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Abstract

Solutions to meet growing food requirements in a world of limited suitable land and degrading
environment focus mainly on increasing crop yields, particularly in poorly performing regions,
and reducing animal product consumption. Increasing yields could alleviate land requirements,
but imposing higher soil nutrient withdrawals and in most cases larger fertilizer inputs. Lowering
animal product consumption favors a more efficient use of land as well as soil and fertilizer
nutrients; yet actual saving may largely depend on which crops and how much fertilizer are used
to feed livestock versus people. We show, with a global analysis, how the choice of cultivated
plant species used to feed people and livestock influences global food production as well as soil
nutrient withdrawals and fertilizer additions. The 3 to 15-fold differences in soil nutrient
withdrawals per unit of energy or protein produced that we report across major crops explain
how composition shifts over the last 20 years have reduced N, maintained P and increased K
harvest withdrawals from soils while contributing to increasing dietary energy, protein and,
particularly, vegetable fat outputs. Being highly variable across crops, global fertilization rates
do not relate to actual soil nutrient withdrawals, but to monetary values of harvested products.
Future changes in crop composition could contribute to achieve more sustainable food systems,

optimizing land and fertilizer use.

Online supplementary data available from stacks.iop.org/ERL/9/084014/mmedia

Keywords: agriculture, fertilization, soil nutrients

1. Introduction

During the last century, exponential growth in global food
consumption has been paralleled by agricultural output sup-
ported by increasing cultivated area and even more by raising
yields and resource inputs (Foley er al 2011). These trans-
formations have created unprecedented imprints on the global
cycles of nitrogen, phosphorus, carbon and water (Vitousek
et al 1997, Bennett et al 2001, Rockstrom et al 2007, Dalin
et al 2012). During the current century, expanding human
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demands and rapidly degrading environment call for novel
food-supply systems that are both sustainable and more pro-
ductive (Foley et al 2005). Limited land availability together
with growing desires to protect natural ecosystems and their
services have turned attention to yield improvements (Lobell
et al 2009, Foley et al 2011, Tilman et al 2011) and reduction
of animal product consumption (Steinfeld et al 2006, De
Vries and De Boer 2010, MacDonald etr al 2011, Bonhom-
meau et al 2013, Cassidy et al 2013), as the most sustainable
avenues to improve the global-food system. While raising
yields alleviates land demand, it increases soil nutrient with-
drawals per unit of area and, as a very likely consequence,
fertilization needs (Mueller et al 2012, Sanchez 2010);
simultaneously stressing limited fossil energy and mineral
reserves and magnifying some of the most critical global
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pollution problems of this era (Vitousek et al 2009, Tilman
et al 2001, Cordell et al 2009). Lowering our reliance on
animal food may offer a path to limit land, soil nutrient and
fertilizer needs, yet actual savings will depend on which crops
are grown and how they are fertilized when feeding livestock
versus people. In addition, nutrient savings may be more
modest than those achieved for land since partial recycling
from livestock producing systems back to agricultural plots is
taking place (Steinfeld er al 2006, De Vries and De
Boer 2010, MacDonald et al 2011, Metson et al 2012).

Besides increasing yields and plant/animal ratios in our
diet, our choice of crops may have a strong, and to our
knowledge largely overlooked, influence on the sustainability
of the global-food system (Kastner et al 2012). Particularly,
crop choices affect global demand for nutrients. In order to
explore to what extent crop choice offers the potential to
increase food outputs at a faster rate than soil nutrient with-
drawals and fertilizer use on the same available land, we
explored three aspects of major global crops. The first one
was stoichiometric and involved the variation in mineral
nutrient (e.g. N, P, K) per unit of edible dietary energy and
proteins in harvested products. Flexibility in this dimension
will offer a chance to supply more food with the same amount
of nutrient withdrawals by selecting the most efficient crops.
The second aspect was agronomic and was concerned with
the match between soil nutrient withdrawals and fertilizer
addition across major crops. A tight match would suggest that
withdrawal savings will result in fertilizer savings and that
increased production would be tied to increased fertilizer use.
On the contrary, a loose match would help identify ‘luxur-
ious’ or overfertilized crops versus ‘austere’ or tightly ferti-
lized crops that would have contrasting impacts on global
fertilizer demand and pollution. We anticipate these types of
contrasts to emerge in response to the socioeconomic context
of crops (e.g. market values) rather than from their biological
attributes. The third aspect involved crop choice flexibility
and how its current trends in combination with crop stoi-
chiometry are impacting global soil nutrient withdrawals and
dietary supply. Are recent crop choice shifts (css) amplifying
or ameliorating the raise of soil nutrient withdrawals driven
by the overall increase of global agricultural production? To
what extent are they contributing to satisfy the growing
demand of plant energy, protein and fat driven by population
growth and per-capita consumption of food and non-food
crop products?

