount of land spared (or required). A net positive value for land spared
means less land would be required under a change to a USDA guideline diet, while
a net negative value means more land would be required to meet the guidelines (a
“land deficit”). The gap between domestic and total land spared for all groups is

5
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nonzero due to discrepancies in the FAO dataset; the two curves should match
one another.

Overall, for the world to meet the guidelines, additional land is required for fruits, dairy
and oils and discretional products (Figure 1). In contrast, significant amounts of land would be
spared in the meat, vegetables and grain sectors. This trend is common to most continents
except Africa (Supplementary Information, Appendix C). In total for all food groups,
approximately 1 gigahectare (Gha) of additional land is required to meet the guidelines (Figure
1, “all groups”, 2010 data point). 1 Gha of land is roughly the size of Canada and exceeds the
amount of fertile land currently available worldwide. Hence, the current USDA guidelines do
not go far enough in terms of setting up a globally sustainable dietary practice.

Our analysis also shows temporal trends in land spared or required under the guidelines
(Figure 1). Required land has been steadfastly increasing since 1960 (Figure 1, “all groups”) due
to increasing global population.

Analysis by continent

The challenges of providing stable access to adequate food are exacerbated by inequitable
dietary patterns of over- and under-consumption between countries and continents. Some of
these issues become apparent when we analyze data at the continental level, at which notable
common trends in consumption patterns and the associated land requirements emerge. For
instance, North America and the European Union displace more land than any other continents,
due to food imports (Figure 2). If North and South America shifted to USDA guidelines, they
would spare a moderate amount of land from changing to a less land-intensive diet. In contrast,
Africa, Eastern Europe, the European Union and Oceania would cause a large land deficit. The
impact of Asia shifting to USDA guidelines would be almost neutral, although the historical
trend suggests this will not be the case in the near future. The fact that the European Union
(where malnourishment is currently uncommon) would cause a land deficit by shifting to the
USDA guidelines suggests that the guidelines are unsustainable when it comes to land-intensive
foods like meat.

Figure 2. Continents differ widely in land spared (or required) under USDA
guideline diet. Plot shows net amount of land spared (or required) to meet the
Dietary Guidelines in each continent, by year for (a) the world, (b) Asia, (c) Africa, (d)
European Union, (e) Eastern Europe, (f) South America, (g) North America and (h)
Oceania. Red depicts the amount of land spared or required based only on domestic
production while the blue line combines domestic land and displaced land (land use
a country generates elsewhere by relying on food imports) to depict a total amount
of land spared (or required). A net positive value for land spared means less land
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would be required under a change to a USDA guideline diet, while a net negative
value means more land would be required to meet the guidelines (a “land deficit”).

For most decades, Asia would have caused a net land deficit by shifting to the USDA
guidelines, since it was (and remains) a relatively under-nourished part of the world (Figure 2b).
An inflection point appears in the Asian dataset in 1980, when countries like China and India
began liberalizing their economies. Most notable are increases in land use for meat and grains
as Asia slowly begins to adopt a more westernized diet (Supplementary Information, Appendix
C). This suggests that while Asia has increased land use rapidly, equity in resource distribution
at the sub-continental level is imbalanced. For instance, one third of Indians are
undernourished and continue to live under food insecurity [3]. Inequities in global trading and
extension services as well as poor infrastructure trap populations in Asia in poverty. However,
future improvements towards equal land use change may better harness agricultural yields to
align the Asian diet with those of wealthier and more sustainable areas of the world, such as
the European Union.

Africa would require more land to meet the guidelines than any other continent. In fact,
most of the additional land required to meet the guidelines globally would be the result of
dietary shifts in Africa. This is not surprising because undernourishment is widespread in Africa
[14]. However, an inflection point, probably corresponding to growth in some African
economies, occurs in 1990 (Figure 2c). Almost all of the additional land required to meet the
guidelines would be the result of increased dairy consumption (Supplementary Information,
Appendix C). Although the extra land required to meet the guidelines in Africa is impossibly
large (more land is needed than what is available), Africa also stands the most to gain with
respect to growing agricultural yields [15]. Thus, although it is not currently possible to bring
the African diet in line with that of the USA or the European Union without a net growth in
agricultural lands, future improvements in agricultural practices in Africa may help to close the
gap.

