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Abstract
The 18th century Malthusian prediction of population growth outstripping food production have
not yet come to bear. Unprecedented agricultural land expansion since 1700, and technological
innovations from the Green Revolution of the 1950s, have enabled more calorie production per
capita than was ever available before in history. This remarkable success, however, has come at
a great cost. Agriculture is a major cause of global environmental degradation.
Undernourishment and micronutrient deficiencies persist among large parts of the population,
and a new epidemic of obesity is on the rise. We review both the successes and failures of the
global food system, addressing ongoing debates on pathways to environmental health and food
security. To deal with these challenges, a new coordinated research program blending modern
breeding with agro-ecological methods is needed. We call on plant biologists to lead this effort,
and help steer humanity toward a “safe operating space” for agriculture.
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1. INTRODUCTION
Agricultural lands constitute the largest biome on this planet (42), occupying a third of the
global ice-free land area (118). Agriculture is still a major livelihood for 40% of the world’s
population and contributes to ~30% of GDP in low income countries (179). It also provides food,
fiber, biofuels, and other products for the current human population of 7 billion.

Agriculture provides more than enough calories for all people on the planet, yet 800 million
people remain undernourished (50), and approximately two billion suffer from micronutrient
deficiencies (164). Furthermore, human populations are projected to grow to nearly 10 billion
by 2050 and more than 11 billion by 2100 (167). At the same time, with increasing wealth,
there is greater per-capita consumption of meat, refined fats, refined sugars, alcohols, and oils,
which are more resource-consuming to produce than crops directly consumed by humans
(157). Thus, there is increasing pressure on agriculture to meet the needs of current and future
human populations.

Agriculture, however, is already one of the greatest environmental threats (158). Clearing
forests and other natural vegetation results in climate change and biodiversity loss. Agriculture
is the biggest user of freshwater on this planet, and is the major cause of freshwater
eutrophication. Balancing the environmental costs of agriculture with the need to feed current
and future populations is a major challenge. This is doubly so, as global environmental changes
can feed back, and hamper future production. Climate change is already a major threat to
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production, estimated to have caused ~4-5% declines in maize and wheat production over the
last 30 years (96).

Many solutions have been proposed for navigating the pathway to a sustainable food system
(55). Some scholars advocate for new technological systems, such as genetic modification (51)
or vertical farming (37), while others argue for organic agriculture (11) or local food systems
(70). Still others argue that agriculture does not need a revolution and that we simply need to
improve current farming practices (31). Other arguments shift the focus from farm-level
solutions to the entire food supply chain from production to processing to consumption (79),
and consider issues such as food waste and diets (88, 157). Some authors question the entire
framing of the sustainable food challenge, suggesting food sovereignty as an alternate
paradigm (90, 178).

In this paper, we will start by reviewing the major trends in the evolution of agriculture from
the Industrial Revolution to the emerging trends and projections for the 21st Century. As
alluded to above, these trends generally depict success in terms of increasing production, but
problems of hunger, malnutrition and environmental impacts remain. Accordingly, the
remaining sections of this paper address the implications of these land use trends for
environmental health and food security, touching on current debates and controversies. We
conclude by drawing implications for plant biology. The scope of our review is limited to crops
and livestock, and does not consider fisheries or forestry.
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2. THREE CENTURIES OF EXPANSION – CHANGES SINCE 1700
Humans have modified the Earth’s landscapes since time immemorial (125, 138). First through
the control of fire, then the domestication of plants and animals, and finally through harnessing
the energy from fossil-fuels, humans have greatly expanded their footprint on this planet (166).

But the extent and pace of human land use activities accelerated over the last 300 years (165),
with the emergence of the Industrial Revolution and associated rapid growth and
transformation of human societies. Between 1700 and 2007, croplands and pasturelands each
expanded 5-fold ( ~3 to ~15 and ~5 to ~27 million km2 respectively, Figure 1). Most cropland
expansion replaced forests, while most pastureland expansion replaced grasslands, savannas,
and shrublands (Figure 1), with some notable exceptions (e.g, the North American Prairies were
replaced by croplands, while a large amount of Latin American deforestation today is still for
grazing).

The global expansion of agriculture followed the development of human settlements and the
world economy (67, 100, 126). In 1700, large-scale agriculture was mainly confined to the Old
World (Figure 2), to Europe, India, China, and Africa (119). European colonization created new
settlement frontiers in the Americas, Australasia, and South Africa, while Russians moved east
in the Former Soviet Union (67). Between 1850 and 1950, agriculture expanded rapidly in North
America, starting on the eastern seaboard and migrating westward over time, and also pushed
eastward in the Former Soviet Union (119). However, in the last 50 years, the agricultural
frontiers have shifted to the tropics, towards Latin America, Southeast Asia, and Africa (119).
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Meanwhile, many temperate regions of the world witnessed stabilization of agricultural lands
and even abandonment. In North America, as the agricultural frontier shifted west, croplands
were abandoned along the eastern seaboard around the turn of the 20th century, followed by
regeneration of the eastern forests during the 20th century (71, 121, 177). Similarly, croplands
areas have decreased in China and Western Europe (100). More recently, post-Soviet
abandonment of agriculture occurred in Russia, Ukraine and Belarus (133). Some abandonment
of agriculture followed by regrowth of forests has also occurred in parts of Latin America,
although rapid deforestation continues elsewhere in that continent (2).

3. THE GREEN REVOLUTION – CHANGES SINCE 1960
Despite inexorable agricultural expansion over the past 300 years, clearing has slowed since the
1950s. Thus, while rapid clearing of tropical forests and savannas for agriculture continues (92),
these rates are small compared to those affecting temperate latitudes between 1850 and 1950
(Figure 2).

Despite reduced clearing rates, and reduced agricultural land area per-capita globally, our
agricultural lands have continued to provide food and other agricultural products for the rapidly
rising human population. Indeed, cereal production per capita increased from 0.29 to 0.39
tonnes per person between 1961 and 2014 (49) as a result of increasing productivity of land
over time. The “Green Revolution” is the term commonly used to denote the suite of
technologies that enabled crop yields (i.e., crop production per unit area) to increase rapidly
since the 1950s.
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3.1. The package deal: seeds, water, nutrients, machinery
The increased productivity of land was enabled by a suite of technological advances that can
broadly be divided into three categories. First, advances in plant biology improved our
understanding of genetics, development, and physiology, and their relationship to crop
performance. Plant breeders were able to develop new varieties of crops with desirable traits
such as dwarfing, high yields, and increased resistance to pests and diseases (45). These new
“high yield varieties” of maize, wheat, and rice were rapidly developed and deployed around
the world in the 1950s and 1960s (45) (Figure 3), albeit with bias toward certain world regions
(Latin America and Asia, but not the Middle East or Africa).

Evenson and Gollin (46) conducted an exhaustive study of the impact of international
agricultural research on the development, diffusion, and influence of modern crop varieties
over 1960 to 2000. They found that more than 8000 modern varieties had been released for 11
major crops by 2000. With the exception of wheat, farmer adoption of new cultivars occurred
soon after their release (with the notable exception of Sub-Saharan Africa). Remarkably, the
use of modern varieties accounted for 21% of the growth in yields in the early phase of the
Green Revolution in all developing countries between 1961 and 1980, and nearly 50% of the
growth in yield in the late phase from 1981 to 2000.

The second major advance was the development of the Haber-Bosch process, which permitted
synthesis of nitrogen fertilizer from the plentiful nitrogen available in the atmosphere. This
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discovery was a major breakthrough for agriculture as nitrogen is a major limiting nutrient in
soils. The application of additional nutrients, in combination with irrigation, pesticides, and new
crop varieties, led to a major boost in crop productivity (45). Total fertilizer use quadrupled
during 1961-2014, with the biggest increases in Asia (and also through much of the rest of the
world), but with little increases in Africa (Figure 4). It has been estimated that 40-60% of yields
in the USA and England (and much higher proportions in the tropics) are attributable to
commercial fertilizers (148). More than a quarter of the world population over the past century
is estimated to have been fed by synthetic nitrogen fertilizers (44).

The third major advance was the harnessing of energy from fossil fuels, which enabled other
technological advances, including vast improvements in the mechanization of agriculture, as
well as the production of synthetic fertilizers and pesticides. These developments, coupled with
low (subsidized) energy costs, allowed farmers to efficiently exploit (and over-exploit)
groundwater resources. Over the 1961-2014 period, the global area equipped for irrigation
doubled, from 0.16 billion ha (12% of cropland) to 0.33 million ha (21% of cropland) (Figure 4).
Asia contributed predominantly (75%) to this growth. Irrigated yields were 1.6 times higher
than rainfed yields during 1988-2002, and 24% of the total harvested area that was irrigated
contributed to 33% of the total production (136).

Irrigation also enabled farmers to extend the growing season into the dry season. Coupled with
new shorter-season varieties of crops, farmers were able to increase production through
multiple cropping of existing cropland (34). Total harvested land area (i.e., area counted twice
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when two crops are grown in a season) increased faster than standing cropland area during the
1961-2011 period (34). For example, double-cropped area in Brazil’s Mato Grosso increased sixfold from roughly 0.5 to 2.9 million hectares between 2001 and 2011 (141). On the global level,
these increases in harvest intensity contributed to 9% of production growth during 1961-2007
(5).

In summary, the Green Revolution was a package deal of new seeds and new inputs, made
possible by the availability of cheap energy.