We explored the flexibility of nutrient needs by global
crops from a top-down perspective focusing on the stoichio-
metric, agronomic, and human choice aspects introduced
above. Across the major global crops we (i) characterized the
nutritional composition of their harvested products (i.e. N, P,
K and edible energy and protein), (ii) estimated their average
global nutrient balances by calculating their mean annual
rates of nutrient withdrawals and fertilization per unit of area,
and (iii) described their 20-year temporal shifts (1990-2010)
in yield, total production and global coverage, calculating
their effects on global N, P and K withdrawals and edible
energy, protein and fat output. We show unexpectedly large
differences in the nutrient composition of crops with clear

impacts on nutrient withdrawals but weak influence on ferti-
lization rates, and highlight how recent shifts in the compo-
sition of cultivated plants have already influenced the
intensity global nutrient withdrawals with different signs
depending on the element being considered. To perform these
analyses, we compiled data on elemental and dietary com-
position of plant and animal products, and on their current
global production, fertilization rates, market values, and uses
grouping them into ten crop categories and five animal pro-
duct categories representing >95% of the overall global
agricultural outputs (see supplementary information tables 1
and 2).

2. Methods

Our study was focused on agricultural crops and the land, soil
nutrient withdrawals and fertilizer use that were involved in
their production, ignoring cultivated pastures and rangelands.
We organized agricultural products as reported by FAO
(2012) into ten crop groups. For comparisons, we included
five dominant animal groups (see supporting information
table 1). In both cases, these groups represented >95% (dry
mass basis) of all global plant and animal product outputs.
Groups were defined based on common types of harvested
organs, chemical composition, and uses. Some groups
included a single species with several sub-components (e.g.
soybean) while others pooled a large list of species (e.g. fruits
& vegetables). In the case of composite groups, we used
between one and five dominant species to obtain an average
elemental and dietary composition that was applied to the rest
of the species in the group.

From a stoichiometric perspective, we wanted to evaluate
how the nutrient withdrawals and dietary supply embedded in
the harvested materials changed across different crop and
animal product groups. We estimated mineral nutrient with-
drawals, defined as the mass of N, P, and K embedded in a
unit of mass of harvested materials including those that may
represent wastes (e.g. rice husk, poultry feathers) and dietary
nutrient supply, defined as the content of edible calories and
mass of fat, protein, and carbohydrates per unit of mass of
harvested materials. Data were obtained from the USDA
Nutrient Database for Standard Reference (USDA 2011) and
complemented with additional sources from the nutritional,
industrial, and agronomic literature (see supporting informa-
tion table 1 and 2). These additional sources of information
were particularly important to account for the fraction of
elemental nutrients that are withdrawn from the soil but
embedded in non-edible fractions and hence unreported by
the USDA database. In the case of N withdrawals by legu-
minous crop groups (soybean and pulses), ¢ only 5% of the
embedded N was derived from soils and the rest was obtained
from biological fixation as explained in more detail below.
The stoichiometric analysis was complemented with estimates
of mineral nutrient withdrawals and dietary supply rates per
unit of area across crop groups and estimates of the monetary
value of dietary energy and protein across crop and animal
product groups based on FAO reports on crop production,



Table 1. Major agricultural products, dietary characteristics, land and nutrient demands, and farm-gate values. The edible fraction includes all materials that can be consumed by humans as food
and the rest of the values refer to that edible fraction. Land and nutrient requirements to produce a unit of edible energy and protein are based on average yields and consider the effective
withdrawal of nutrients embedded in harvested products. N harvesting for soybean and pulses excludes their biological fixation. Protein costs are not applicable (NA) for sugar crops.

Item Production Dietary composition Requirements Farm value
Edible Edible Carbo
Area Yield fraction energy  Protein  Fat  hydrates For edible energy For edible protein Energy Protein
Mg dry (Dry Land N P K Land N P K
™M matter mass (Kcal (USD (USD
ha)  ha'yr™')  basisy  100g™") (% Mass) (m” Geal™) (mg Kcal™") (m” Kg prot™") (mgg™) Geal™) Kgprot™)
Wheat & 302.1 2.6 1 378 13.7 2.0 82.6 1007 62 1.12 1.18 28 172 31 33 44 1.22
other fine
grains
Maize 160.6 4.7 1 407 10.5 53 82.9 528 4.1 0.58 0.79 20 160 22 30 37 1.42
Rice 156.6 5.7 0.63 413 8.6 3.1 86.9 666 43 1.09 1.73 32 206 53 83 79 3.79
Sugar crops 284 232 0.29 389 0.0 0.0 95.0 380 23 053 585 NA NA NA NA 77 NA
Fruits & 110.0 1.5 1 354 8.2 1.6 86.3 1886 28 057 496 81 118 24 213 816 35.05
vegetables
Soybean 99.4 2.2 1 488 39.9 21.8 33.0 939 0.7 158 4.03 11 19 19 49 49 0.60
Roots & 62.7 44 1 387 6.1 0.6 90.3 583 1.9 040 322 37 119 26 205 123 7.82
tubers
Oil palm 14.9 8.5 0.41 836 5.7 91.6 0.7 342 27 040 3.39 50 393 59 496 45 6.63
Other oils 74.3 1.4 1 640 21.7 56.8 10.4 1152 6.1 106 1.51 34 179 31 45 70 2.06
Pulses 96.3 1.0 1 486 242 31.6 332 2162 04 0.80 197 43 19 16 40 82 1.65
Poultry & 0.77 572 61 34 3 20.6 428 1.31 194 40 12 816 7.67
other birds
Eggs 0.88 600 53 40 3 141 142 097 161 16 11 620 7.06
Pork 0.82 737 30 68 0 80 229 0.86 198 57 21 513 12.72
Beef, mutton 0.58 680 39 57 0 144 415 095 251 72 17 1194 20.82
& goats
Milk 1 514 27 28 40 83 138 216 160 27 42 479 9.28
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cultivated area, yields and farm gate prices for the triennium
2008-2010 (FAO 2012) (see supporting information table 2).