The European Union would also require a significant amount of land to meet the USDA
guidelines. Almost all of the additional land needed would be the result of increased dairy and
fruit land use, a trend common to most of Europe (Supplementary Information, Appendix C).
We note that displaced land (from buying food imports) contributes strongly to European Union
land use, and exceeds displaced land use in North America (Figure 2d). Interestingly, the land
requirements for the European Union indicate the need for more displaced lands than domestic
land. This suggests that an American diet is unsustainable from a land use perspective,
domestically speaking.

Land use in Eastern Europe has fluctuated significantly over time (Figure 2e). After the
late 1980s, a land use deficit developed in the Eastern Europe dataset, and has largely persisted
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in recent years. Therefore, in order to meet the USDA guidelines, Eastern Europe would require
a large amount of new land.

North America can spare a significant amount of land, should the USDA guidelines be
followed. The stems largely from meat, grain and vegetable land use (Supplementary
Information, Appendix C) [16]. Land use for meat is greater in North America than any other
continent, and as a result, land use displacement in North America is also significant (Figure 2g).

South America can also spare a significant amount of land by meeting the guidelines,
mostly from land sparing due to meat and grains, followed by vegetables and discretional
products. South America shows a steady increase in land use since 1984 (Figure 2f). This trend
is overwhelmingly due to rapid increases in land use for meat. Thus, reducing meat
consumption in South America shows strong potential for sparing land (Supplementary
Information, Appendix C). Finally, Oceania can spare a small amount of land if the guidelines are
met, primarily from meat, grains and vegetables (Supplementary Information, Appendix C,
Figure 2h).

World Map

We also created a world map with our results, showing net land spared or required for each
country to shift to a USDA guideline diet as of 2010 (Figure 3) [17]. Countries in blue or teal
colours could reduce global land use by shifting to a USDA guideline diet (net positive land
spared), while countries in green, red or yellow would cause an increase in land use are (net
negative land spared). Although 1 gigahectare of extra land would be required globally for a
guideline diet (Figure 1), the world map shows how the results are much more variable at the
country level. The countries that can spare the most land are the USA, Brazil and Australia. In
contrast, the countries that require the most land to meet the guidelines are Mozambique,
Saudi Arabia, and India. Global economic disparity is often described in terms of the gap
between the Global North and the Global South. In contrast, our country-level map shows a
strong hemispheric divide: the western hemisphere would largely spare global lands by shifting
to a USDA guideline diet, whereas the eastern hemisphere would largely use up more global
lands under such a diet. The Western hemisphere would spare significant amounts of land
under a USDA diet largely due to current very high levels of meat consumption, via grain grown
to feed livestock.

Figure 3. A western/eastern hemispheric divide in land spared versus land

required by a USDA guideline diet. Land spared or required in 2010 by country, in

millions of hectares (MHa). According to the scale, countries that would reduce

global land use by changing to a USDA guideline diet (net positive land spared) are

indicated in blue and teal, while countries that would require extra land to meet

the guidelines (net negative land spared) are indicated in red, yellow or green.
8
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The map was created by the authors from FAOSTAT data using the © Google Maps
API (https://developers.google.com/maps/ with Apache License Version 2.0) [17].

Discussion

Currently, the world is in the midst of a “nutrition transition” that is marked by rapid changes in
the composition and quantity of our diet [18]. In particular, around the world, diets are
becoming more dominated by livestock, sugar, and saturated fat, and this is linked with the
rising tide of obesity and diabetes [19]. These emerging diets are also linked with excessive land
use and greenhouse gas emissions, the unsustainable use of water, and the loss of biodiversity
[20]. Against this background of both unsustainable and unhealthy diets [21,22], nutritional
guidelines such as that offered by USDA guidelines shows us what a balanced diet ought to look
like.