3.2. Changes in crop types and crop yields
While the Green Revolution led to general increases in crop yields, there is massive variation in
how yields, harvested area, and production changed across different crop types (Figure 5). For
some crops we saw marked yield increases. Maize yield in the USA remained around 1.7
tonnes/ha from 1866 to 1935, but has since increased to ~10 tonnes/ha (168); similarly wheat
yield in the UK remained around 2 tonnes/ha until the 1930s, but has increased since to ~8
tonnes/ha today (6).

Since 1961, the biggest production increases have occurred in oil crops (8-fold increase) –
especially oil palm, rapeseed and soy – due to increases in both harvested area and yields
(Figure 5). In contrast, production increases in major cereals – rice, wheat, and maize—occured
through yield increases, and saw little change in harvested area. The minor cereal crops (e.g.
sorghum, millet) decreased in harvested area by 31% between 1961 and 2014. Yet their total
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production increased by 33%, reflecting a 93% increase in yields per hectare. While most crops
increased production between 1961 and 2014, a few did not, such as oats whose production
declined by 54%.

Green Revolution yield increases have not continued apace everywhere. Overall, for 24-39% of
maize, rice, wheat, and soy growing regions of the world (for example, maize in Kansas, wheat
in France, and rice in Nigeria), yields either never improved, stagnated or collapsed (124), with
the situation being worse for food crops (rice, wheat) versus fodder crops (maize and soy).
Based on this information, current yield trends were estimated to be insufficient to meet the
needs of the future (123), although this is debated (77) as discussed further in Section 7.1. One
important potential reason for yield stagnation is climate change, which is estimated to have
decreased maize and wheat production by 3.8% and 5.5%, respectively over the 1980-2008
period (96). However, stagnating yields could also be attributed to a multitude of other reasons
including loss of soil fertility and salinization, cultivars approaching yield potentials, pest and
disease buildup, water scarcity, and policies supporting environmental outcomes over yields
(124).

Another important trend to consider is changes in crop yield variability from year to year, as
more volatile crop yields can lead to unstable farmer incomes and price hikes affecting
consumers. Recent estimates suggest that year-to-year variability in climate accounted for
roughly a third of the observed year-to-year variability in yields between 1979 and 2008 (122).
But, at the global scale, there is no strong and clear pattern that crop yields have become more
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volatile over time (78, 109), although statistically significant increases in yield variability were
detected in 9-22% of maize, rice, wheat, and soy harvested areas over the 1981-2010 period
(78). There is some evidence that climate trends are partly responsible for these increases in
yield variability (78, 109).

3.3. Trends in crop diversity
Large swaths of agricultural land currently operate under monocultures or monoculture
rotations, with double or triple crops per year (29). Increases in farm size in upper income
countries (97), and preponderance of monoculture suggests that spatial diversity of cropping
has also declined at the landscape level (e.g. 1). Further, a number of studies suggest that the
industrial agricultural transition led to a reduction in area cropped with traditional varieties
(111). Nevertheless, farmers in traditional agro-ecosystems often maintain high varietal and
species diversity on their farms and across communities and regions, although this is higher for
staple than non-staple crops (82).

The current hotspots of crop diversity are concentrated in Europe, Africa, Asia, and West South
America, with low diversity in Australia, North America, and South America (74). A global map
of the major crop belts highlights specialized locations for particular crop groups, such as major
cereals, and luxury crops such as cocoa and coffee (Figure 6). Historically genetic diversity has
been eroded by domestication of wild crop precursors (17) and major concern exists for the
erosion of wild types and crop genetic resources of the world today (30). However, meta-
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analysis suggests that in recent decades genetic diversity of breeder varieties does not show
clear downward trends (169).

3.4. Trends in livestock intensification
Alongside the Green Revolution, there was also a ‘livestock revolution’, which largely occurred
as a result of people consuming more animal products as they get richer. Since incomes are
increasing faster in low-income countries, which also often have higher rates of human
population growth, accelerated growth in animal numbers has taken place (35). In 2014, the
world had 23.4 billion poultry birds, 1.7 billion cattle and buffaloes, 2.2 billion sheep and goats,
and 0.9 billion pigs (49). The global stocks of chickens and pigs increased at a faster pace than
human population between 1960 and 2000, by a factor of 5 and 2.5, respectively (63). The
number of cattle and buffaloes and sheep and goats have increased by 62% and 64%
respectively between 1961 and 2014 (Figure 7). The largest increases were witnessed in Asia
and Africa (Figure 7).

In addition to increases in animal numbers, significant livestock intensification has also taken
place. The has largely been achieved by increasing animal densities, production units, the use of
concentrated feeds, pharmaceuticals and vaccinations, and improved efficiencies (63). Globally,
62% less land and 46% less GHG emissions are used now to produce one kilocalorie from
livestock than was used in 1961. This intensification of production has occurred at the expense
of an 188% increase in nitrogen use for increasing feed production (89). A shift from ruminants
to more intensive pig and poultry production has been partly responsible for this trade-off;
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intensive systems need less land and fewer livestock implies less methane emissions, but
increased feed requirements imply more nitrogen fertilizer use. Collectively, livestock
intensification has resulted in about 36% of the calories produced on global croplands being
diverted to animal feed (28), and the rise in livestock numbers have generated large
concentrations of animal wastes (see Section 3.5).

Intensification of livestock has nevertheless occurred at different rates in different parts of the
world and in some cases has led to reductions in animal numbers. For example, the US
produces 60% more milk with 80% fewer cows now than in the 1940s (25). Significant
intensification and also growth of the livestock sector has occurred primarily in Latin America
and Asia. This is in stark contrast with Sub-Saharan Africa, where productivity per animal has
remained stagnant for decades, and all the growth in the sector has occurred due to increases
in animal numbers.

3.5. Separation of crops and livestock
Mixed crop-livestock systems are a traditional form of agriculture that remains predominant in
most smallholder and subsistence farming systems in developing countries (73). The integration
of crops and livestock offers many management benefits. Animals can deliver nutrient-rich
manures for the crops and draft power for bed preparation, while crops and their residues can
be used for forage (73). Mixed-crop livestock systems are nevertheless on the decline in many
parts of the world (114, 131). This separation of cropping and livestock systems has increased
the problem of manure waste management, increased the need to import feed in livestock
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systems, and for chemical fertilizers in cropping systems. Recoupling livestock and cropping
systems offers a major path to sustainable management in agriculture (73). In sub-Saharan
Africa, such recoupling has the potential to nearly close the nutrient cycle, returning up to 80%
of the nutrients extracted by crops back into the soil system (142). However, while mixed croplivestock systems offer many benefits, they also require higher capital to establish and can be
extremely difficult to manage (153).

4. EMERGING TRENDS AND FUTURE PROJECTIONS
It is clear that the Green Revolution was a major success in terms of increasing crop production.
Crop production has more than kept pace with population growth over the last 50 years, with
cereal production per capita increasing from 0.29 to 0.39 tonnes per person between 1961 and
2014, even while human populations more than doubled from 3 billion in 1961 to 7 billion in
2014. However, many questions for the future remain unanswered. Will agriculture be able to
keep pace with future population demand? Will we reach peak cropland? And where might we
expect future productivity gains to come from?

4.1. Projections of future production and demand
With rising human populations and increasing per-capita wealth, the demand for food, feed,
and other agricultural products is expected to increase in the future. There are two major
studies that have projected future demand to 2050. Alexandratos and Bruinsma from the Food
and Agriculture Organization (FAO) projected that aggregate agricultural production (of all crop
and livestock products) will increase 60% by 2050, compared to a 2005/2007 baseline (5). But
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this aggregate is difficult to interpret since it includes multiple dissimilar products that are
weighted by international prices (5, 161). Alexandratos and Bruinsma also estimated demand
for different commodity groups on a tonnage basis, and found that between 2005/2007 and
2050, global demand for meat production and sugarcane & sugarbeet production will increase
by 76%, oilcrop production by 90%, and cereal production by 50%.

David Tilman and colleagues also projected future food demand to 2050 using future
projections of population growth and GDP coupled with income-dependent estimates of percapita crop demand (155, 157). Their analysis projected a 100% increase in global demand for
calories and a 110% increase in protein by 2050 (155). It is difficult to compare the aggregate
figures from Tilman et al. with those from Alexandratos and Bruinsma, because of the different
units (calories versus value-weighted production) used by these studies.

However, as we will discuss in section 7.1, several recent studies challenge these estimates of
future food demand. Current trends should not necessarily be a guide to the future. Diets heavy
in meat, oils, and sugars are a major contributor to the global health burdens of diabetes,
cancer, and heart disease (157), and future realization of these negative impacts may cause
demand to be much lower than projected. Policies that promote greater dietary reliance on
grains, fruits, vegetables and dairy would in turn also alter future demand on global agriculture.

4.2. Will we reach peak cropland?
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Peak cropland is a term used to describe a time when humanity might reach its most extensive
use of the earth’s land surface area for agriculture. A recent study (8) suggested this might
occur soon. Analyzing historical trends, they showed a reduction in rates of cropland expansion
over 1961-2010, with expansions of 0.24% per year over the whole of 1961-2010, but only
0.04% per year during 1995-2010. They showed that this was a result of rising yields and
relatively slower growth in consumption (than expected based on changing affluence)
countering increased pressure on croplands from growth in population and affluence.
Projecting forward, they showed possible scenarios whereby cropland areas would peak and
then decline. This projection of peak cropland requires slower diet shifts toward meat
consumption and the abandonment of biofuels or other non-food uses of crops (8). It is
debatable whether these projections are realistic.