All calculations and values reported in this work dis-
counted moisture content (i.e. we present all data on a dry
matter basis). Our nutrient withdrawal estimates are con-
servative since they assumed that all non-harvested nutrients
held by crops were recycled to the land without representing a
net withdrawal. This criterion ignored nutrient losses such as
those that could result from stubbles being burned, consumed
by herbivores and not recycled in-situ, or captured by humans
for uses that are not reported in production statistics (e.g. fuel)
or wasted off-farm.

From an agronomic perspective, we explored to what
extent the variability in nutrient withdrawals across crops was
related to their fertilizer input rates. This analysis was based
on global figures of nutrient withdrawals introduced above
and fertilizer use discriminated by crop obtained for 2007
(last available period) from an existing report (Heffer 2009).
The analysis of fertilization versus soil withdrawals was
performed on an area basis for year 2007 using its corre-
sponding global production values as reported from FAO data
and was restricted to those crop groups for which fertilization
data was available. In the case of N, we estimated the total
harvested amount, which includes biological fixation. In order
to obtain a net N withdrawal figure for leguminous crops
(soybean and pulses), we assumed that 95% of the N
embedded in their harvested grains was obtained through
biological fixation and the rest from the soil based on total
harvested and fertilized N for these crops. The resulting 5% of
net soil N withdrawal encompasses regional variability that
ranges from a small sink to a source of N (Herridge
et al 2008). In order to explore to what extent the mismatches
between nutrient withdrawals and fertilization rates were
related to divergences in the monetary value of crops, we used
global average farm-gate prices as reported by FAO for 2007
(2012) (see supplementary table 2).

We complemented the stoichiometric and agronomic
perspectives presented above with a global figure of the
absolute amount of nutrient withdrawals and dietary supply
associated with each crop and animal product group and its
allocation to food and other uses. In this analysis, we included
an estimate of non-edible energy outputs for those crops with
important non-food uses. We calculated the chemical com-
position of the sub-products of a given crop or livestock item
whenever they were differentially allocated to food, feed,
energy, other uses, or waste in order to obtain a good
accounting of nutrient routing along these allocation path-
ways. We used FAO data (2012) on annual consumption of
crop products and sub products in the categories of food, feed,
seed, processing, other uses, and waste available for
2008-2009 and we calculated the allocation fraction for each
one of these uses. Since consumption may not match pro-
duction on a given period, we applied the consumption
fractions to the absolute production values of the triennium
2008-2010. Since FAO reports do not include bioenergy
uses, we compiled data on its annual consumption from
alternative sources (see supplementary information table 2).
The absolute amounts consumed for bioenergy production

were discounted from the ‘other uses’ category in FAO data
and included as a new category. In addition to the previous
analysis, we provide a global balance of N, P, and K in
agricultural land (see supplementary information)

Seeking an integrative perspective of the effects that crop
stoichiometric contrasts actually have on soil nutrient with-
drawals and dietary supply, we performed a decomposition
analysis of the global food system changes over the last two
decades (Kastner er al 2012). We isolated the effects of crop
cs from those driven solely by area expansion (ae) and yield
increase (yi) on global soil N, P and K withdrawals and global
edible energy, protein and fat outputs during the 1990-2010
period. We performed three alternative 20-year projections
using the average records of the 1989-1991 triennium as
‘initial” conditions and calculating ‘current’ soil nutrient
withdrawals and edible energy/protein/fat outputs for each
year from 1990 to 2010 in three different ways. The first
projection (ae only) assumed that the only aspect of the food
system that changed was the cultivated area, whereas yields
and the fraction of the cultivated area occupied by each crop
group remained constant. In this case the ‘initial’ area pro-
portion dedicated to each group of crops and their ‘initial’
yields where applied to the ‘current’ total cultivated area
recorded in each calendar year. The second projection (ae +
yi), used the ‘initial’ area proportion dedicated to each crop
group, but adjusted their yields using ‘current’ records for
each year together with ‘current’ total cultivated area values.
The last projection is the one that actually took place (ae+
yi+cs) and considered the ‘current’ records of total area,
yield and crop composition. The difference between each one
of these three projections shows the isolated effect that each
component had dictating the observed trends.

