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Abstract International trade of food and feed has
facilitated the specialization and agglomeration of
agricultural production systems in many countries.
Confined animals in specialized production systems
are increasingly supplied with soybean and maize,
imported from other countries. This has increased
animal productivity but has also contributed to
spatially decoupled crop and animal production sys-
tems. We analyzed the changes in the trade of soybean
and maize at the global level in the period 1961-2011,
and related these to the changes in livestock density
and nutrient balances in the whole food system for 11
selected countries. Export of soybean and maize
remained dominated by few countries (mainly USA,
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Argentina and Brazil) during the period 1961-2011,
while the number of importing countries increased.
Increases in the import of maize and soybean are
positively related with changes in livestock density
and N and P balances of national food systems.
Imported soybean accounted for 12-36% of the
calculated N balance at country level, and imported
maize for 0-26%. There were large differences
between importing countries; increases in the N
surplus ranged from 75 to 306 kg N/ha and in the P
surplus from 2 to 49 kg P/ha when the mean livestock
density increased 1 LU/ha. This variation is related to
differences in nutrient management regulations and to
spatial variations in livestock density within countries.
Our study contributes to the understanding of the
complex relationships between the international trade
of animal feed, livestock density and environmental
impacts associated with N and P balances.

Keywords Food system - Nutrient balances -
Specialization - Decoupled crop—animal system -
Soybean - Maize

Introduction

International trade of food and feed greatly influences
global food security and resource sustainability
(MacDonald et al. 2015). The trade of agricultural
products has increased by more than 10 times during
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the past six decades, and it is likely to continue to grow
in the near future (Schmitz et al. 2012). The increasing
human population and higher proportion of animal
protein in human diets have been major drivers of the
increased international trade of food and feed, together
with reduced transport and transaction costs for
trading, and trade liberalization agreements (Anderson
2010). Agricultural trade has become increasingly
important to food supplies and has contributed to
global economic growth and poverty reduction (An-
derson 2014). However, the rapid development of
trade of agricultural products has contributed to
deforestation and soil phosphorus (P) mining, as well
as to increased emissions of greenhouse gases and
reactive nitrogen (N) from agriculture to the environ-
ment, and social instability (Bouwman et al. 2017;
DeFries et al. 2010; Schipanski and Bennett 2012;
Lassaletta et al. 2014a; Suweis et al. 2015).

The trade of food and feed has facilitated the
specialization and agglomeration of agricultural pro-
duction systems, in particular animal production
(Naylor et al. 2005; Lassaletta et al. 2014a; Peyraud
et al. 2014; Nesme et al. 2015). The spatial discon-
nection of crop and animal production has been
facilitated also by the availability of cheap synthetic
fertilizers, which made animal manure virtually
redundant for the fertilization of soils and crops, and
by technological advances and low feed prices, which
made concentrated livestock production and feed
imports from distant areas profitably (Billen et al.
2010).

The spatial separation of crop and livestock
production and the increased trade of agricultural
products have large effects on nutrient cycling,
nutrient use efficiency and nutrient losses (Schipanski
and Bennett 2012; Lassaletta et al. 2014a; Nesme et al.
2015). The global trade of N embedded in crop
products between large world regions (e.g. North
America, Europe, China etc.) has increased from 1.6 to
12.1 Tg N/year during the last 50 years (Lassaletta
et al. 2016). Animal feed has the largest proportion in
the total amount of N traded in agricultural products,
and soybean and maize have a large share (~ 60%)
among traded animal feeds (Lassaletta et al. 2014a).
Nearly 25% of the crop protein used for feed was
transported over long distances between continents
(Billen et al. 2014). Import of feed has allowed some
countries (e.g. Japan, Netherland) to support animal
production at high livestock densities. However, the
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global trade of feed has contributed also to P surpluses
in importing countries, and to soil P depletion and/or
reliance on fertilizer P import in exporting countries
(Schipanski and Bennett 2012; Garrett et al. 2017).