But whether cropland actually peaks or not, the FAO study of Alexandratos and Bruinsma (5)
supports the slowdown of cropland expansion. Recent historical trends suggests that 77% of
increased production over the 1961-2005 period came from increased yields, 14% from
expansion of croplands, and 9% from increases in cropping intensity (5). Looking forward into
2050, they projected that 80% of future production growth will come from yield growth, and
10% each from cropland expansion and increases in cropping intensity (5). This suggests that
the contribution of cropland expansion to production growth is expected to reduce by ~4% in
the future.
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Notwithstanding projections of future cropland, for environmental reasons it is imperative that
we slow cropland expansion, as most of the new lands available for clearing are in the tropics
and of high carbon and biodiversity value (120). The threat of climate change is an especially
important reason to avoid deforestation for agriculture (52).

4.3. Future growth through improvements in efficiency
Increases in crop productivity since the Green Revolution have been driven in part by increases
in external inputs (e.g., water and nutrients). However, increasingly, some of the improvements
in productivity are being driven by improvements in the efficiency of input use. Agricultural
economists use the concept of ‘total factor productivity’ (TFP) to examine the efficiency of
input use. A recent study (57) estimated that since 1990 overall contributions to global
agricultural output has switched from input intensification (growth due to addition of new land,
irrigation, labour, machinery, etc) to improvements in TFP (more output per input).

Future increases in TFP can be sustained by further increases in input efficiency - getting ‘more
crop per drop’ of fertilizers or water. Economists argue that past successes have resulted from
high investments in research and development in agricultural technology, such as witnessed in
Brazil and China in recent decades (57). Precision agriculture (PA) and variable rate applications
of inputs can increase efficiencies by applying nutrients and inputs where they are required to
achieve the best productivity gains on a given piece of land (99). However, the cost of obtaining
information to enable TFP increases through PA are high (23), and has slowed adoption (19).
Other potential opportunities to increase TFP exist through ecological intensification (e.g. 68),
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conventional breeding, or genetic engineering approaches, although economic gains from these
advances are not always clear (e.g. 128).

5. IMPLICATIONS FOR ENVIRONMENTAL HEALTH

5.1. Forest loss and fragmentation
Agriculture is responsible for converting ~30% of forests worldwide (118). From 1980-2000,
more than half of new agricultural land in the tropics came from deforestation of intact forests,
and just under a third from disturbed forest (61). Globally between 2000-2010, it is thought
that 80% of deforestation resulted from conversion to agriculture and grazing lands (84). Just
two countries, Indonesia and Brazil, were responsible for over 50% of this tropical forest loss
(10). Agriculture has also massively fragmented forests, with large stretches of natural habitat,
such as the Brazilian Atlantic Forest, now existing in degraded fragments of <1000 ha in size, all
within 1km of the forest edge (69).

5.2. Greenhouse gas emissions
Agriculture, including deforestation and land use change, currently contributes ~22% of global
greenhouse gas emissions (GHGe) (140). Around 9% of GHGe (4.3 – 5.5 GtCO2 eq/yr) comes
from ongoing deforestation and land conversion (140). The conversion of tropical forests to
cropland releases about three times more carbon into the atmosphere compared to temperate
forests (176). GHGe from agriculture have changed over time and space as a result of land use
regime shifts. For example, in the great plains of North America, conversion of prairie habitat
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and plowing were the greatest contributors of GHGe in earlier times, but livestock are now the
largest emitters (110). Globally today, agricultural management on already converted lands are
thought to make up ~13% of GHGe (5.0 – 5.8 GtCO2 eq / yr). Over a third of this results from
CH4 from enteric fermentation, ~15% from N20 emissions from manure and synthetic fertilizer
application, and ~12% from CH4 in rice paddies (140). Like carbon losses from deforestation,
management-based emissions are concentrated geographically in particular hotspots: CH4
enteric fermentation largely occurs in India, sub-Saharan Africa, Brazil and W. Europe (72),
while more than 50% of all N20 emissions from nutrient application is from China, India and the
USA (175), and ~60% of CH4 from rice is emitted by India, China and Vietnam (26).

5.3. Biodiversity loss
Agriculture affects biodiversity through habitat replacement and management choices on
converted lands. Across biomes and taxonomic groups, conversion to pasture and cropland
results in losses of ~20-30% of local species richness (106). Biodiversity loss is non-random, with
marked declines in functionally important species in ecosystems, such as large bodied
pollinators (91). In the tropics, species losses have shown to be persistent after abandonment
of agricultural lands (62). Fragmentation breaks down essential plant-animal interactions
required for regeneration and persistence of native vegetation (105), and causes species
diversity to erode over time beyond initial disturbance events (69).

In addition to habitat loss and fragmentation, agricultural management impacts biodiversity
through management choices such as use of pesticides, fertilizers, and crop choice.
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Fertilization, from nitrogen-fixing legumes and application of manure and synthetic fertilizers,
has contributed to a global increase in nitrogen (N) flow (172). This results in species loss in
terrestrial (146) and freshwater environments (103). The longest running experiment of N
addition at Rothamsted Research station in the UK shows that plant diversity rebounds after
reductions in N application, although it is unclear if recovery is possible in other systems (149).
Intense management, which includes tillage and short rotations, also negatively affects soil
biodiversity and food web structure (162).

Pesticide application has also been linked to declines in populations of non-target plants and
insects (20), and the development, foraging patterns, and effectiveness of bees and natural
enemies of crop pests (36, 143). Conversely, management options to increase the diversity of
cropping systems have been shown to improve both the abundance of natural enemies (94),
and species diversity and yield contributions of pollinators (58). Organic agriculture typically has
higher species richness than conventional systems across a range of taxonomic groups (163),
but lower yields make it less efficient for local species richness on a per-unit product basis than
conventional systems (135). However, crop diversification closes the yield gap between organic
and conventional systems (115), suggesting that this trade-off is dependent on management of
crop choice and scheduling of rotations.

5.4. Soil health
The impact of agriculture on soils is tightly linked to land use change and agricultural
management. The alteration of vegetative cover, through replacement of forests or grasslands
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with annual crops, influences infiltration, erosion, and organic matter inputs. Three major soil
erosion linked agricultural transitions have occurred – the expansion of river-based populations
up forested slopes around 2000 BE, the invention of sharp plough and deep tillage in 16th-19th
Century, and crop expansion into tropical biomes after World War II (101). It is estimated that
by 1990 ~15% of the world’s soils were in some way degraded (108). Current rates of erosion
on agricultural land are estimated to be ~35 Pg yr-1 (28 Pg yr-1 from water, ~5Pg yr-1 from tillage
and ~2 Pg yr-1 from wind) (117) – rates that are an order of magnitude higher than that of
natural erosion or soil formation processes (151). Land clearing for agriculture has also led to
soil degradation through other means, with vegetation removal in semi-arid Western Australia
resulting in recharging of ground water at two orders of magnitude above the background rate,
causing water tables to rise, and salinization of ~10% of agricultural lands in the region (60).

The management of soils, through fertilization, tillage, grazing, crop type and rotation planning,
also has had marked influence on soil health. The loss of soil organic matter, which results from
replenishing soil nutrients with synthetic mineral fertilizers (N-P-K) without replenishing organic
material, has pushed agricultural systems into a state of rapid nutrient cycling with high rates of
nutrient loss (98). This, in combination with shorter rotations and loss of cover crops, has led to
increases in soil borne pathogens (171), increases in crop susceptibility to droughts (33), and
crop yield declines (15).

5.5. Water use & quality
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Agricultural production accounts for 92% of the human water footprint, ~77% of which can be
attributed to rainfed agricultural systems (76). Twelve percent of agricultural water footprint is
in freshwater, with irrigation accounting for ~64% of withdrawals worldwide (41). Agricultural
water use has had catastrophic impacts on freshwater resources, for example, the complete
loss of the 68,000 km2 of the Aral sea at the end of the last century (102), and groundwater
depletion crises in North West India (127).

Importantly, water use in production systems is concentrated in space and by crop type. China,
India, Pakistan and the USA account for ~68% of irrigated water used, half by India alone, with
rice and wheat covering ~69% of irrigated area and consuming ~54% of irrigated water globally
(175).

In addition to effects on quantity used, loading of nutrients (27), pesticides (4), and livestock
antibiotics (83) from agriculture all have negative effects on water quality, and pose public
health problems for humans. Phosphorous and nitrogen fertilizer pollution in particular is
notorious for forcing algal blooms and anoxic dead zones in both freshwater (27) and coastal
marine systems (39), which kill fish and reduce the palatability of drinking water for human
consumption.

5.6. Summary of environmental impacts
Greenhouse gas emissions, biodiversity loss, soil degradation, and water impacts of agriculture
all negatively feedback and reduce the benefits that can be received from the food system. For
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example, agricultural greenhouse gas emissions contribute to an increase in extreme events
(40) and global crop production losses (93), soil erosion is leading to declines in crop
productivity (151) and pollinator declines threaten yields of increasingly pollination-dependent
cropping choices (116). These negative feedbacks within agriculture represent significant longterm financial and business risks. While humans have become more environmentally efficient
on a per capita basis at producing food (e.g. 16), in aggregate these negative effects of
agriculture are a major concern for both the future of agriculture and for the safe operating
space for humanity on our planet (144).

6. IMPLICATIONS FOR FOOD SECURITY

6.1. More production, more calories, but less nutrition
The Green Revolution was a massive success in terms of producing calories for humanity.
Average available calories per person from crop and livestock production increased from 2196
kcal day-1 per person in 1961 to 2884 kcal day-1 per person in 2013. There was more than
enough energy available in 2013 to supply every person on the planet (49).