Calculations were performed using
equations:

ae only: TOTAL,, =

the following

2 yield;;;,,* proportion

* total areacyment

initial

ae + yi: TOTALg 4y = 2 yield

* total areacyprent

% .
current proportloninitial

ae + yi + cs: TOTAL 4 yi+cs = 2 yield

current

* proportion ... * total areacyrrent

where TOTAL refers to the aggregated output of calories,
proteins or fat, and withdrawal of N, P and K across the
eleven crop groups (ten groups in table 1 plus ‘others’). For
each crop group ‘yield’ represents the average yield, ‘pro-
portion’ describes the fraction of the aggregated area occupied
by all agricultural crops, represented as ‘total area’. The effect
of compositional shifts was calculated as:

TOTALc = TOTALye 4 yi 4 s — TOTALqe 4 i

With a similar rationale, we addressed what fraction of
the increase in plant energy, protein and fat outputs of global
croplands over the last two decades is responding to popu-
lation growth versus shifts in per capita consumption habits
including food, feed or others uses. In this case, we first
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projected ‘initial’ per capita food/feed/others consumption
values for the 1989-1991 triennium following the population
numbers of each ‘current’ year (from FAO, 2012). Next, we
considered not only ‘current’ population values but also
‘current’ per capita consumption levels for food, then for
food +feed, and finally for food +feed + others. The differ-
ence between all these projections allowed us to attribute
global consumption growth to pure demographic changes and
to shifts in individual consumption patterns.

3. Results and discussion

3.1. Stoichiometric contrasts

Mineral nutrients embedded in harvested products, which
offer a conservative estimate of their soil-nutrient demand,
displayed very large variations across crop types (table 1, see
also supplementary information table 2). Nutrient with-
drawals for dietary energy output ranged 0.4-6.2, 0.4-1.1 and
0.8-5.8 mg Kcal™', for N, P and K respectively. Dietary
energy from cereals including wheat, maize and rice has
approximately twice higher N and P demand than non-grain
plant products such as sugar crops, roots and tubers, and fruits
and vegetables (4.9 versus 2.3 mg N Kcal™' and 0.93 versus
0.50 mg P Kcal™!, averages from table 1). Remarkably, high P
storage in grains is mostly accounted for by phytic acid,
which cannot be digested by humans and non-ruminant
livestock (Raboy et al 2001). High phytic acid content in
grains creates the triple problem of intense withdrawal from
soils, nutritional deficits in consumers (particularly livestock,
which often receive mineral supplements), and pollution by
their excreta (Lott et al 2000, Raboy et al 2001). From
another point of view, phytic acid offers an emerging avenue
for plant and animal genetic transformations, respectively
focused on decreased concentrations and increased digestive
capacity (Raboy et al 2001, Golovan et al 2001, Veneklaas
et al 2012). Non-grain crops such as oil palm, sugar crops and
roots and tubers are the most efficient energy producers per
unit of N (only after legumes) and P; yet they are particularly
K-demanding relative to grains (>3.2 versus <1.8 mg Kcal™).
Fresh tissues, in which highly mobile K is abundant, are
harvested in  non-grain  crops  (Marschner and
Marschner 2012).

In the case of dietary protein production, soybean has,
together with pulses, the lowest P demand (table 1); yet the
opposite is true in terms of dietary energy, likely as a result of
the energetic costs of symbiotic N,-fixation (table 1). Not
only crop choices but animal choices as well affect nutrient
withdrawals. Nutrients embedded in animal products are also
quite variable, with the amount of P withdrawals per unit of
dietary protein shifting more than two-fold when eggs and
milk are compared to meats, and (table 1). Besides the inef-
ficiency that livestock production introduces on the overall
global-food system, and which is only partially overcome
through excreta recycling; meat consumption involves a high
P cost associated with the construction of animal skeletons.
Milk and eggs minimize this cost yielding higher outputs per

animal (and skeleton) (Steinfeld er al 2006), yet milk has the
highest K intensity of all animal items. Poultry protein almost
halves the P intensity of beef (table 1). The range of farm-gate
monetary values of dietary energy and protein exceeded the
range of land and nutrient requirements across agricultural
products, varying substantially not only in the case of animal
versus plant products, but within each of these groups
(table 1). Lowest monetary values per unit of dietary energy
and protein are respectively those for maize and soybean,
which are the two crops with highest allocation to livestock
feeding.

3.2. Agronomic contrasts

Across major crops, there is a poor relationship between
global average nutrient fertilization and harvesting with-
drawal rates (figure 1). This mismatch suggests that changes
in crop composition could affect global fertilization differ-
ently than predicted by their actual nutrient requirements. In
the case of N, all analyzed crops show a positive balance
between global harvesting withdrawals and fertilization
(values below the 1:1 line in figure 1(a)). Soybean represents
a special case given its biological N-fixing ability, receiving
only 5% of its N from fertilizers. P balances are less positive
or even negative for a larger fraction of crops (figure 1(b)).
This may be explained by crops relying on soil reserves in
recently cultivated land with fertile soils (e.g. drained wet-
lands of Asia or loessic plains in South America), the legacy
of overfertilization before the study period (e.g. Western
Europe), or the addition of organic fertilizers unrecorded in
our data sources (e.g. small-scale mixed grazing-farming
systems world-wide). It is important to highlight that the
previous situations coexist with the opposing effects of sub-
sidies favoring P overfertilization (e.g. China) and extra P
needs for the onset of cultivation in P-fixing soils (e.g. Bra-
zilian Cerrado) (MacDonald et al 2012). In contrast with N
and P, potassium (K) displays a tight relationship between
fertilization and withdrawals with the only exception of sugar
cane, where large fertilization deficit seems to take place
(figure 1(c)).