Though global trade of food and feed has greatly
increased during the last decades, the number of
countries involved in food and feed trade is as yet
rather limited, and the characteristics of these coun-
tries are not well known. There are a number of
possible reasons for countries to import and/or export
food and/or feed. For example, import of animal feed
will occur when the agricultural land within a country
produces insufficient feed for the domestic herd, and/
or when imported feed is cheaper and/or of higher
quality than domestically produced feed. Animal
production in feed importing countries has to be
economically competitive relative to importing animal
products from exporting countries, and/or animal
production in feed importing countries is supported
through governmental policies (for example, to guar-
antee food safety, quality and security, or to support
the agricultural sector).

The main objective of our study was to increase the
understanding of the relationships between livestock
density, international trade of food and feed, and N and
P balances at country level, on the basis of statistical
data. In the study presented here, we hypothesized that
increasing livestock density is a main driver for feed
import. Secondly, we hypothesized that increases in
livestock density and feed import increase N and P
surpluses of food systems at country level.

First, we analysed the changes in the number of
countries in the world involved in the trade of main
crop and animal commodities from 1961 to 2011.
Second, we investigated the relationship between
changes in livestock density and changes in the import
and export of the main feed commodities (i.e. soybean
and maize) for selected countries. Third, we examined
the relationship between changes in livestock density
and N and P balances at country level. Fourth, we
analyzed the regional variation in livestock density
within the selected countries. The results provide new
insights into the relationships between livestock
density, trade of animal feed commodities, and N
and P surpluses at country level.
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Materials and methods
Database analyses

The FAOSTAT (2016) database was used for the
analysis of the relative contributions of countries to the
total import and export of main food and feed
commodities related to animal production. We
selected the main cereals (wheat, maize, rice), oil
crops (soybean, sunflower, rapeseed, oil palm; includ-
ing cakes and oil), pulses (a combination of beans,
peas and other pulses) and main animal products
(milk, bovine meat, pig meat and poultry meat). These
commodities cover roughly 62% (in fresh weight) of
the international trade of agricultural products. Com-
parisons were made for 5-year averages during the
periods 1961-2011, to identify the main changes over
time in the number of countries involved in trade. The
analyses involved 183 countries.

Based largely on Willis (2003) and Shiferaw et al.
(2011), we selected soybean and maize as indicators
for the trade of feed, as soybean and maize are the
main feed items for housed animals. The main
soybean and maize importing countries (China, Japan,
France, Germany, Indonesia, the Netherlands and
Spain) and the main soybean and maize exporting
countries (Argentina, Brazil, India and USA) were
selected for further analysis of the relationships
between changes in livestock density, trade of soybean
and maize and N and P balances, using the FAOSTAT
database. Those countries were selected on the basis of
their shares in import and export of soybean and maize
during the last 50 years (see SI).

To provide a geographically explicit description of
the changes in livestock density, we collected regional
data on livestock numbers and agricultural areas from
regional and national databases. Due to the limited
access to national data sources, we selected five
importing countries and two exporting countries here.
Regional data for France, Spain, Germany and the
Netherlands for the period 2000-2011 were obtained
from Eurostat (2016), for China for the period
19962011 from NBS (2016), for USA for 2012 from
Census of Agriculture by USDA (2016), and for Brazil
for 2006 from Census of Agriculture by IBGE (2016).
Those databases provide animal numbers (dairy cattle,
other cattle, pigs, poultry, sheep and goats) and
agriculture areas for each region/state/province within
a country.

Livestock density was expressed as livestock units
(LU) per ha of agricultural area, in which the relative
weight of a mature dairy cow is set at 1 and the other
livestock categories at 0.5 for beef cattle, 0.35 for pigs,
0.012 for laying hens, 0.018 for other poultry, and 0.1
for sheep and goats (Eurostat 2009; Lesschen et al.
2011). The feed demand for 1 LU roughly ranges
between 4000 and 7000 kg dry matter per year,
depending on milk yield, quality of the feed, and
production system.