However, this energy is not distributed evenly and is not as nutritious as it could be. While the
U.S.A. had ~3680 kcal day-1 per person available in 2013, the Central African Republic had only
half, ~1880 kcal day-1 per person. The number of undernourished in the world remains
unacceptably high, with ~795 million people still lacking sufficient calories in the world today
(50). Furthermore, 2 billion suffer from iron deficiencies (164). Deficiencies in iron and other
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micronutrients such as iodine, folate, Vitamin A and zinc, are particularly important for human
growth and are together associated with a range of pathologies, including cognitive
impairment, anemia, blindness, and pregnancy complications (164).

A new problem exists today. From 1975-2014, the world transitioned from a state in which the
prevalence of underweight was double that of obesity, to one in which more people are obese
than underweight (38). Currently around 37% of the world’s population is overweight or obese
(107), carrying a heavy burden of non-communicable diseases such as diabetes, heart disease,
and morbidity (150).

The global reliance on very few crops for energy, with some 84% of calories globally coming
from just 17 crops (175) is a primary reason for the human nutrition gap. This is most clearly
demonstrated by the South/South-East Asian regions which have micronutrient deficiency
prevalences of ~30%, due to dominance of white rice in the diet (13). Moreover, in some
regions, marked declines in micronutrient density in diets have taken place in recent decades
with shifts away from fruits, nuts, and pulses toward calorie-dense but nutrient-poor foods (e.g.
maize, rice, wheat, vegetable oils), such as in Sub-Saharan Africa during 1979 -1993 (13).
Worryingly there have also been downward trends in the nutritional quality of crops, with
declines for some items observed in U.S.A. between 1950 and 1999, due to optimization for
increased yield (32). The world produces 22% less fruits and vegetables than required to meet
the World Health Organization recommendation to consume five portions of fruits and
vegetables per day to achieve a healthy diet (137).
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6.2. More production, more calories, but access remains the bottleneck
A recent study found that improvements in caloric supply was not the main cause of
improvements in child nutritional status over 1970-2012 (139); instead, dietary diversity,
sanitation, clean water, and women’s education were equally or more important drivers. The
prevalence of malnutrition despite sufficient caloric availability at the national and global levels
led the Food and Agricultural Organization of the UN to revise their definition of food insecurity
in 1996 to include availability, access, utilization, and stability (48). Purchasing power is a
central component of access, and reliable cash transfer programs have been shown to increase
the quality and quantity of food in diets of the poor (159), as has off-farm income for
smallholders (56). Globally there is an inverse relationship between GDP and the proportion of
labor force in agriculture (152) — and this lack of purchasing power means that predominantly
farming countries are typically food insecure. Currently 69% of the world’s farms exist in
Southeast Asia, South Asia and Sub-saharan Africa (97), with 30% of their produce coming from
holdings <2ha in size (74). Economists have suggested that the solution to economic
development is agricultural development, but the directionality of this relationship on the
national level is widely context dependent (9). The urban environment brings new access
opportunities (134), but malnutrition remains prevalent in populations of the urban poor (132).
It has been widely documented that populations that exist in perpetual states of caloric and
nutritional food insecurity from poverty limited access are also often those that are most at risk
for acute food insecurity from extreme climate events or political disasters (12).
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6.3. More production, but less stability
It has been suggested that intensive crop production systems might be more fragile than less
intensive systems (93). Some evidence exists at the regional scale that maize yields (but not
wheat or rice) follow Taylors power law, with the variance in crop yields increasing non-linearly
with increases in yield (14). However maize cultivar trials do not support the existence of a
trade-off between yield and stability (160). High input systems, with nutrient and water
additions, also provide a fundamental means to decouple growth from external stressors, and
protect, at least in the short term, against environmental water stress (24) or nutrient
exhaustion (104). Pollinator dependent plants typically display higher production instability
than non-pollination dependent crops (59), which suggests stability benefits for agricultural
systems due to decoupling from nature. The increase in pollination dependency (3), could
therefore be destabilizing production. However, the benefits of decoupling from nature may fail
when systems are pushed to their limits, such as under extreme weather events (95), or, over
the long-term, when intensified practices lead to ecosystem degradation (156) which negatively
feedback onto crops.

An alternative perspective is to develop diversified farming systems that rely on a diversity of
ecosystem service providers for production and stability (85, 87). Ecological theory and
experiments suggest that it is possible to obtain high yields and reduce production variability
simultaneously (80). While diversification practices have remained at the sidelines of
agricultural development, the few local scale tests of diversified agro-ecological systems
suggest stability benefits: with evidence that polycultures increase the temporal stability of
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yields (64), increase pollination (58), and decrease losses to pests (81). Facilitation between
plants is maximized under environmental stress (22), suggesting that diversified systems might
actually increase their adaptive capacity under extreme shocks (87, 95). Nevertheless, while
there is some evidence that polycultures may increase supply stability by providing portfolio
effects and increasing nutrient and water use efficiencies (21, 80), widespread adoption on
large scale farms has not yet taken place. Links between crop biodiversity and stability at higher
levels of organization (e.g. national, regional, or global levels) have not yet been made
empirically.

7. CURRENT DEBATES
In this section we review some of the major ongoing debates in the agriculture, food security,
and environmental literature.

7.1. Challenging the doubling narrative
In section 4.1, we reviewed two future projections of crop production to 2050: a 60% growth in
aggregate production in dollar-weighted terms from a 2005/2007 baseline, and a 100-110%
increase in calories/protein demand from a 2005 baseline. These studies have resulted in a
general tendency in the literature to suggest that a “doubling” of food production is needed by
2050 (54, 123, 154).
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Several recent papers have challenged this narrative. Tomlinson (161), referring to an older FAO
estimate of 70% increase by 2050, pointed out that it was not a normative estimate (desirable
production in 2050), but rather a projection of the most likely future according to the authors.
Moreover, she pointed out that the FAO estimate is not of production or calories, but of dollarweighted aggregate production (also excluding fruit and vegetables). Alexandratos and
Bruinsma take pains to make the same point in their updated 2012 report (5). Another recent
study also critiqued the doubling narrative for ignoring baselines (77), pointing that the baseline
for both the FAO and Tilman studies was ~2005, and that production growth experienced since
then actually suggests only a 25%-70% increase is needed between 2014 and 2050.

7.2. Land sparing versus land sharing
Land sparing is the idea that intensifying agricultural production, and thereby growing the same
amount of food on less agricultural land, can spare land for nature. The idea goes back to
Norman Borlaug, the Father of the Green Revolution, who estimated in an Editorial (18) that 1.2
billion hectares of land had been spared from cultivation between 1950 and 2000 because of
yield increases over that period. Waggoner (173, 174) also had proposed the same idea in the
1990s in an article titled “How much land can 10 billion people spare for nature?”.

While the idea that agricultural intensification could promote nature conservation by land
sparing originally came from agricultural scientists, it was picked up by conservation biologists
in the 2000s. In a widely known article (66), Rhys Green, Andrew Balmford, and colleagues
proposed a theoretical model to examine the tradeoffs between food production and
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biodiversity conservation. Their model suggested that the nature of the tradeoff is determined
by how the densities of wild species and crop yields respond to intensification. Their proposal
has been widely criticized since (53, 65, 170).

One major criticism of land sparing is that agricultural intensification does not actually result in
land sparing in practice, because intensification generally results in more farmers adopting the
practice, resulting in increased (and not decreased) clearing for cropland (7). Two studies (47,
130) conducted global empirical assessments and found no evidence for land sparing in
practice. However, neither study constructed a proper counterfactual to examine what might
have happened in the absence of the Green Revolution (75). Two recent studies that used an
economic modeling framework to construct a counterfactual concluded that the historical
Green Revolution did result in land sparing (75, 147). However, whether the spared land
actually resulted in nature conservation remains an open question (86, 113). Land sparing
initiatives need to be coupled with appropriate policies to ensure that conservation actually
takes place (86, 113).

7.3. Genetic engineering versus organic farming
Another widespread and passionate debate in the scientific community is on the role of
Genetically Modified (GM) foods versus organic farming in navigating pathways to sustainable
food systems (55). As labeling of GM foods is still not common in most countries, organic, by
expressly prohibiting GM, has set itself up as the only product that ensures that consumers can
have non-GM food. There is especially a wide gap between scientific and public perceptions of
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GM foods (112). While both approaches could have important roles to play in different
circumstances (129), the two communities have continuously clashed.

7.4. Sustainable diets
Until recently, the predominant focus of agricultural science was on supply-side solutions to
meeting the sustainable food security challenge. But a spate of recent papers have pointed to
the necessity and enormous leverage of demand-side solutions (e.g., 28, 43, 54, 145, 157). For
example, Erb et al. explored 500 different future scenarios for feeding the world in 2050 that
would also avoid further deforestation. They found feasible or probably feasible biophysical
options in nearly two-thirds of their scenarios, but all required either cropland intensification or
a shift to plant-based diets. There was no scenario that permitted low-yielding agriculture along
with meat-based diets. Cassidy et al. estimated that shifting the current mix of crops away from
biofuels and animal feed would itself increase global calories by 70%. They also calculated that
this is roughly equivalent to all the yield gains seen in maize, wheat, and rice during 1965-2009;
in other words, shifting to vegan diets would be as powerful for increasing food availability as
was the historical Green Revolution. Relative to scenarios, less extreme shifts toward reducing
meat consumption, waste, and the demand for non-food agricultural products (e.g., cotton)
could greatly reduce the environmental impacts of the food system (54).