Across crops different fertilization inputs appear to
depend more on market values than on actual withdrawals
from soils. As gross income per hectare grows, so does fer-
tilizer surplus (figure 1(d)), suggesting that declining share of
fertilizer on the total production costs encourages higher
fertilization rates and their associated negative environmental
impact (Weinbaum et al 1992). This is remarkable in the case
of fruits and vegetables, whose contribution to the global
dietary energy intake is only 6.4%, but their use of fertilizers
is 18, 20 and 25% for N, P, and K, and their share of global
farm-gate income from plant products is 39%. Aggregate crop
nutrient balances show a surplus for N with fertilization
generally exceeding withdrawals, whereas P and K fertiliza-
tion seem to match withdrawals more closely (see supple-
mentary information table 3). While this globally averaged
picture hides large regional contrasts driven by the diversity
of human and biophysical contexts of agricultural production,
it reveals a predominant situation of high decoupling of
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Figure 1. Nutrient withdrawals versus additions for major crop species/groups. Values for nitrogen (A), phosphorus (B) and potassium (C)
are shown on an area basis (1:1 line depicts input=output). There is a significant association between withdrawals and fertilization for K
(linear regression, p <0.01), but not for N (p=0.19) and P (p=0.31). The association between nutrient balance (fertilization—withdrawals)
and farm-gate value across crops (D) is significant for N and P (p <0.01) but not for K (p =0.76). Sugar crops (circled) have a highly negative
K balance that falls below the scale of the plot (value shown at the right of the circle).

nutrient withdrawals versus additions across crop groups and
chemical elements.

3.3. Global harvest

Global nutrient withdrawals and dietary energy supply differ
substantially among agricultural products (figure 2). These
differences reflect how the biological constraints presented
above scale-up at the global level determining nutrient costs
even before any fertilization and livestock feeding ineffi-
ciencies are considered. The three major cereals represent
57% of global edible energy, accounting for proportionally
higher N (76%) and P (64%), and lower K (34%) withdrawals
(figure 2). All harvested grains account for 88% of soil P
withdrawals. Acknowledging that ~80% of their P is stored as
phytic acid (Lott et al 2000), that sole molecule involves
~104TgPyr', a global flux that has been dramatically
amplified as our granivorous civilization expanded the area,
primary productivity and allocation to seeds of its favorite
crops. Representing about half of all animal protein outputs,
meats account for 78% of the P embedded in all animal
products, 85% of which (~2.4Tg yr_l) is non-edible and
retained mainly in bones (figure 2). Together P harvested in
phytic acid and bones represent half of global fertilization (see
supplementary information table 4). In the case of K, non-

edible harvested materials such as bagasse and mill residues
are responsible for one fourth of total K withdrawals
(figure 2).

3.4. Impact of crop css

During the last 20 years, dramatic increases in global soil
nutrient withdrawals driven by increases in cultivated area
and yield have been either partially offset or enhanced by crop
composition shifts depending on the nutrient being con-
sidered (figure 3). Soil N withdrawals increased in the last 20
years (triennium 2008-2010 versus 1988-1990) from 38.6 to
53.7 Tgyr ' (+39%). Of the additional 14.1 Tgyr~' of N that
are now withdrawn from soils, approximately one third
(+4.3 Tg yr™ ") would have resulted just from the expansion of
agriculture over newly cultivated land (figure 3). Increasing
soil N withdrawals resulting from rising yields were partially
offset by composition changes (+16.1 versus —2.0 Tgyr™,
figure 3), particularly following the emergence of soybean as
a dominant global crop. Hence, crop composition shifts over
the last 20 years have saved 17% of the increments in global
soil N withdrawals that would have taken place just through
yield intensification, without diluting but actually increasing
slightly the overall protein content of the global harvest
(figure 4). In the case of soil P withdrawals, the effects of crop
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Embedded nutrients in animal products divided into edible and non-edible fractions. (C) Crop energy contributions to food, feed and other
uses. (D) Livestock edible energy from protein and non-protein components.

composition changes have been negligible. Global soil P
withdrawals grew from 8.1 to 11.6 Tgyr™' (+43%) over the
last 20 years, with ae, yield intensification, and composition
shifts respectively contributing +0.9, +2.4, and +0.06 Tg yr™'
to these increases (figure 3). In the case of K, global soil
withdrawals have been dramatically increased by crop com-
position shifts. Over the last 20 years net soil K withdrawals
climbed from 18.0 to 28.0 Tgyr~' (+55%), with ae, yield
intensification, and composition shifts respectively con-
tributing with +2.0, +5.2, and +2.4Tgyr ' (figure 3). In
contrast with the savings that crop composition shifts created
on global soil N, soil K withdrawals are now 46% higher than
what would be expected just as a result of increasing yields. A
growing harvest of soybean, oil palm and fruits and vege-
tables explains this trend.