Calculations of nutrient balances

Balances of N and P were estimated for the whole food
supply system (i.e. production, processing and retail)
at country level, as follows:

N (P) balance = Inputp.jize; + INPUtgNE
+ IHPUtLightning
+ Inputlmport crop and animal
- OutPUtFood supply

OUtPUtExport crop and animal ( 1 )

Inputs included N and P via synthetic fertilizers
(Inputgerilizer)s biological N, fixation (Inputgng),
lightning N fixation (Inputyjghiing), import of plant
and animal products from other countries (Inputy,.
port crop and animal)- Outputs included N and P in the food
supplied to consumers (Outputrood supplys 1-€. food
consumed and food wasted by consumers) and N and P
in exported plant and animal products to other
countries (OUtPUtExport crop and animal)~ InpUtS of N
and P in manure and compost, and of reduced N in
atmospheric deposition were not accounted for as
these are largely recycled nutrients within a country. A
detailed description of nutrient balance calculation is
presented in the supplementary information accom-
panying this paper.

At regional level, we estimated N and P balances of
cropping systems (and not at food systems level, due to
lack of data related to the exchange of food and feed
commodities between regions), using Eq. 2.

N (P) balance in crop production system
= InputFertilizer + InpluManure + InputBNF
+ InputDeposition + IHPUtSeed + IHPUtlrrigation
+ Inputy,geo + Inputpy progucts

- OUtputCrop production

(2)
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where Inputypunue = input via animal manure,
Inputwa.ses = input via human wastes (kitchen wastes,
excrements), Inputgy proquets = input via residues
from food processing sectors.

Estimations for China were made with the NUFER
model, and for European countries with the
MITERRA-Europe model. NUFER model is a static
mass flow model for the whole food production—
consumption chain in China and operates at the
regional level (Ma et al. 2010). MITERRA-Europe
model is an environmental assessment model for
nutrient losses and greenhouse gases emission in EU-
27 atregional and country level (Lesschen et al. 2011).
Information on calculations and data sources is
detailed in the supplementary information accompa-
nying this paper.

Statistical analyses

A descriptive statistical analysis was carried out using
R software (R Core Team 2013). We used linear
regression models to analyse the relationships between
livestock density, soybean and maize net import
(import—export) and N, P balances in the main soybean
and maize importing countries.

Results
Changes in the trade of food and feed commodities

The trade of main food and feed commodities has
increased by a factor of 5-20 during the period
1961-2011 (Fig. 1). Wheat has remained the main
trade commodity in terms of mass. Rice was the least
traded cereal while maize had the largest increase in
trade among cereals. Changes in the trade of oil crops
and animal products were much larger than that of
cereals. Soybean showed the largest increase; the trade
of soybean (156 Tg) has become almost as large as that
of wheat (167 Tg) in 2007-2011. Poultry meat showed
the largest increase among animal products; the trade
of poultry meat has surpassed that of beef products.
The number of main food and feed exporting
countries is smaller than the number of main importing
countries (Table 1). Changes in the number of coun-
tries involved in the import of food and feed products
has been also larger than the changes in the number of
countries involved in export during the period
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1961-2011. This suggests a greater specialization of
food and feed production by some countries and a
greater reliance on import of food and feed by other
countries. Specialization is especially evident among
oil palm, soybean and maize producing countries.

Approximately 72% of the soybean and 57% of the
maize produced in the world were used to feed animals
in 2007-2011 (Table S3). The percentage of maize
used for animal feeding has decreased from 71% in
1961-1965 to 57% in 2007-2011 because of the
increased use of maize for biofuel, notably in USA and
Brazil. The increased feed demand has greatly
contributed to the increased trade of soybean and
maize. The total trade of soybean increased from 8 Tg
in the early 1960s to a mean of 156 Tg in 2007-2011.
The trade of maize has increased from 20 to 110 Tg
during this period. The export of soybean and maize
remained concentrated in few countries, only 2-5
countries accounted for 90% of the total soybean
export, and 8—10 countries accounted for 90% of the
total maize export during the period 1961-2011
(Table 1). In contrast, the number of soybean and
maize importing countries have increased signifi-
cantly. A total of 14 countries accounted for 90% of
the total soybean import in 1961-1965, and 36
countries accounted for 90% of the total soybean
import in 2007-2011. Similarly, 17 countries
accounted for 90% of the total import of maize in
1961-1965, while 41 countries accounted for 90% of
the total maize import in 2007-2011.