8. CONCLUSIONS: IMPLICATIONS FOR PLANT BIOLOGY
Humans have fundamentally transformed global landscapes and shaped the distribution of
plant life on Earth through agriculture. While advances in production of food over recent
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decades have kept pace with human population growth, these advances have come at a cost to
both the environment and human health. Direct negative feedbacks to agricultural systems
from environmental degradation now threaten long-term agricultural productivity. Coordinated
research programs are needed to steer humanity into a safe operating space for agriculture.
This will require conjoined efforts across many different disciplines within plant biology, and
collaborations between subject areas that have to date remained pedagogically and
ideologically separate.

A major challenge facing plant biologists is the joining of modern breeding approaches
(including genomic selection and genomic engineering) with agro-ecological farming practices.
The ‘package deal’ of seeds, fertilizers and energy that enabled the Green Revolution, was a
massive success for increasing production of a few key crops. New modern varieties from
industry have been successful in increasing shelf life and catering to consumer tastes and
preferences. We now need a new package deal for the future – that is optimized across
different environmental, social, and health outcomes. This will require investment into
understanding how diversified farming systems can be made financially competitive with the
current monocultures that dominant large swaths of the planet, not only by developing plant
materials that assist in producing sustainable, multi-functional agriculture, but also by
developing appropriate policies that promote positive environmental, social, and health
outcomes.
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Breeding for agro-ecological farming practices, including intercropping, perennial systems, and
increased soil biodiversity, should be directed toward multifunctionality in cropping systems
(e.g. simultaneous yield stability, microclimate control, erosion control, water use efficiency,
nutrient use efficiency, reduced pollution, and increased pest control). There is a further need
to join these efforts with modern innovations in breeding of climate smart seeds, in improving
photosynthetic efficiency (introducing C4 metabolism into C3 crops), nitrogen fixation,
increasing nutritional content (i.e. for improved protein and micronutrient supply to humans
and livestock), and disease resistance. Such innovations can help avert yield stagnation, adapt
to changes in the growing season and extreme weather events, close the micronutrient gap,
and decrease food waste.

Co-ordinated efforts are required to bring together diverse research programs in agro-ecology
and plant breeding, reduce agriculture’s negative impacts on the environment, and ensure food
security, at local, to national, regional and global levels. This will require re-orientation of public
and private funding to support the R&D needed for sustainable agriculture. It will also require
input from farmers and consumers to design systems to be socially relevant for effective
knowledge transfer and adoption, and maximum impact. History provides the proof that this is
possible – the Green Revolution brought coordinated international efforts across governments
and research institutes to increase productivity, fundamentally shaping human civilizations and
the functioning of the planet as we know it. It is time plant biologists use the lessons learnt
from the historical trends and outcomes of agricultural land use to design the next wave of
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research geared towards developing both productive and sustainable agricultural systems in
the future.

ACKNOWLEDGMENTS
Huge thanks to Larissa Jarvis for making the figures that are part of this manuscript. Figure 6
was a product of Dr. Chad Monfreda’s master’s thesis, and thanks to him for allowing us to use
a version of it here. This research was supported by an NSERC Discovery Grant to N.
Ramankutty and a Genome Canada/Genome BC grant to L. Rieseberg and N. Ramankutty.

33

LITERATURE CITED
1.
2.
3.
4.
5.
6.

7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.

Aguilar J, Gramig GG, Hendrickson JR, Archer DW, Forcella F, Liebig MA. 2015. Crop
Species Diversity Changes in the United States: 1978–2012. PLOS ONE 10: e0136580
Aide TM, Clark ML, Grau HR, López-Carr D, Levy MA, et al. 2013. Deforestation and
Reforestation of Latin America and the Caribbean (2001–2010). Biotropica 45: 262-71
Aizen MA, Garibaldi LA, Cunningham SA, Klein AM. 2008. Long-Term Global Trends in
Crop Yield and Production Reveal No Current Pollination Shortage but Increasing
Pollinator Dependency. Current Biology 18: 1572-75
Alavanja MCR, Ross MK, Bonner MR. 2013. Increased cancer burden among pesticide
applicators and others due to pesticide exposure. CA: A Cancer Journal for Clinicians 63:
120-42
Alexandratos N, Bruinsma J. 2012. World Agriculture Towards 2030/2050: The 2012
Revision. Rep. ESA Working Paper No. 12-03, Agricultural Development Economics
Division, Food and Agriculture Organization of the United Nations, Rome
Alston JM, Babcock BA, Pardey PG, eds. 2010. The Shifting Patterns of Agricultural
Production and Productivity Worldwide. CARD Books. Book 2.
http://lib.dr.iastate.edu/card_books/2. Ames, IA: Midwest Agribusiness Trade Research
and Information Center. 482 pp.
Angelsen A, Kaimowitz D, eds. 2001. Agricultural Technologies and Tropical
Deforestation. Wallingford, UK; New York, USA.: CABI Publishing in association with
Center for International Forestry Research (CIFOR). 422 pp.
Ausubel JH, Wernick IK, Waggoner PE. 2013. Peak Farmland and the Prospect for Land
Sparing. Population and Development Review 38: 221-42
Awokuse TO, Xie R. 2015. Does agriculture really matter for economic growth in
developing countries? Canadian Journal of Agricultural Economics 63: 77-99
Baccini A, Goetz SJ, Walker WS, Laporte NT, Sun M, et al. 2012. Estimated carbon dioxide
emissions from tropical deforestation improved by carbon-density maps. Nature Climate
Change 2: 182-85
Badgley C, Perfecto I, Chappell M, Samulon A. 2007. Strengthening the case for organic
agriculture: response to Alex Avery. In RAF, pp. 323-24
Barrett CB. 2010. Measuring food insecurity. Science 327: 825-28
Beal T, Massiot E, Arsenault JE, Smith MR, Hijmans RJ. 2017. Global trends in dietary
micronutrient supplies and estimated prevalence of inadequate intakes. PLoS ONE 12: 120
Ben-Ari T, Makowski D. 2016. Analysis of the trade-off between high crop yield and low
yield instability at the global scale. Environmental Research Letters 11: 104005-05
Bennett AJ, Bending GD, Chandler D, Hilton S, Mills P. 2012. Meeting the demand for
crop production: The challenge of yield decline in crops grown in short rotations.
Biological Reviews 87: 52-71
Bennetzen EH, Smith P, Porter JR. 2016. Decoupling of greenhouse gas emissions from
global agricultural production: 1970-2050. Global Change Biology 22: 763-81
Bevan MW, Uauy C, Wulff BBH, Zhou J, Krasileva K, Clark MD. 2017. Genomic innovation
for crop improvement. Nature 543: 346-54
34

18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.

Borlaug N. 2007. Feeding a hungry world. Science: 17
Bramley RGV. 2009. Lessons from nearly 20 years of Precision Agriculture research,
development, and adoption as a guide to its appropriate application. Crop and Pasture
Science 60: 197-217
Brittain C, Potts SG. 2011. The potential impacts of insecticides on the life-history traits of
bees and the consequences for pollination. 12: 321-31
Brooker RW, Jones HG, Paterson E, Watson C, Brooker RW, et al. 2015. Improving
intercropping : a synthesis of research in agronomy, plant physiology and ecology. New
Phytologist 205: 107-17
Brooker RW, Maestre FT, Callaway RM, Lortie CL, Cavieres La, et al. 2008. Facilitation in
plant communities: The past, the present, and the future. Journal of Ecology 96: 18-34
Bullock DS, Ruffo ML, Bullock DG, Bollero GA. 2009. The Value of Variable Rate
Technology: An Information-Theoretic Approach. American Journal of Agricultural
Economics 91: 209-23
Burney JA, Naylor RL, Postel SL. 2013. The case for distributed irrigation as a
development priority in sub-Saharan Africa. Proceedings of the National Academy of
Sciences 110: 12513-17
Capper JL, Cady RA, Bauman DE. 2009. The environmental impact of dairy production:
1944 compared with 2007. J. Anim. Sci. 87: 2160–67
Carlson KM, Gerber JS, Mueller ND, Herrero M, MacDonald GK, et al. 2016. Greenhouse
gas emissions intensity of global croplands. Nature Climate Change 7: 1-34
Carpenter S, Caraco NF, Correll DL, Howarth RW, Sharpley AN, Smith VH. 1998. Nonpoint
Pollution of Surface Waters with Phosphorus and Nitrogen. Issues in Ecology 4: 1-12
Cassidy ES, West PC, Gerber JS, Foley JA. 2013. Redefining agricultural yields: from tonnes
to people nourished per hectare. Environmental Research Letters 8: 034015
Cassman KG, Dobermann A, Walters DT, Yang H. 2003. Meeting Cereal Demand While
Protecting Natural Resources and Improving Environmental Quality. Annu. Rev. Environ.
Resour 28: 315-58
Castañeda-Álvarez NP, Khoury CK, Achicanoy HA, Bernau V, Dempewolf H, et al. 2016.
Global conservation priorities for crop wild relatives. Nature Plants 2: 16022-22
Connor DJ, Mínguez MI. 2012. Evolution not revolution of farming systems will best feed
and green the world. Global Food Security 1: 106-13
Davis DR, Epp MD, Riordan HD. 2004. Changes in USDA food composition data for 43
garden crops, 1950 to 1999. Journal of the American College of Nutrition 23: 669-82
de Vries FT, Liiri ME, Bjørnlund L, Setälä HM, Christensen S, Bardgett RD. 2012. Legacy
effects of drought on plant growth and the soil food web. Oecologia 170: 821-33
Deepak KR, Jonathan AF. 2013. Increasing global crop harvest frequency: recent trends
and future directions. Environmental Research Letters 8: 044041
Delgado C, Rosegrant M, Steinfeld H, Ehui S, Courbois C. 1999. Livestock to 2020: The
Next Food Revolution, Food, Agriculture, and the Environment Division Discussion Paper
No. 28, International Food Policy Research Institute (IFPRI), Washington, D.C.
Desneux N, Decourtye A, Delpuech J-m. 2007. The Sublethal Effects of Pesticides on
Beneficial Arthropods. Annual Review of Entomology 52: 81-106
Despommier D. 2011. The Vertical Farm: Feeding the World in the 21st Century: Picador
35

38.
39.
40.
41.