While global soil N, P, and K withdrawals respectively
grew by 39, 43 and 55% over the last 20 years, the output of
edible energy, proteins and fats from the global crop harvest,
respectively increased by 47, 50 and 80% (figure 4). This
involves stoichiometric changes in the global food systems
with declines in its overall ratios of both energy and protein
outputs with regard to N and P withdrawals, but raising ratios
with regard to K withdrawals. While yield increases were the
dominant component of driving output gains (Kastner
et al 2012, Tilman et al 2011), crop composition shifts played
a major role raising plant fat production, mainly through the
join contributions of soybean, oil palm and other oil crops.
Increases in per capita consumption elevated the global
demand of crop products beyond what would have been
expected just from population growth. The growth of per
capita consumption over the last two decades was highest for

plant fat and was driven by increasing non-edible uses (e.g.
cosmetics and biofuels) followed by food use (figure 4).
Proteins came next with most of their consumption increase
being corresponding to livestock feeding. Finally a raising per
capita consumption of calories was explained by non-edible
uses (mainly biofuels) and secondarily by food/feed uses
(figure 4).

Potentially high N and P savings brought by crop com-
position shifts are illustrated by the replacement of wheat &
others fine grains by corn and soybean. This change has
already taken place in the case of grains used for livestock
feeding and is starting to happen for those used as human
food (see supplementary information figure 1). To replace the
calories and proteins offered by one ton of wheat and other
fine grains, only 0.76 and 0.14 tons of corn and soybean are
needed (calculated from table 1). Such replacement would
involve 44 and 31% lower N and P and 18% higher K
withdrawals and 40% less agricultural land, assuming current
mean yields remaining constant (table 1). These figures
illustrate savings under a hypothetical extreme replacement of
crop species that certainly would be limited by agroecologi-
cal, nutritional and cultural constraints. Incomplete overlap in
the suitable territory of alternative crop species imposes an
ecological limit to crop composition shifts, yet one that
evolving breeding and agronomic technologies are lowering
for many species (Frei 2000). Beyond energy or protein
supply, crop composition influences the supply of essential
amino-acids, vitamins and micronutrients, none of which
were considered in this analysis. Cultural preferences still
shape the demand of many staple crops consumed around the
world and their shift is subject to a myriad of economic and
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Figure 3. Effect of area expansion, yield increase and composition
shift on annual global nutrient withdrawals by agricultural crops.
Brown diamonds represent withdrawals due to area expansion alone,
assuming that the crop yields and composition of the triennium
1988-1990 remained constant. Green squares combine area expan-
sion and yield increases ignoring compositional shifts over this
period. Yellow triangles illustrate actual withdrawals figures and
encompass the three factors. The difference between green squares
and yellow triangles represents the contribution of compositional
shifts to nutrient withdrawals.

social forces that escape our analysis, yet they should rather
be seen as highly flexible and dynamic and not fixed in time
and space as trends over the last 20 years illustrate (see
supplementary figure 1).

3.5. Avenues for reducing nutrient demand

Focusing on the mineral and dietary nutrient content of major
crops, we showed that global crop composition shifts can
contribute to achieve significant land and nutrient savings
complementing ongoing yield increases and partially com-
pensating raising animal consumption. The increasing
demand of soil N and P brought by grain-fed livestock pro-
duction over the last two decades would have been higher if

areaincrease
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] Supply il
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Figure 4. Contribution of different components of the increase in the
supply and demand of global crop energy, protein and fat over the
last two decades. Bars represent percent change and the relative
contribution of area expansion, yield increase and composition shift
in the case of supply. The contribution of population growth to
global demand raises was estimated by projecting initial
(1988-1990) per capita consumption rates to the current
(2008-2010) population. The relative contribution of per capita
consumption shifts was calculated as the difference between the
actual demand and that estimated based solely on population growth.
This last figure was partitioned according the relative contribution of
food, feed and other uses to average per capita consumption
increases.

not supported by the most efficient energy (maize) and protein
(soybean) traditional crops. This involves both bad and good
news for the potential trophic savings that could be achieved
in the global-food system (Cassidy et al 2013). The bad news
is that the land and nutrients that we allocate to the crops that
feed our livestock will yield lower edible outputs if used for
the crops that we currently prefer to eat. The good news is that
livestock grain feeding has led to the development of extre-
mely efficient crop systems that, if allocated to direct human
consumption, could offer major land and nutrient savings.
Allocating more maize and soybean to human consumption,
however, brings additional challenges considering the high
industrial processing that accompany their current food uses
and its associated resource cost (e.g. energy for processing,
paper for packaging) and nutritional concerns (e.g. high use of
artificial preservatives and flavorings).

In addition to crop css, there may be room for improving
nutrient efficiency within crop species as well, particularly in
the case of P. Breeding during the last century has diluted
nutrient contents in wheat grains (Calderini et al 1995); and
many crops show potential for higher P-use efficiency both
through traditional breeding and genetic engineering
(Veneklaas et al 2012). In addition, nutrient withdrawals can
respond to soil fertility management, with luxury P con-
sumption by plants being a likely cause of unnecessary P
withdrawals (Sadras 2006).

While soil nutrient withdrawals are partly associated with
crop type, fertilization rates and their associated environ-
mental problems are tied to the economy of crops. In this
sense, increasing global affluence is elevating the
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consumption of ‘luxury’ crops such as fruits and vegetables,
which is the most expensive crop group in our analysis.
Amidst its importance for a healthy human diet, fruits and
vegetables are the most overfertilized component of the glo-
bal-food system. Under current fertilization rates, doubling
the production of this group would increase global N, P and K
fertilizer demands by 16, 18 and 21%, respectively. This
group should be a priority target for low-input agronomic and
regulatory strategies in the near future.