In 2007-2011, USA, Argentina, Brazil together
accounted for 81% of the total soybean export and for
69% of the total maize export (Fig. S1). Interestingly,
India was a net importer of soybean and maize in the
1960s, but has become the fifth biggest exporter of
soybean (3.7 Tg) and sixth biggest exporter of maize
(3.1 Tg) in 2007-2011. The biggest importers of
soybean and maize in 2007-2011 were China, The
Netherlands, Japan, Germany, Spain and Indonesia.
China accounted for 31% of the total soybean import
in 2007-2011. It surpassed Japan as the main importer
of soybean and maize in Asia in 2000. Indonesia did
not import any soybean in 1960s, but has become the
third biggest importer in 2007-2011, mainly to
support the booming poultry production sector. The
Netherlands, Germany and Spain were the main
importers of both soybean and maize, while France
was the sixth biggest importer of soybean and the
fourth biggest exporter of maize in the world.
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Fig. 1 Cumulative mean total import of main crop and animal
products by the countries in the world in 1961-1965 (blue) and
in 2007-2011 (red). Countries are plotted in descending order of

Changes in livestock density of main feed
importing and exporting countries

Median livestock density in the world has increased
from 0.72 LU/ha in 1961-1965 to 0.95 LU in
20072011 (Liu et al. 2017). The increase in livestock
density in the main soybean and maize importing
countries was faster compared to most other countries.
For example, livestock density in The Netherlands
increased from a mean of 2.0 LU/ha in 1961-1965 to
4.9 LU/ha in 2007-2011 (Fig. S2). During the same
period, livestock density in Japan increased from 0.8
to 2.2 LU/ha, in China from 0.5 to 1.5 LU/ha, and in
Spain from 0.2 to 0.7 LU/ha. Total livestock density
did not change much in Germany, France and
Indonesia (Fig. S2), but the number of poultry and/or
pigs increased relative to the number of ruminant
animals (Fig. 2).

Changes in livestock density were correlated with
changes in the net import of soybean and maize
(expressed in mass per unit utilized agricultural area;
UAA), though with large variations between countries
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importance, with each dot representing a 5-year average value.
Note the difference in scale of the Y-axis. Source: FAOSTAT
(2016) and authors’ calculations. (Color figure online)

(Fig. 3a, b, Table S4). The import of soybean varied
between countries from 121 to 1814 kg/LU and the
import of maize from 15 to 600 kg/LU in 2011. The
data suggests that the import of soybean and maize
accounted for 3% to more than 60% of the total feed
demand in those selected countries (based on the
assumption that feed intake is 4 Mg/LU/year).

Changes in livestock density were relatively small
and not correlated with the export of soybean and
maize in the main soybean and maize exporting
countries, e.g. Argentina, Brazil and USA (Fig. 3c, d).
These countries have relatively large areas of utilized
agricultural land per capita (Table S5). The relative
increase in production of soybean and maize in these
countries was larger than the relative increase of
livestock production (Table S6). India is a special
case; it has a high population density and little utilized
agricultural area per capita (0.15 ha/capita), a rela-
tively high livestock density (1.3 LU/ha), an increas-
ing cattle and poultry stock (Fig. 2), and yet managed
to increase the export of soybean and maize.
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Table 1 International trade of food and feed commodities, as percentage of total production, and the number of main importing and
exporting countries, i.e., accounting jointly 90% to the total import and export, for the periods 1961-1965 and 2017-2011. Source:

FAOSTAT (2016) and authors’ calculations

Food/feed Period 1961-1965 Period 2007-2011
commodities

International trade, Number of countries International trade, Number of countries

in % of production accounting 90% to in % of production accounting 90% to

Import Export Import Export

Maize 10 17 8 13 41 10
Wheat 20 39 5 25 66 21
Rice 4 32 9 7 61 11
Soybean 28 14 2 65 36 5
Rape 17 11 9 51 20 15
Sunflower 12 13 5 44 43 16
Oil palm 74 13 14 81 37 3
Pulses 3 35 29 17 42 15
Milk 5 36 11 13 47 24
Poultry meat 3 10 5 14 42 12
Pig meat 4 10 10 13 27 13
Bovine meat 6 15 17 14 31 18

Changes in nutrient balances of main feed
importing and exporting countries

The relationships between changes in livestock den-
sity and N and P balances of the food systems of main
soybean and maize importing countries were positive
during 1961-2011 (Fig. 4, Table S7). In those import-
ing countries, the N balance increased 75-306 kg/ha
and the P balance 2—49 kg/ha, when livestock density
increased 1 LU/ha (Table S7). The differences
between countries were larger for P than for N.
Changes in N and P balances over time were smaller,
and absolute balances much lower, in the main
soybean and maize exporting countries than in the
main importing countries. Some exporting (e.g.
Argentina) and some importing countries (e.g. Indone-
sia) tended to have negative P balances.