42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.
54.
55.

Di Cesare M, Bentham J, Stevens GA, Zhou B, Danaei G, et al. 2016. Trends in adult bodymass index in 200 countries from 1975 to 2014: A pooled analysis of 1698 populationbased measurement studies with 19.2 million participants. The Lancet 387: 1377-96
Diaz RJ, Rosenberg R. 2008. Spreading dead zones and consequences for marine
ecosystems. Science 321: 926-29
Diffenbaugh NS, Singh D, Mankin JS, Horton DE, Swain DL, et al. 2017. Quantifying the
influence of global warming on unprecedented extreme climate events. Proceedings of
the National Academy of Sciences 114: 4881-86
Doll P, Schmied HM, Schuh C, Portmann FT, Eicker A. 2014. Global-scale assessment of
groundwater depletion and related groundwater abstractions: Combining
hydrologicalmodeling with information from well observations and GRACE satellites.
Water Resources Research 50: 5375-77
Ellis EC, Ramankutty N. 2008. Putting people in the map: anthropogenic biomes of the
world. Frontiers in Ecology and the Environment 6: 439-47
Erb K-H, Lauk C, Kastner T, Mayer A, Theurl MC, Haberl H. 2016. Exploring the biophysical
option space for feeding the world without deforestation. 7: 11382
Erisman JW, Sutton MA, Galloway J, Klimont Z, Winiwarter W. 2008. How a century of
ammonia synthesis changed the world. Nature Geosci 1: 636-39
Evenson RE, Gollin D. 2003. Assessing the Impact of the Green Revolution, 1960 to 2000.
Science 300: 758-62
Evenson RE, Gollin D, eds. 2003. Crop Variety Improvement and Its Effect on Productivity:
The Impact of International Agricultural Research. Wallingford, UK: CABI Publishing. 522
pp.
Ewers RM, Scharlemann JPW, Balmford A, Green RE. 2009. Do increases in agricultural
yield spare land for nature? Global Change Biology 15: 1716-26
FAO. 2008. An Introduction to the Basic Concepts of Food Security, Food and Agricultural
Organization, Rome
FAO. 2017. FAOSTAT. Rome: Food and Agriculture Organization of the United Nations.
http://www.fao.org/faostat/en/ - home
FAO/IFAD/WFP. 2015. The state of food insecurity in the world. Meeting the 2015
international hunger targets: taking stock of uneven progress, Food and Agriculture
Organization of the United Nations, Rome
Fedoroff NV, Battisti DS, Beachy RN, Cooper PJM, Fischhoff DA, et al. 2010. Radically
Rethinking Agriculture for the 21st Century. Science 327: 833-34
Figueres C, Schellnhuber HJ, Whiteman G, Rockström J, Hobley A, Rahmstorf S. 2017.
Three years to safeguard our climate. Nature 546: 593-95
Fischer J, Abson DJ, Butsic V, Chappell MJ, Ekroos J, et al. 2014. Land Sparing Versus Land
Sharing: Moving Forward. Conservation Letters 7: 149-57
Foley JA, Ramankutty N, Brauman KA, Cassidy ES, Gerber JS, et al. 2011. Solutions for a
cultivated planet. Nature 478: 337-42
Fraser E, Legwegoh A, Kc K, CoDyre M, Dias G, et al. 2016. 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

36

56.

57.
58.
59.
60.
61.
62.
63.
64.
65.

66.
67.
68.
69.
70.
71.
72.

Frelat R, Lopez-Ridaura S, Giller KE, Herrero M, Douxchamps S, et al. 2015. Drivers of
household food availability in sub-Saharan Africa based on big data from small farms.
Proceedings of the National Academy of Sciences of the United States of America 113:
458-63
Fuglie K, Wang SL. 2012. Productivity Growth in Global Agriculture. Population and
Development Review 27: 361–65
Garibaldi LA, Carvalheiro LG, Vaissiere BE, Gemmill-Herren B, Hipolito J, et al. 2016.
Mutually beneficial pollinator diversity and crop yield outcomes in small and large farms.
Science 351: 388-91
Garibaldi LA, Steffan-Dewenter I, Kremen C, Morales JM, Bommarco R, et al. 2011.
Stability of pollination services decreases with isolation from natural areas despite honey
bee visits. Ecology Letters 14: 1062-72
George R, McFarlane D, Nulsen B. 1997. Salinity Threatens the Viability of Agriculture and
Ecosystems in Western Australia. Hydrogeology Journal 5: 6-21
Gibbs HK, Ruesch AS, Achard F, Clayton MK, Holmgren P, et al. 2010. Tropical forests
were the primary sources of new agricultural land in the 1980s and 1990s. Proceedings of
the National Academy of Sciences of the United States of America 107: 16732-37
Gibson L, Lee TM, Koh LP, Brook BW, Gardner Ta, et al. 2011. Primary forests are
irreplaceable for sustaining tropical biodiversity. Nature 478: 378-81
Gilbert M, Conchedda G, Van Boeckel TP, Cinardi G, Linard C, et al. 2015. Income
Disparities and the Global Distribution of Intensively Farmed Chicken and Pigs. PloS one
10: e0133381-e81
Glover JD, Reganold JP, Bell LW, Borevitz J, Brummer EC, et al. 2010. Increased food and
ecosystem security via perennial grains. Science (New York, N.Y.) 328: 1638-39
Grau R, Kuemmerle T, Macchi L. 2013. Beyond ‘land sparing versus land sharing’:
environmental heterogeneity, globalization and the balance between agricultural
production and nature conservation. Current Opinion in Environmental Sustainability 5:
477-83
Green RE, Cornell SJ, Scharlemann JPW, Balmford A. 2005. Farming and the Fate of Wild
Nature. Science 307: 550, DOI: 10.1126/science.1106049
Grigg DB. 1987. The Industrial Revolution and Land Transformation. In Land
Transformation in Agriculture, ed. MGF Wolman, F.G.A., pp. 79-109
Gurr GM, Lu Z, Zheng X, Xu H, Zhu P, et al. 2016. Multi-country evidence that crop
diversification promotes ecological intensification of agriculture. 2: 16014
Haddad NM, Brudvig La, Clobert J, Davies KF, Gonzalez A, et al. 2015. Habitat
fragmentation and its lasting impact on Earth's ecosystems. Science Advances 1: 1-9
Halweil B. 2002. Home grown: the case for local food in a global market: Worldwatch
Institute
Hart JF. 1968. Loss and abandonment of cleared farm land in the eastern united states.
Annals of the Association of American Geographers 58: 417-40
Herrero M, Havlík P, Valin H, Notenbaert A, Rufino MC, et al. 2013. Biomass use,
production, feed efficiencies, and greenhouse gas emissions from global livestock
systems. Proceedings of the National Academy of Sciences of the United States of
America 110: 20888-93
37

73.
74.
75.
76.
77.
78.
79.
80.
81.
82.

83.
84.
85.
86.
87.
88.
89.
90.

Herrero M, Thornton PK, Notenbaert AM, Wood S, Msangi S, et al. 2010. Smart
Investments in Sustainable Food Production: Revisiting Mixed Crop-Livestock Systems.
Science 327: 822-25
Herrero M, Thornton PK, Power B, Bogard JR, Remans R, et al. 2017. Farming and the
geography of nutrient production for human use: a transdisciplinary analysis. The Lancet
Planetary Health 1: e33-e42
Hertel TW, Ramankutty N, Baldos ULC. 2014. Global market integration increases
likelihood that a future African Green Revolution could increase crop land use and CO2
emissions. Proceedings of the National Academy of Sciences 111: 13799-804
Hoekstra AY, Mekonnen MM. 2012. The water footprint of humanity. Proceedings of the
National Academy of Sciences 109: 3232-37
Hunter MC, Hunter MC, Smith RG, Schipanski ME, Atwood LW. 2017. Agriculture in 2050:
Recalibrating Targets for Sustainable Intensification. Bioscience 67: 385-90
Iizumi T, Ramankutty N. 2016. Changes in yield variability of major crops for 1981–2010
explained by climate change. Environmental Research Letters 11: 034003
Ingram J. A food systems approach to researching food security and its interactions with
global environmental change. Food security 3: 417-31
Isbell F, Adler PR, Eisenhauer N, Fornara D, Kimmel K, et al. 2017. Benefits of increasing
plant diversity in sustainable agroecosystems. pp. 871-79
Iverson AL, Marín LE, Ennis KK, Gonthier DJ, Connor-Barrie BT, et al. 2014. Do
polycultures promote win-wins or trade-offs in agricultural ecosystem services? A metaanalysis. pp. 1593-602
Jarvis DI, Brown AHD, Cuong PH, Collado-Panduro L, Latournerie-Moreno L, et al. 2008. A
global perspective of the richness and evenness of traditional crop-variety diversity
maintained by farming communities. Proceedings of the National Academy of Sciences of
the United States of America 105: 5326-31
Kemper N. 2008. Veterinary antibiotics in the aquatic and terrestrial environment.
Ecological Indicators 8: 1-13
Kissinger G, Herold M, De Sy V. 2012. Drivers of deforestation and forest degradation: a
synthesis report for REDD+ policymakers, Lexeme Consulting
Kremen C. 2005. Managing ecosystem services: what do we need to know about their
ecology? Ecology Letters 8: 468-79
Kremen C. 2015. Reframing the land-sparing/land-sharing debate for biodiversity
conservation. Annals of the New York Academy of Sciences 1355: 52-76
Kremen C, Miles A. 2012. Ecosystem Services in Biologically Diversified versus
Conventional Farming Systems: Benefits, Externalities, and Trade-Offs. Ecology and
Society 17
Kummu M, de Moel H, Porkka M, Siebert S, Varis O, Ward PJ. 2012. Lost food, wasted
resources: Global food supply chain losses and their impacts on freshwater, cropland,
and fertiliser use. Science of The Total Environment 438: 477-89
Kyle Frankel D, Kailiang Y, Mario H, Petr H, Joel AC, Paolo DO. 2015. Historical trade-offs
of livestock’s environmental impacts. Environmental Research Letters 10: 125013
Lang T, Barling D. 2012. Food security and food sustainability: reformulating the debate.
The Geographical Journal 178: 313-26
38

91.
92.
93.
94.
95.
96.
97.
98.
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.
110.