Unfortunately, our analysis shows that there is not enough land for the world to adhere
to the USDA guidelines under current agricultural practices. One gigahectare of fertile land—
roughly the size of Canada—would be required. This is despite the fact that the USDA guideline
diet is already less land-intensive than the current US diet. Our analysis also revealed a
hemispheric divide. North America, South America and Oceania could spare significant
amounts of land if they moved to the less meat-intensive (and consequently, grain-intensive)
diet in the USDA guidelines. In contrast, Africa, the European Union and Asia would require a
significant expansion of agricultural lands to support a USDA guideline diet. Further to this
point, the fact that Europe is sparing land by avoiding a USDA guideline diet suggests that there
may be sustainable ways to improve diets in the poorest countries avoid malnourishment,
while also sparing land compared to the USDA guideline diet. Feeding the world while
preserving natural land states and their ecosystem services is a complex problem that may
require applying multiple solutions. We, therefore, conclude that revising national dietary
guidelines to create dietary goals that are not just healthier but also more sustainable and
equitable from a global land use perspective are part of the solution. In this way we build on
the literature of the global land use community that discusses the challenge of maintaining
ecosystem services while producing enough food to meet the global demand for nutrition [11].
The easy availability of FAO data helps makes this plausible.

However, it is worthwhile noting that reformulating national dietary guidelines with
consideration of global land use also needs to account for cultural and economic variation in
food sources. For instance, in the Global South, coarse grains (millet and sorghum), legumes,
and game hunting are an important part of many diets [23]. However, these food sources are
generally under-represented in datasets, suggesting more efforts should be targeted toward
their data collection in order for land use estimation to become more accurate. This is an
important area for future research. A full accounting of land use implications of dietary shifts
including the full range of cultural and economic dietary heterogeneity is beyond the scope of

9
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our manuscript, since our more limited goal was only to establish why national-level dietary
guidelines must go beyond nutritional health as a criterion to include land use as well, with the
USDA guidelines representing an example of an unsustainable model.

The looming global land deficit suggested through this analysis is echoed by similar work
on water [1,24]. Briefly, this literature points out that we also face the potential for widespread
water shortages and that to avert such a crisis new paradigms are needed to conserve water
and develop drought resistant crops and livestock. Another approach to reduce water use is
through international trade to ensure that the food produced in regions where water is
abundant can be traded with regions where water is scarce [25,26]. Sometimes this is called
the trade in “virtual water” [27].

Our analysis was also broken down by continent and country. Recent dietary trends in
Africa and Asia (Figure 2) show movement toward the UDSA guidelines, as reflected in other
research on evolving diets in these regions [28]. China, India, and Saudi Arabia have changed
most drastically in recent years with an increase in agricultural land use. Pakistan, along with
India, is responding to growing consumer demand for more western diets by increasing beef
production [29]. Of particular interest in Asia is China, which is rapidly increasing production in
several sectors, largely contributing to Asia’s rapid agricultural growth rate (Supplementary
Information, Appendix C) [28]. Humans will have to deal with growing inequities as growing
land use for meat consumption by rich countries causes rising food costs for staples such as
pulses and grains and thus harms the poor and under-nourished remainder [30,31].

It is important to note that our analysis made simplifying assumptions and did not
include all factors that could influence dietary and land use trends in coming years Our estimate
is conservative since we relied upon recent historical data rather than attempting to project
into the future using population models. The world’s population will continue increasing for
years to come, creating stronger challenges than our analysis has described. On the other hand,
by avoiding future projections, we also neglected new technologies and possible future
increases in agricultural yield in continents like Africa.

The FAOSTAT dataset is a secondary data source and relies largely upon data collected
from member countries. Therefore, it is subject to variable accuracy. This is reflected in our
own analyses. For instance, at the global level, there should be no discrepancy between “total”
and “domestic” land spared because total imports should, by definition, match total exports at
the agglomerated global level. However, Figure 1a suggests a discrepancy between these two
values of approximately 20% in 2010. This error could be due to a combination of factors, such
as anomalous data points; differences between reported imports and exports (for instance, if a
country under-reports imports or exports due to black market activity); or discrepancy between
the FAO production data and the food balance sheets. We did not attempt country-level case
studies to validate our results since it would be difficult to generalize from case studies to the
overall accuracy of our findings. However, previous studies have compared results derived from
FAOSTAT to remote sensing data [32] and IPCC data [33] for instance, finding fair but imperfect
agreement between the data sources. Our finding that there is not enough land for the world

10
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to shift to a USDA guideline diet would likely not change if errors in the FAOSTAT dataset were
removed. Therefore, our recommendation that national dietary guidelines should take global
land use into consideration would likely also not change.