The N and P balances of the main importing
countries were positively related to the import of
maize and soybean, but with large differences between
countries (Figs. 5a, b, 6a, b). The import of soybean
accounted for 12-36% of the N balance in importing
countries, and the import of maize for 0-26%. The
contribution of soybean and maize imports to the N
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balance was relatively large in Japan, larger than that
of The Netherlands, with a much higher livestock
density.

Changes in the export of soybean and maize were
not reflected in changes in N and P balances of the
main soybean and maize exporting countries (Figs. Sc,
d, 6¢, d). Though massive amounts of soybean and
maize were exported by these countries (Table S5), the
export of N and P was still relatively small when
expressed per unit of utilized agricultural area
(Figs. 5, 6). Hence, the impacts of soybean and maize
trade on overall N and P balances at country level were
much larger for the importing countries than exporting
countries.

Variations in livestock density and nutrient
balance within countries

Livestock density distributions within countries were
highly skewed, i.e., the mean was higher than the
median livestock density and some regions/provinces/
states had a very high livestock density (Fig. 7). There
is a tendency that the spatial differences within
countries increased with an increase in mean livestock
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density. However, this tendency may be confounded
with differences in the size of regions/provinces/states
between countries. For example, The Netherlands is
smaller than almost any region/province/state in USA,
Brazil, France, Spain, Germany and China. In USA,
livestock density ranged from 0.02 LU/ha in the
largest state Alaska to 2.6 LU/ha in one of the smallest
states Delaware, in China from 0.1 LU/ha in Tibet to
3.9 LU/ha in Shandong, and in The Netherlands from
0.5 LU/ha in the province Zeeland to nearly 10 LU/ha
in nearby Noord-Brabant. Within the 30 communities
in Noord Brabant, livestock density ranged from 0.5 to
12 LU/ha.

Changes in spatial variations of livestock density
within countries have been rather small in European
countries during the last 10 years (Fig. S3). In some
countries, there has been an ongoing concentration; for
example, livestock density in animal-rich Catalonia in
Spain increased from 2.3 LU/ha in 2000 to 2.9 LU/ha
in 2011, while the density in few other rich regions
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decreased. Two contrasting trends have been evident
in China (Fig. S4). There were increases in livestock
density in most regions, but decreases in urbanized
regions with very high livestock density (e.g. Beijing,
Shanghai, Guangdong and Shandong). In low-popu-
lated provinces (e.g. Heilongjiang, Tibet, Inner Mon-
golia, and Qinghai) livestock density was relatively
low and stable (< 0.55 LU/ha).

Variations in livestock density between regions
were related to regional variations in the N balances of
cropping system (Fig. 8). The N balance of cropping
system at regional level tended to increase on average
by 90 kg/ha in China and by 33 kg/ha in France when
mean livestock density increased 1 LU/ha. Such
relationships were more diffuse or absent in the
Netherlands, mainly because of environmental regu-
lations. On average, more than half of the amount of
animal manure produced on livestock farms in the
Netherlands, has to be transferred to other farms with
room for manure application within N and P
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application limits, and approximately 25% of the
manure produced has to be exported to other countries
(CDM 2016).

Discussion
Intercontinental trade of soybean and maize

During the past five decades, intercontinental trade of
soybean and maize has increased exponentially.
Around 70-80% of the traded soybean and maize
originated from USA, Brazil, Argentina and India. The
number of main exporting countries did not change
much during the period 1961-2011, but the number of
importing countries increased strongly (Table 1). The
selected main importing countries accounted for 56%
of the imported soybean and for 38% of the imported
maize in 1961-1965, and they accounted for 54% of
traded soybean and 31% of the traded maize in
2007-2011.