4. Conclusions

This work leads to three major conclusions: (1) the efficiency
of the global food production system should not only be
assessed as a function of the area of agricultural land that it is
demanding but also as a function of the amount of nutrients
that it is withdrawing from soil and putting back on them
through fertilization. (2) Changes in crop composition
strongly affect how much soil nutrients need to be withdrawn
per unit of food output, with particularly contrasting effects
on N and P versus K. Acknowledging these contrasts can help
to alleviate nutrient needs in the future. (3) While soil nutrient
needs shift in response to basic biological attributes of crops;
fertilizer additions are more dependent on the economic
context of crop production. Understanding the causes and
possible regulatory solutions for this decoupling represents a
key step to making a more sustainable use of fertilizers.

Although increasing yields and plant/animal ratios in our
food system are fundamental and well acknowledged avenues
to support a continuously growing demand under a limiting
availability of land and nutrients, the resource savings that
they may generate are strongly dependent on crop choices.
Over the last two decades, raising yields have been the
leading force pushing soil nutrient withdrawals, yet crop
composition shifts have substantially mitigated these with-
drawals in the case of N and aggravated them in the case of K,
creating a strong stoichiometric shift in the global-food sys-
tem. In the same period, our growing consumption of animal
products has relied on the most efficient grain crops (maize
and soybean) and grain-fed livestock species (chicken). If this
trend is reverted and the supporting soil nutrient and land
resources are reallocated to the crops that we currently prefer
to eat, crop yields will be substantially lower than those
achieved with feed grains. Finally, from the perspective of
human health, a desirable trophic descent of humanity should
rely strongly on higher fruit and vegetable consumption, what
under the current conditions will involve raising over-
fertilization and pollution problems. Dealing with these
challenges requires a broader analysis of the global-food
system that considers crop choice together with yield gains
and trophic adjustments.

Acknowledgements

EG]J received support from the JS Guggenheim Foundation.
We thank MC Puente and JL. Mercau for valuable discussions

and funding from the Inter-American Institute for Global
Change Research, US National Science Foundation and
Arizona State University (CRN II 2031 based on NSF GEO
04-52325, NSF DEB 09-17668, NSF DEB 06-18210, NSF
DEB-1235828). We thank organizers of the New Phytologist
Symposium on Stoichiometric Flexibility that motivated this
study. Detailed comments by an anonymous reviewer helped
us to improve this manuscript.

References

Bennett E M, Carpenter S R and Caraco N F 2001 Human impact on
erodable phosphorus and eutrophication: a global perspective
Bioscience 51 227-34

Bonhommeau S, Dubroca L, Le Pape O, Barde J, Kaplan D M,
Chassot E and Nieblas A E 2013 Eating up the world’s food
web and the human trophic level Proc. Natl. Acad. Sci. USA
110 20617-20

Calderini D F, Torres Leon S and Slafer G A 1995 Consequences of
wheat breeding on nitrogen and phosphorus yield, grain
nitrogen and phosphorus concentration and associated traits
Ann. Bot. 76 315-22

Cassidy E S, West P C, Gerber J C and Foley J A 2013 Redefining
agricultural yields: from tonnes to people nourished per hectare
Environ. Res. Lett. 8 034015

Cordell D, Drangert J O and White S 2009 The story of phosphorus:
global food security and food for thought Glob. Environ.
Change 19 292-305

Dalin C, Konar M, Hanasaki N, Rinaldo A and Rodriguez-Iturbe I
2012 Evolution of the global virtual water trade network Proc.
Natl. Acad. Sci. USA 109 5989-94

De Vries M and De Boer I ] M 2010 Comparing environmental
impacts for livestock products: a review of life cycle
assessments Livestock Sci. 128 1-11

FAO 2012 FAOSTAT database (online). Available: http://faostat.
fao.org (Accessed March 2012)

Foley J A et al 2011 Solutions for a cultivated planet Nature 478
33742

Foley J A, Defries R, Asner G P, Barford C, Bonan G,

Carpenter S R, Chapin F S, Coe M T, Daily G C and
Gibbs H K 2005 Global consequences of land use Science 309
5704

Frei O M 2000 Changes in yield physiology of corn as a result of
breeding in northern Europe Maydica 45 173-83

Golovan S P ez al 2001 Pigs expressing salivary phytase produce
low-phosphorus manure Nat. Biotechnol. 19 979

Heffer P 2009 Assessment of Fertilizer use by Crop at the Global
Level (Paris, France: International Fertilizer Industry
Association)

Herridge D F, Peoples M B and Boddey R M 2008 Global inputs of
biological nitrogen fixation in agricultural systems Plant Soil
311 1-18

Kastner T, Rivas M J I, Koch W and Nonhebel S 2012 Global
changes in diets and the consequences for land requirements
for food Proc. Natl. Acad. Sci. USA 109 686872

Lobell D B, Cassman K G and Field C B 2009 Crop yield gaps: their
importance, magnitudes, and causes Annu. Rev. Environ.
Resour. 34 179-204