Larsen TH, Williams NM, Kremen C. 2005. Extinction order and altered community
structure rapidly disrupt ecosystem functioning. Ecology Letters 8: 538-47
Lepers E, Lambin EF, Janetos AC, DeFries R, Achard F, et al. 2005. A synthesis of
information on rapid land-cover change for the period 1981-2000. Bioscience 55: 115-24
Lesk C, Rowhani P, Ramankutty N. 2016. Influence of extreme weather disasters on
global crop production. Nature 529: 84-87
Letourneau DK, Armbrecht I, Rivera BS, Lerma J, Carmona EJ, et al. 2011. Does plant
diversity benefit agroecosystems? A synthetic review. Ecological Applications 21: 9-21
Lin BB. 2011. Resilience in Agriculture through Crop Diversification: Adaptive
Management for Environmental Change. BioScience 61: 183-93
Lobell DB, Schlenker W, Costa-Roberts J. 2011. Climate Trends and Global Crop
Production Since 1980. Science
Lowder SK, Skoet J, Raney T. 2016. The Number, Size, and Distribution of Farms,
Smallholder Farms, and Family Farms Worldwide. World Development 87: 16-29
Manning P. 2012. The Impact of Nitrogen Enrichment on Ecosystems and Their Services.
In Soil ecology and ecosystem services, ed. DH Wall, RD Bardgett, V Behan-Pelletier, JE
Herrick, TH Jones, et al, pp. 256-67. Oxford: Oxford University Press
McBratney A, Whelan B, Ancev T, Bouma J. 2005. Future Directions of Precision
Agriculture. Precision Agriculture 6: 7-23
McNeill JR. 2000. An environmental history of the twentieth-century world. New York,
N.Y.: W.W. Norton & Company, Inc.,. 421 pp.
McNeill JR, Winiwarter V. 2004. Breaking the sod: humankind, history, and soil. Science
304: 1627-9
Micklin P. 2007. The Aral Sea Disaster. Annual Review of Earth and Planetary Sciences 35:
47-72
Moreno-Mateos D, Barbier EB, Jones PC, Jones HP, Aronson J, et al. 2017. Anthropogenic
ecosystem disturbance and the recovery debt. Nature Communications 8: 14163-63
Mueller ND, Gerber JS, Johnston M, Ray DK, Ramankutty N, Foley Ja. 2012. Closing yield
gaps through nutrient and water management. Nature 490: 254-57
Neuschulz EL, Mueller T, Schleuning M, Böhning-gaese K. 2016. Pollination and seed
dispersal are the most threatened processes of plant regeneration. Nature Publishing
Group: 6-11
Newbold T, Bennett DJ, Choimes A, Collen B, Day J, et al. 2015. Global effects of land use
on local terrestrial biodiversity. Nature 520: 45-50
Ng M, Fleming T, Robinson M, Thomson B, Graetz N, et al. 2014. Global, regional, and
national prevalence of overweight and obesity in children and adults during 1980–2013:
a systematic analysis for the Global Burden of Disease Study 2013. The Lancet 6736: 1-16
Oldeman LR. 1994. Global extent of soil degradation. In ISRIC Bi-Annual Report 1991-92,
pp. 19-36. Wageningen: ISRIC
Osborne TM, Wheeler TR. 2013. Evidence for a climate signal in trends of global crop
yield variability over the past 50 years. 024001
Parton WJ, Gutmann MP, Merchant ER, Hartman MD, Adler PR, et al. 2015. Measuring
and mitigating agricultural greenhouse gas production in the US Great Plains , 1870 –
2000.
39

111. Pereira HM, Navarro LM, Martins IS. 2012. Global biodiversity change: the bad, the good,
and the unknown. Annual Review of Environment and Resources 37: 25-50
112. Pew Research Center. 2015. Public and Scientists’ Views on Science and Society
113. Phalan B, Green RE, Dicks LV, Dotta G, Feniuk C, et al. 2016. How can higher-yield farming
help to spare nature? Science 351: 450-51
114. Poffenbarger H, Artz G, Dahlke G, Edwards W, Hanna M, et al. 2017. An economic
analysis of integrated crop-livestock systems in Iowa, U.S.A. Agricultural Systems 157: 5169
115. Ponisio LC, M 'gonigle LK, Mace KC, Palomino J, De Valpine P, Kremen C. 2015.
Diversification practices reduce organic to conventional yield gap. Proceedings of the
Royal Society B: Biological Sciences 282: 1-7
116. Potts SG, Biesmeijer JC, Kremen C, Neumann P, Schweiger O, Kunin WE. 2010. Global
pollinator declines: trends, impacts and drivers. Trends in ecology & evolution 25: 345-53
117. Quinton J, Govers G, van Oost K, Bardgett RD. 2010. The impact of agricultural soil
erosion on biogeochemical cycling. Nature Geoscience 3: 311-14
118. Ramankutty N, Evan AT, Monfreda C, Foley JA. 2008. Farming the planet: 1. Geographic
distribution of global agricultural lands in the year 2000. Glob. Biogeochem. Cycles 22:
GB1003, doi:10.29/2007GB002952
119. Ramankutty N, Foley JA. 1999. Estimating historical changes in global land cover:
Croplands from 1700 to 1992. Global Biogeochemical Cycles 13: 997-1027
120. Ramankutty N, Foley JA, Norman J, McSweeney K. 2002. The global distribution of
cultivable lands: current patterns and sensitivity to possible climate change. Global
Ecology and Biogeography 11: 377-92
121. Ramankutty N, Heller E, Rhemtulla J. 2010. Prevailing Myths About Agricultural
Abandonment and Forest Regrowth in the United States. Annals of the Association of
American Geographers 100: 502-12
122. Ray DK, Gerber JS, MacDonald GK, West PC. 2015. Climate variation explains a third of
global crop yield variability. Nature Communications 6: 5989-89
123. Ray DK, Mueller ND, West PC, Foley JA. 2013. Yield Trends Are Insufficient to Double
Global Crop Production by 2050. PloS one 8: e66428-e28
124. Ray DK, Ramankutty N, Mueller ND, West PC, Foley JA. 2012. Recent patterns of crop
yield growth and stagnation. Nat Commun 3: 1293
125. Redman C. 1999. Human impact on ancient environments. Tucson: University of Arizona
Press. 288 pp.
126. Richards JF. 1990. Land transformation. In The Earth as Transformed by Human Action,
ed. BL Turner, WC Clark, RW Kates, JF Richards, JT Mathews, WB Meyer, pp. 163-78. New
York: Cambridge Univ. Press
127. Rodell M, Velicogna I, Famiglietti JS. 2009. Satellite-based estimates of groundwater
depletion in India. Nature 460: 999-1002
128. Romeu-Dalmau C, Bonsall MB, Willis KJ, Dolan L. 2015. Asiatic cotton can generate similar
economic benefits to Bt cotton under rainfed conditions. 1: 15072
129. Ronald PC, Adamchak RW. 2008. Tomorrow's Table: Organic Farming, Genetics, and the
Future of Food. New York: Oxford University Press. 232 pp.