@ Springer

between import and export (import—export), net export is the
reverse. Results for the 1960s are at the bottom/left of the figure;
results for the 2000s tend to be in the upper/right of the figure.
Note the differences in Y-axis. Source: FAOSTAT (2016) and
authors’ calculations

The increased import of soybean and maize in main
importing countries is strongly related to increases in
animal production and livestock density (Fig. 3),
which is largely demand-driven (Steinfeld et al.
2006). The share of animal protein in human diets
has significantly increased in many developed and
developing countries during the last 5 decades (Kast-
ner et al. 2012). In response, median livestock density
in the world increased from 0.72 LU/ha in 1960 to 0.95
LU/ha in 2010 (Liu et al. 2017). In Spain, the share of
animal protein in human diets increased from 33 to
64%, livestock density from 0.2 to 0.6 LU/ha and
soybean import from 0 to 300 kg/ha during the last 5
decades (Lassaletta et al. 2014c). However, increases
in animal production are not always related to
increased domestic consumption of animal-sourced
food but also to increased specialization and export
orientation. For example, more than half of the animal
production in The Netherlands is exported. In addi-
tion, a significant amount of crop and animal products
are imported, processed and then exported again.
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Another driver for increased soybean and maize
import is the increase in monogastric animals relative
to ruminant animals (Fig. 2; Liu et al. 2017). Pigs and
poultry are increasingly held on landless livestock
farms where essentially all feed is imported from
elsewhere. The mean share of soybean meal in
compound feed in EU-27 was 24% in 2007, with
larger percentages for the feed of pigs (29%) and
broilers (37%) than cattle (10-14%) (Van Gelder et al.
2008; Bues et al. 2013). Modern pig and poultry farms
in China and Japan are also increasingly dependent on
the import of soybean and maize from the Americas, in
part because of the collapse of the traditional backyard
systems (Bai et al. 2014).

Political agreements have also contributed to
increased trade of food and feed. The large soybean
import in EU-27 is related in part to the (former)
Common Agricultural Policy (CAP) supporting cereal
and animal production, the Blair House Agreement
(1992) for duty free soybean import, and the Berlin
Agreement (1999) for decreasing aids to oilseeds and
to open the European market to global trade (Bertheau
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and Davison 2011). Further, breeding and improved
agronomic practices have greatly contributed to yield
increases, and as a result have made EU-27 largely
self-sufficient as regards to maize and to a lesser extent
wheat (USDA 2015). The strong increase in maize
productivity also explains why France has become a
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T T T T
Spain  Germany  China Netherlands

provinces in 2007. Lines in boxes indicate medians, black dots
indicate means, lower and upper levels of boxes the 25 and 75
percentiles, and the lower and upper bars the 5 and 95
percentiles. Open circles show extreme values. Source: National
databases and authors’ calculations

maize exporter, while pig and poultry production have
increased simultaneously. Breeding and improved
practices have also increased soybean yields in the
main soybean exporting countries (USA, Argentina
and Brazil), although increased acreages of soybean
have also contributed to the increase in total
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(N) balance of cropping system at regional level in China,
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production. The increases in production of soybean
and maize have been larger than the growth rate of
livestock production in these countries (Table S6).
India is a special case here. Despite its large human
population and cattle herd, it has recently become an
exporter of soybean and maize. Livestock rearing is an
integral part of the agricultural system in India, with
bovines and small ruminants as most dominant animal
categories. These animals are largely fed through
grazing and scavenging of grass, crop residues and by-
products (Swamy and Bhattacharya 2006; Kumar and
Singh 2008). However, the developing poultry indus-
try is largely fed on soybean and maize, and the export
of soybean and maize may be just an intermediate
event (Hellin et al. 2015; Hules and Singh 2017).