Our analysis concerns only masses and caloric values of food products, but a more
detailed analysis would include more specific breakdowns of nutrients, fats and proteins.
Similarly, differing demographics and their individual nutritional requirements were not
accounted for. The FAO trade matrix could also be used in conjunction with country-specific
yields to improve estimation of country-level land use, instead of using global average vyields.
These are valuable areas for future research.

Future research could also study the impact of real or potential dietary shifts on
greenhouse gas emissions. Global agricultural production accounts for nearly 30% of total
greenhouse gas (GHG) emissions [31]. Livestock alone are responsible for 18% of GHG
emissions, which is higher than the share of GHG emissions from transportation [29]. Hence, a
shift to less meat consumption would also reduce GHG emissions. Other topics for future
research include the effects of food lost during storage and transportation and (more
importantly) food lost through waste and disposal. Food loss is significant around the world,
thus reducing food loss could also help spare land.

The implication of our results is that countries should coordinate their formulation of
dietary guidelines such that they are based not only on health considerations but also
consideration of sustainable global land use, equity, and natural ecosystem conservation.
Moreover, given that international agricultural trade is growing and global lands are
increasingly in demand for growing food, international coordination should incentivize country-
level improvements in dietary habits that result in global land sparing, similar to how countries
are beginning to coordinate reductions in their greenhouse gas emissions.

Acknowledgements

This research was supported by an NSERC Discovery Grant to M.A. This project is associated
with the University of Guelph’s Food from Thought Initiative that is funded through the Canada
First Research Excellent Fund

References

1. Tilman, D., Cassman, K.G., Matson, P.A., Naylor, R. and Polasky, S. Agricultural
sustainability and intensive production practices. Nature 418(6898), 671-677 (2002).

11



404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445

10.

11.

12.

13.

14.

15.

Food and Agricultural Organization of the United Nations (FAO). Food Balance Sheets
[Online]. http://www.fao.org/faostat/en/#data/FBS (2017).

Moomaw, W., Griffin, T., Kurczak, K., Lomax, J. The Critical Role of Global Food
Consumption Patterns in Achieving Sustainable Food Systems and Food for All, A UNEP
Discussion Paper, United Nations Environment Programme, Division of Technology,
Industry and Economics, Paris, France (2012).

Heller, M.C., Keoleian, G.A. Assessing the sustainability of the US food system: a life
cycle perspective. Agricultural Systems 76(3), 1007-1041 (2003).

Kearney, J. Food consumption trends and drivers. Philosophical transactions of the Royal
Society of London. Series B, Biological sciences 365(1554), 2793—-807 (2010).

Young, C.E., Kantor, L.S. Moving Toward the Food Guide Pyramid. In: America’s Eating
Habits: Changes and Consequences, pp. 403—423 (1999).
https://www.researchgate.net/profile/Elizabeth Frazao/publication/23516801 Americ
a's Eating Habits Changes and Consequences/links/54dce3840cf282895a3b3014.pdf
#page=424.

U.S. Department of Agriculture and U.S. Department of Health and Human Services.
Dietary Guidelines for Americans 2010, 7™ Edition (Washington, DC: U.S. Government
Printing Office, 2010).

Buzby, J.C., Wells, H.F., Vocke, G. Possible Implications for U.S. Agriculture From
Adoption of Select Dietary Guidelines. USDA Economic Research Service, Research
Report #31 (2006). https://ageconsearch.umn.edu/bitstream/7230/2/er060031.pdf.
Kantor, L. Many Americans are not meeting food guide pyramid dietary
recommendations. Food Review: The Magazine of Food Economics 19.1 (1996).
http://agris.fao.org/agris-
search/search/display.do?f=2012/0V/0V201207846007846.xm|;US19970113057
Verburg, P.H., Crossman, N., Ellis, E.C., Heinimann, A., Hostert, P., Mertz, O., Nagendra,
H., Sikor, T., Erb, K.H., Golubiewski, N. and Grau, R. Land system science and sustainable
development of the earth system: A global land project perspective. Anthropocene 12,
29-41 (2015).