40

130. Rudel TK, Schneider L, Uriarte M, Turner BL, DeFries R, et al. 2009. Agricultural
intensification and changes in cultivated areas, 1970–2005. Proceedings of the National
Academy of Sciences 106: 20675-80
131. Ryschawy J, Choisis N, Choisis J-P, Gibon A. 2013. Paths to last in mixed crop-livestock
farming: lessons from an assessment of farm trajectories of change. animal 7: 673- 81
132. Satterthwaite D, McGranahan G, Tacoli C. 2010. Urbanization and its implications for
food and farming. Philosophical transactions of the Royal Society of London. Series B,
Biological sciences 365: 2809-20
133. Schierhorn F, Müller D, Beringer T, Prishchepov AV, Kuemmerle T, Balmann A. 2013.
Post-Soviet cropland abandonment and carbon sequestration in European Russia,
Ukraine, and Belarus. Global Biogeochemical Cycles 27: 1175-85
134. Seto KC, Ramankutty N. 2016. Hidden linkages between urbanization and food systems.
Science 352: 943-45
135. Seufert V, Ramankutty N. 2017. Many shades of gray—The context-dependent
performance of organic agriculture. Science Advances 3
136. Siebert S, Doll P. 2010. Quantifying blue and green virtual water contents in global crop
production as well as potential production losses without irrigation. Journal of Hydrology
384: 198-217
137. Siegel KR, Ali MK, Srinivasiah A, Nugent RA, Narayan KMV. 2014. Do we produce enough
fruits and vegetables to meet global health need? PLoS ONE 9
138. Simmons IG. 1987. Transformation of the Land in Pre-industrial Time. In Land
Transformation in Agriculture, ed. MGF Wolman, F.G.A., pp. 45-77
139. Smith LC, Haddad L. 2015. Reducing Child Undernutrition: Past Drivers and Priorities for
the Post-MDG Era. World Development 68: 180-204
140. Smith P, Bustamante M, Ahammad H, Clark H, Dong H, et al. 2014. Agriculture, Forestry
and Other Land Use (AFOLU). In Climate Change 2014: Mitigation of Climate Change.
Contribution of Working Group III to the Fifth Assessment Report of the
Intergovernmental Panel on Climate Change, ed. OR Edenhofer, M Pichs, Y Sokona, E
Farahani, S Kadner, et al. Cambridge: Cambridge University Press
141. Spera SA, Cohn AS, Vanwey LK, Mustard JF, Rudorff BF, et al. 2014. Recent cropping
frequency , expansion , and abandonment in Mato Grosso , Brazil had selective land
characteristics. Environmental Research Letters 9: 12pp-12pp
142. Stangel PJ. 1993. Nutrient cycling and its importance in sustaining crop – livestock
systems in sub-Saharan Africa : An overview
143. Stanley DA, Garratt MPD, Wickens JB, Wickens VJ, Potts SG, Raine NE. 2015.
Neonicotinoid pesticide exposure impairs crop pollination services provided by
bumblebees. Nature 528: 548-50
144. Steffen W, Richardson K, Rockström J, Cornell SE, Fetzer I, et al. 2015. Planetary
boundaries: Guiding human development on a changing planet. Science 347
145. Stehfest E, Bouwman L, van Vuuren DP, den Elzen MGJ, Eickhout B, Kabat P. 2009.
Climate benefits of changing diet. Climatic Change 95: 83-102
146. Stevens CJ, Dise NB, Mountford JO, Gowing DJ. 2004. Impact of Nitrogen Deposition on
the Species Richness of Grasslands. Science 303: 1876-79

41

147. Stevenson JR, Villoria N, Byerlee D, Kelley T, Maredia M. 2013. Green Revolution research
saved an estimated 18 to 27 million hectares from being brought into agricultural
production. Proceedings of the National Academy of Sciences 110: 8363-68
148. Stewart WM, Dibb DW, Johnston AE, Smyth TJ. 2005. The Contribution of Commercial
Fertilizer Nutrients to Food Production. Agronomy Journal 97: 1-6
149. Storkey J, Macdonald AJ, Poulton PR, Scott T, Köhler IH, et al. 2015. Grassland
biodiversity bounces back from long-term nitrogen addition. Nature 528: 401-04
150. Swinburn BA, Sacks G, Hall KD, McPherson K, Finegood DT, et al. 2011. The global obesity
pandemic: Shaped by global drivers and local environments. The Lancet 378: 804-14
151. Ter C. 2012. Soil Productivity and Erosion. In Soil Ecology and Ecosystem Services, pp.
301-14. Oxford: Oxford University Press
152. The World Bank. 2017. World development Indicators, http://data.worldbank.org/datacatalog/world-development-indicators. Washington D.C.: The World Bank
153. Thornton PK, Herrero M. 2015. Adapting to climate change in the mixed crop and
livestock farming systems in sub-Saharan Africa. Nature Climate Change 5: 830-36
154. Tilman D. 1999. Global environmental impacts of agricultural expansion: the need for
sustainable and efficient practices. Proc. Natl. Acad. Sci 96: 5995–6000
155. Tilman D, Balzer C, Hill J, Befort BL. 2011. Global food demand and the sustainable
intensification of agriculture. Proc Natl Acad Sci USA 108: 20260-64
156. Tilman D, Cassman KG, Matson PA, Naylor R, Polasky S. 2002. Agricultural sustainability
and intensive production practices. Nature 418: 671-77
157. Tilman D, Clark M. 2014. Global diets link environmental sustainability and human health.
Nature 515: 518-22
158. Tilman D, Fargione J, Wolff B, D'Antonio C, Dobson A, et al. 2001. Forecasting
Agriculturally Driven Global Environmental Change. Science 292: 281-84
159. Tiwari S, Daidone S, Ruvalcaba MA, Prifti E, Handa S, et al. 2016. Impact of cash transfer
programs on food security and nutrition in sub-Saharan Africa: A cross-country analysis.
Global Food Security 11: 72-83
160. Tollenaar M, Lee EA. 2002. Yield potential, yield stability and stress tolerance in maize.
Field Crops Research 75: 161-69
161. Tomlinson I. 2013. Doubling food production to feed the 9 billion: A critical perspective
on a key discourse of food security in the UK. Journal of Rural Studies 29: 81-90,
doi:10.1016/j.jrurstud.2011.09.001
162. Tsiafouli MA, Thébault E, Sgardelis SP, de Ruiter PC, van der Putten WH, et al. 2015.
Intensive agriculture reduces soil biodiversity across Europe. Global Change Biology 21:
973-85
163. Tuck SL, Winqvist C, Mota F, Ahnström J, Turnbull LA, Bengtsson J. 2014. Land-use
intensity and the effects of organic farming on biodiversity: a hierarchical meta-analysis.
Journal of Applied Ecology 51: 746-55
164. Tulchinsky TH. 2010. Micronutrient Deficiency Conditions: Global Health Issues. Public
Health Reviews 32: 243-55
165. Turner BL, Clark WC, Kates RW, Richards JF, Mathews JT, Meyer WB, eds. 1990. The Earth
as transformed by human action. New York: Cambridge Univ. Press. 713 pp.

42

166. Turner II BL, McCandless S. 2004. How Humankind Came to Rival Nature: A Brief History
of the Human-Environment Condition and the Lessons Learned. In Earth System Analysis
for Sustainability, Dahlem Workshop report no. 91, ed. WC Clark, P Crutzen, H-J
Schellnhuber, pp. 227-43. Cambridge, MA: MIT Press
167. United Nations. 2017. World Population Prospects: The 2017 Revision, Key Findings and
Advance Tables. Rep. Working Paper No. ESA/P/WP/248, Department of Economic and
Social Affairs, Population Division, New York
168. USDA. 2017. Crop Production: Historical Track Records, National Agricultural Statistics
Service, United States Department of Agriculture, Washington D.C.
169. van de Wouw M, van Hintum T, Kik C, van Treuren R, Visser B. 2010. Genetic diversity
trends in twentieth century crop cultivars: A meta analysis. Theoretical and Applied
Genetics 120: 1241-52
170. Vandermeer J, Perfecto I. 2007. The agricultural matrix and a future paradigm for
conservation. Conservation Biology 21: 274-77
171. Veresoglou SD, Barto EK, Menexes G, Rillig MC. 2013. Fertilization affects severity of
disease caused by fungal plant pathogens. Plant Pathology 62: 961-69
172. Vitousek PM, Aber JD, Howarth RW, Likens GE, Matson PA, et al. 1997. Human alteration
of the global nitrogen cycle: sources and consequences. Ecological Applications 7: 737-50
173. Waggoner PE. 1994. How much land can ten billion people spare for Nature?, Council for
Agricultural Science and Technology (CAST), Ames, Iowa
174. Waggoner PE. 1995. How much land can ten billion people spare for nature? Does
technology make a difference? Technology in Society 17: 17-34
175. West PC, Gerber JS, Engstrom PM, Mueller ND, Brauman KA, et al. 2014. Leverage points
for improving global food security and the environment. Science 345: 325-28
176. West PC, Gibbs HK, Monfreda C, Wagner J, Barford CC, et al. 2010. Trading carbon for
food: Global comparison of carbon stocks vs. crop yields on agricultural land. Proceedings
of the National Academy of Sciences
177. Williams M. 1989. Americans and Their Forests: A Historical Geography, 599 pp.,
Cambridge Univ. Press, New York.
178. Wittman H. 2011. Food Sovereignty: A New Rights Framework for Food and Nature?
Environment and Society: Advances in Research 2: 87-105
179. World Bank. 2017. World Bank Open Data. http://data.worldbank.org/. The World Bank
Development Data Group

43

Cropland

Forest/Woodland

Pasture

Savanna/Grassland/Shrubland

Other land

100

% of global land area

75

50

25

0
1700

1800

1900

Year
Figure 1. Global land cover trends from 1700 to 2007. Estimates of cropland and pasture area are based on historical reconstructions using
methods described by (27) and (2). Cropland and pasture area were overlaid on a map of global potential natural vegetation (27) to estimate
changes in the other land cover categories.
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Figure 2. Regional trends in cropland and pasture area from 1700 to 2007. Estimates of cropland and pasture area are
based on historical reconstructions using methods described by (27) and (2).
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Figure 4. Regional trends in irrigated area and fertilizer consumption from 1961 to 2014. Data were downloaded from FAOSTAT (4).
FAOSTAT reports fertilizer data for 1961−2002 separately from the more recent (2002−2014) data. Data was harmonized by calibrating the
historical data to match more recent data based on the ratio between the two in 2002. This correction was made by region and nutrient.
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Figure 5. Trends in global harvested area and yields from 1961 to 2014. Figure adapted from (160). Vertical axis shows the 2014/1961 yield
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Figure 6. Crop belts of the world (circa year 2000). We show the dominant crop or the two co-dominant crops, derived from a
geospatial database of 175 individual crops (http://www.earthstat.org).
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Figure 7. Regional changes in livestock numbers from 1961 to 2014. Data were downloaded from (34).