Livestock density (L U/ha)

provinces in 2005, for France to 22 regions in 2010, for Spain to
16 regions in 2010, and for Netherlands to 12 provinces in 2007.
Source: National databases and authors’ calculations

Agglomeration of livestock production
and nutrient balances

Balances of N and P are indicators for the pressure of
food systems on the environment. Balances in this
study were based on the inputs and outputs of N and P
in the food production—processing/retail system of a
country. The system encompasses the crop production
sector, the animal production sector and the food
processing and retail sectors. These system boundaries
were chosen because the trade of food and feed affects
all these sectors directly or indirectly, as well as affects
the composition of the food consumed domestically.
Output was defined as the net food output for domestic
use and the net export of food and feed, as follows
from the FAO databases. The calculation procedure of
output follows the one outlined by Ma et al.
(2010, 2012). However, output from the crop and
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animal production sectors used for industrial purposes,
including bioenergy production, was neglected due to
lack of data. The N in non-food output at country level
is likely to be < 10% and the P in non-food output is
likely to be < 20% (Ma et al. 2010; Van Dijk et al.
2016). Hence, our N and P balances are likely
overestimates, because of the neglect of non-food
output. Our N and P balances of the food production—
processing sector are also higher than those of
agricultural systems, because losses in the food
processing and retail sectors are included.

The positive relationship between livestock density
and N and P balances at national level (Fig. 4,
Table S7) and regional level (Fig. 8) suggests that N
and P in manure and in residues of the processing
industry and retail sectors were not effectively recy-
cled in the food system. Balances of N and P were also
positively related to the import of soybean and maize
in the main importing countries but not in the
exporting countries (Figs. 5, 6). In the main importing
countries, the N balance increased 75-306 kg/ha and
the P balance 2-49 kg/ha, when livestock density
increased 1 LU/ha (Fig. 4, Table S7). The mean
change in N balance per LU is rather similar to the
excretion coefficient of dairy cattle (Gerber et al.
2005; Velthof et al. 2015), which indicates indeed that
the differences in N balance are related to the N
excreted by livestock. The changes in P balance per
LU is more variable between countries than the
changes in N balances, mainly because of the differ-
ences in P fertilizer use. For example, fertilizer P input
in Japan increased from 26 kg P/ha in 1961 to 63 kg
P/ha in 2011, while in the Netherlands it decreased
from 23 kg P/ha in 1961 to 8 kg P/ha in 2011. The
latter is related to increased awareness of the fertil-
ization value of animal manure and soil phosphorus,
and to environmental regulations, which have
increased the fertilizer N and P values of animal
manures and have decreased the fertilizer N and P
inputs into agriculture (Velthof et al. 2014; Van
Grinsven et al. 2016).

International trade of food and feed has contributed
to the further specialization and agglomeration of
agricultural systems in importing as well as exporting
regions, and hence to the spatial uncoupling of
livestock production and crop production (Naylor
et al. 2005; Thornton 2010; Schipanski and Bennett
2012). Our study does not allow to identify causal
relationships and the main driving forces; likely
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international trade, specialization, agglomeration,
and intensification have interacted upon each other,
depending also on the region-specific conditions.
International trade has contributed also to a transition
in farming systems. The change from family-owned
traditional mixed systems to large-scale industry-
owned specialized landless animal production systems
has occurred quickly, notably for monogastric animals
in China (Bai et al. 2014). The specialized production
systems are able to react faster to the growing demand
for animal-source food. The production of pigs and
poultry is also increasingly concentrating in densely
populated areas and around urban centers for logistical
reasons, especially in rapidly developing countries in
southeast Asia (Gerber et al. 2005). This concentration
contributes to the uneven spatial distributions of
livestock density in many countries (Fig. 7), and to
locally very high livestock densities. These special-
ized livestock farms have to import most or all feed
from elsewhere, have insufficient land for proper
manure disposal, and as a consequence have high N
and P surpluses and losses to the environment (Bai
et al. 2014; Strokal et al. 2016).