Lambin, E.F. and Meyfroidt, P. Global land use change, economic globalization, and the
looming land scarcity. Proceedings of the National Academy of Sciences 108(9), 3465-
3472 (2011).

Food and Agriculture Organization of the United Nations. Technical Conversion Factors
for Agricultural Commodities [Online] (2000). http://www.fao.org/economic/the-
statistics-division-ess/methodology/methodology-systems/technical-conversion-factors-
for-agricultural-commodities/ar/

Kelly, A., Becker, W., Helsing, E. Food balance sheets. WHO regional publications.
European series 34, 39—48 (2001).

IFPRI. Global Hunger Index.
http://www.ifpri.org/sites/default/files/publications/ghi12.pdf (2012).

Deveze, J. Challenges for African Agriculture. (The World Bank, 2011).
https://openknowledge.worldbank.org/handle/10986/12478

12



446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Duxbury, J. M., Welch, R. M. Agriculture and dietary guidelines. Food Policy 24(2-3),
197-209 (1999).

Google Maps API. Apache License Version 2.0. Retrieved 18 September 2017.
https://developers.google.com/maps/ (2014).

Popkin, B.M. The nutrition transition and obesity in the developing world. The Journal of
nutrition 131(3), 8715-873S (2001).

Popkin, B.M., Adair, L.S. and Ng, S.W. Global nutrition transition and the pandemic of
obesity in developing countries. Nutrition reviews 70(1), 3-21 (2012).

Steinfeld, H., Gerber, P., Wassenaar, T., Castel, V., Rosales, M. and De Haan, C.
Livestock’s long shadow. FAO, Rome, 2006.

Fraser, E., Legwegoh, A., Krishna, K.C., CoDyre, M., Dias, G., Hazen, S., Johnson, R,
Martin, R., Ohberg, L., Sethuratnam, S. and Sneyd, L. Biotechnology or organic?
Extensive or intensive? Global or local? A critical review of potential pathways to resolve
the global food crisis. Trends in Food Science & Technology 48, 78-87 (2016).

Popkin, B.M. Relationship between shifts in food system dynamics and acceleration of
the global nutrition transition. Nutrition reviews 75(2), 73-82 (2017).

Akatama, L. and Mustalahti, I. 7 Reducing emissions from deforestation and forest
degradation (REDD+). Local Climate Change and Society, p.125 (2014).

Ruttan, V.W. Productivity growth in world agriculture: sources and constraints. Journal
of Economic Perspectives 16(4), 161-184 (2002).

De Fraiture, C. and Wichelns, D. Satisfying future water demands for

agriculture. Agricultural water management, 97(4), 502-511 (2010).

Hanjra, M.A. and Qureshi, M.E. Global water crisis and future food security in an era of
climate change. Food Policy 35(5), pp.365-377 (2010).

Hoekstra, A.Y. and Hung, P.Q. Virtual water trade. A quantification of virtual water flows
between nations in relation to international crop trade. Value of water research report
series, 11, p.166 (2002).

Kastner, T., Rivas, M.J.1., Koch, W., Nonhebel, S. Global changes in diets and the
consequences for land requirements for food. Proceedings of the National Academy of
Sciences of the United States of America 109(18), 6868-72 (2012).

Food and Agriculture Organization of the United Nations. The state of food and
agriculture. http://www.fao.org/catalog/inter-e.htm (2009).

Pimentel, D., Pimentel, M. Sustainability of meat-based and plant-based diets and the
Environment 78, 660—663 (2003).

Idso, C.D. Estimates of Global Food Production in the Year 2050 : Will We Produce
Enough to Adequately Feed the World? Center for the Study of Carbon Dioxide and
Global Change. www.co2science.org (2011).

Liu, X., Yu, L., Li, W., et al., Comparison of country-level cropland areas between ESA-CCI
land cover maps and FAOSTAT data. International Journal of Remote Sensing, pp.1-15
(2018). DOI: 10.1080/01431161.2018.1465613.