Lott J N A, Ockenden I, Raboy V and Batten G 2000 Phytic acid and
phosphorus in crop seeds and fruits: a global estimate Seed Sci.
Res. 10 11-33

MacDonald G K, Bennett E M and Carpenter S R 2012 Embodied
phosphorus and the global connections of United States
agriculture Environ. Res. Lett. 7 044024


http://dx.doi.org/10.1641/0006-3568(2001)051[0227:HIOEPA]2.0.CO;2
http://dx.doi.org/10.1073/pnas.1305827110
http://dx.doi.org/10.1006/anbo.1995.1101
http://dx.doi.org/10.1088/1748-9326/8/3/034015
http://dx.doi.org/10.1016/j.gloenvcha.2008.10.009
http://dx.doi.org/10.1073/pnas.1203176109
http://dx.doi.org/10.1016/j.livsci.2009.11.007
http://faostat.fao.org
http://faostat.fao.org
http://dx.doi.org/10.1038/nature10452
http://dx.doi.org/10.1038/nature10452
http://dx.doi.org/10.1126/science.1111772
http://dx.doi.org/10.1126/science.1111772
http://dx.doi.org/10.1038/90788
http://dx.doi.org/10.1007/s11104-008-9668-3
http://dx.doi.org/10.1073/pnas.1117054109
http://dx.doi.org/10.1146/annurev.environ.041008.093740
http://dx.doi.org/10.1088/1748-9326/7/4/044024

Environ. Res. Lett. 9 (2014) 084014

E G Jobbagy and O E Sala

MacDonald G K, Bennett E M, Potter P A and Ramankutty N 2011
Agronomic phosphorus imbalances across the world’s
croplands Proc. Natl. Acad. Sci. USA 108 3086-91

Marschner H and Marschner P 2012 Mineral Nutrition of Higher
Plants (London: Academic)

Metson G S, Bennett E M and Elser J J 2012 The role of diet in
phosphorus demand Environ. Res. Lett. 7 044043

Mueller N D, Gerber J S, Johnston M, Ray D K, Ramankutty N and
Foley J A 2012 Closing yield gaps through nutrient and water
management Nature 490 254-7

Raboy V, Young K A, Dorsch J A and Cook A 2001 Genetics and
breeding of seed phosphorus and phytic acid J. Plant Physiol.
158 489-97

Rockstrom J, Lannerstad M and Falkenmark M 2007 Assessing the
water challenge of a new green revolution in developing
countries Proc. Natl. Acad. Sci. USA 104 6253-60

Sadras V O 2006 The N:P stoichiometry of cereal, grain legume and
oilseed crops Field Crops Res. 95 13-29

Sanchez P A 2010 Tripling crop yields in tropical Africa Nat.
Geosci. 3 299-300

Steinfeld H, Gerber P, Wassenaar T, Castel V, Rosales M and
De Haan C 2006 Livestock’s Long Shadow: Environmental
Issues and Options (Rome: FAO)

10

Tilman D, Balzer C, Hill J and Befort B L 2011 Global food demand
and the sustainable intensification of agriculture Proc. Natl.
Acad. Sci. USA 108 202604

Tilman D, Fargione J, Wolff B, D’antonio C, Dobson A, Howarth R,
Schindler D, Schlesinger W H, Simberloff D and
Swackhamer D 2001 Forecasting agriculturally driven global
environmental change Science 292 2814

USDA 2011 USDA national nutrient database for standard reference
(online). Available: http:/ndb.nal.usda.gov/ (Accessed
March 2012)

Veneklaas E J et al 2012 Opportunities for improving phosphorus-
use efficiency in crop plants New Phytologist 195 306-20

Vitousek P M et al 2009 Nutrient imbalances in agricultural
development Science 324 1519-20

Vitousek P M, Aber J D, Howarth R W, Likens G E, Matson P A,
Schindler D W, Schlesinger W H and Tilman D 1997 Human
alteration of the global nitrogen cycle: sources and
consequences Ecol. Appl. 7 737-50

Weinbaum S A, Johnson R S and Dejong T M 1992 Causes and
consequences of overfertilization in orchards HortTechnology
211221


http://dx.doi.org/10.1073/pnas.1010808108
http://dx.doi.org/10.1088/1748-9326/7/4/044043
http://dx.doi.org/10.1038/nature11420
http://dx.doi.org/10.1078/0176-1617-00361
http://dx.doi.org/10.1073/pnas.0605739104
http://dx.doi.org/10.1016/j.fcr.2005.01.020
http://dx.doi.org/10.1038/ngeo853
http://dx.doi.org/10.1073/pnas.1116437108
http://dx.doi.org/10.1126/science.1057544
http://ndb.nal.usda.gov/
http://dx.doi.org/10.1111/j.1469-8137.2012.04190.x
http://dx.doi.org/10.1126/science.1170261
http://dx.doi.org/10.1890/1051-0761(1997)007[0737:HAOTGN]2.0.CO;2

	1. Introduction
	2. Methods
	3. Results and discussion
	3.1. Stoichiometric contrasts
	3.2. Agronomic contrasts
	3.3. Global harvest
	3.4. Impact of crop css
	3.5. Avenues for reducing nutrient demand

	4. Conclusions
	Acknowledgements
	References