Spatial segregation of crop and livestock produc-
tion in France has been identified as a cause of high
chemical fertilizer use nationally and of high P
surpluses in districts with livestock densities > 1.1
LU/ha (Garnier et al. 2016; Nesme et al. 2015).
Metson et al. (2016) argued that just 37% of recyclable
P from animal manure and human wastes can meet all
corn P demand in the USA. However, the recycled P
sources would need to be transported on average
302 km to meet the largest demand in and around the
center of the ‘Corn Belt’ region where nearly half of
national corn P demand is located. The high costs for
the proper collection, recovery and transport of
manure and wastes currently prevent effective recy-
cling (Metson et al. 2016). Obligatory transport of
animal manure from areas with high livestock density
to areas with low density and other countries has been
implemented in The Netherlands through governmen-
tal regulations from the 1990s, at the cost of livestock
producers. It has led to a lowering and regional
leveling of the N and especially P surpluses (Fig. 4),
and of decreased N and P losses to the environment
(Van Grinsven et al. 2016). Limits to manure and
fertilizer applications and emission mitigation mea-
sures are main reasons for the variations in the
regression coefficients of the relations between
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livestock density and N and P balances (Fig. 8).
Another reason can be that some regions are highly
specialized in intensive crop production without
animals but with high mineral fertilizer inputs
(Garnier et al. 2016). It suggests indirectly that
governmental regulations, technology and precision
farming can ‘correct’ part of the defects in nutrient
cycling when livestock production becomes landless
regionally. The possibility for ‘correction’ are larger
for P than for N, mainly because of the relatively high
N losses from animal production systems.

Though livestock production has responded to
market demands largely unregulated (Steinfeld et al.
2006; Steinfeld and Gerber 2010), governments do
regulate livestock density, especially in the European
Union through the implementation of for example the
Nitrates Directive (Velthof et al. 2014). Governmental
regulations limit livestock density also in regions with
very high livestock density in China (Fig. S4; Wei
et al. 2016). The motivation for the regulation by
governments of the intensity of livestock production
was initially mainly based on environmental pollution
concerns, but increasingly also on human health and
odour nuisances and resources use (Steinfeld and
Gerber 2010). There is a search towards sustainable
production systems of animal-source food, which have
to comply with basic principles, i.e. one health;
customized care; no nuisance and credible perfor-
mance (Scholten et al. 2013; Nijland et al. 2013).
Interestingly, livestock density and limits to livestock
density have as yet not been mentioned explicitly in
the concept of ‘careful livestock farming’, suggesting
that livestock density is not necessarily a main critical
factor for careful livestock farming (Scholten et al.
2013). Biophysical thresholds to livestock density
may follow from the need to utilize manure nutrients
effectively on the farm where they are produced; this
would set the threshold at 1-2 LU/ha for productive
systems in temperate climate, as regulations in the
European Union and especially in Denmark (Velthof
et al. 2014; Asai et al. 2014). Precision feeding,
emission mitigation measures, and manure processing
and transport may stretch this threshold, but increases
in livestock densities are met with increasing societal
resistance, especially beyond 4 LU/ha, as follows from
the debate in The Netherlands (Scholten et al. 2013)
and the expulsion of livestock farms from some urban
areas in China (Fig S4; Wei et al. 2016).

Conclusions

International trade of food and feed products has
strongly increased during the last five decades. Most of
the trade is between a few stable exporting countries
and an increasing number of importing countries. This
suggests increasing specialization, which is most
evident for soybean and maize, mainly because of
their increasing role in feeding housed livestock.

Changes in the import of soybean and maize were
linearly related to the changes in livestock density of
main importing countries between 1961 and 2011.
Differences in the linear regression coefficients sug-
gest different proportions of soybean and maize in the
ration of animal categories between countries. The
import of soybean and maize accounted for up to 60%
of the total feed demand in the selected countries.

The increased import of soybean and maize was
reflected in increased N and P surpluses in the
importing countries. Balances of N and P at country
level were also related to livestock density; in the
importing countries, the N balance increased
75-306 kg/ha and the P balance 2—49 kg/ha, when
livestock density increased 1 LU/ha. Changes in the
export of soybean and maize were not reflected in
large changes in N and P balances of the main soybean
and maize exporting countries.

Livestock density within countries is spatially
highly uneven. Regions with > 2 LU/ha face envi-
ronmental problems related to animal manure man-
agement and/or strict governmental regulations
forcing livestock farmers to export animal manures
to nearby crop farmers. Regions with > 4 LU/ha in
addition meet societal objections. The results of our
study contribute to the growing interest in closer
spatial integration of crop and animal production, and
improved manure management, also to replace syn-
thetic fertilizers by animal manures.
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