Tubiello, F.N., Salvatore, M., Rossi, S., et al. The FAOSTAT database of greenhouse gas
emissions from agriculture. Environmental Research Letters 8(1), p.015009 (2013).

13



489  Supporting Information

490 Sl Appendix: Supplementary Methods, Figures and Tables.

14



e)

Land spared (Ha)

Land spared (Ha)

All groups
-600M
-e- Total
- O] me'stic
-800M | <
-1000M
-1200M 4
-1400M T T T T
1970 1980 1990 2000
Year
Grains
200M
-o- Total
“# Domestic /. NJ\
< 180M |
< [\- | k™
3 I
o
© 160M | /\ -,/ P’ o
Q
a
o]
T 140M
s 1
120M T T T T
1970 1980 1990 2000
Year
Vegetable
50M
-o- Total
45M.{ *Domestic
)
< 4om
o
o
@ 35M4
Q
o
g 30M 4
o '
= el Wt A,
20M T T T T
1970 1980 1990 2000
Year
Dairy
-500M
-e- Total
S00M - Domestic
= -»
%,
L
-700M 4
-800M { \ -
-900M \‘NA' v
-1000M

1980 1990 2000

Year

1970

b)

d)

f)

h)

a)

Land spared (H

250M

Oils

oM {* D

-250M |

-500M

-750M

-1000M -

-1250M

Land spared (Ha) Land spared (Ha)

Land spared (Ha)

-o- Total

1980 1990 2000

Year

1970

Meats & Pulses

500M

250M -

oM 4

-500M

o Total
-~ Domestic

-30M

1980 1990 2000

Year

Fruits

-35M

-40M 4

-45M 4

-50M 4

-55M

-15M

T T T
1970 1980 1990
ar

Discretional

-25M

-30M -

-35M -

-40M

-20M f

- TotWestic

19‘80 i 9‘90 2 0‘00

Year

1570



a) The World
All groups
-600M
-e- Total
<+ D\me.stic
T -800M+ f‘!' 2»‘”
B
& -1000M R o ’ oo,
g W AVASY AN
o] ' f v o
& -1200M / /\W
] 4 s \‘\A/\
-1400M . . . ;
1970 1980 1990 2000
. Year
c) Africa
All groups
-1000M
pes
o esti
T -1250M
&,
el
[
@ -1500M |
@ o
e
& -1750M
L i
-2000M

1570
e) Eastern Europe

100M

1980 1990 2000
Year

All groups

-# Total

-100M -

Land spared (Ha)

-150M |

-200M

22
| # Domestic [
50M A
oM 4
-50M 4

1970

1980 1990 2000

Year
g) North America
All groups
150M
- Total
125M +D°mf)s't-i:. % S /\
&) 1 o VY Y AT AT
g AV \ VITW N
o 100M | - \
% J.f\f\“ vV /\/\/\/\'j\\/\ .\
@ 75M ] VAR
el
S
— 50M |
e
25M

1970

1980 1990 2000
Year

b) Asia

All groups
250M
e Total
-+ Domestic
—_ oM 4
©
ok
g -250M -
5]
o
@ -500M{ ‘”,.\
-g ‘W
5]
— -750M &t
-1000M T T v T
1970 1980 1990 2000
Year
d) European Union
All groups
oM
-o- Total .,
se¥eses™e oo,
[ orestic oo e
) %,
< -100m |
°
I
5]
o
2]
'E -200M -
]
ai |
-300M

1970

1980 1990 2000

Year
f) South America
All groups
100M
-# Total
- Domestic
o 50M-
<L
o
o
@ oM 4
o
2]
o fo, W
c Y 3
S -50M 4
-100M T T g T
1970 1980 1990 2000
Year
h) Oceania
All groups
125M
-» Total
Domestic
— 100M 4
£ d
g 75M 4
<
o
»  50M Y
o
c
5 o Jay
] %}
oM

1970

1980 1990 2000
Year



BHING8 I S N\ 059

00L- 00Z- 00€- 00y~ 00S- 009-




