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A B S T R A C T

International trade of agricultural products has greatly increased over time, but its impacts on sustainable development
are debated. It may contribute to food security in importing countries, increases the dependency between countries,
and has been implicated in displacement of environmental pollution and resource depletion. There is also discussion
about the relationships between trade and nitrogen (N) balances and N use efﬁciencies (NUE). We explored relationships between changes in the trade of food and feed and in N balances and NUE of the food supply systems through
simulation modeling and an analysis of empirical data of 115 countries (representing 91% of global population) for
the period 1961–2011. In the empirical analysis, 64 main importing countries and 14 main exporting countries,
were distinguished. Importing countries had on average a higher population density than exporting countries but
rather similar protein intake and GDP per capita. The empirical analysis indicate that main importing countries had
on average higher N fertilizer inputs to their food supply systems, and also higher N surpluses and higher NUE than
main exporting countries. The overall mean NUE of the food supply system of main importing countries decreased
with increasing import, but the relationships between import and NUE were diverse when these countries were
grouped according to population density and GDP per capita. We compared N balances and partial N balances, and
three methodologies commonly used for estimating NUE. We observed that NUE2 provides an unbiased estimate for
both importing and exporting countries. Our study contributes to the understanding of the diverse relationships between international trade, N balances and NUE of food systems.
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1. Introduction

Differences between countries in the relationships between trade and N balances and NUE were related to population density, GDP and protein intake
per capita, and N management practices.

The role of international trade of food and feed in food security, agricultural development, resource use and environmental sustainability is heavily
debated (Diaz-Bonilla, 2015; Dalin and Rodríguez-Iturbe, 2016). Trade is a
means of achieving food security by increasing the availability and stability
of nutritious food supply in regions where the production is insufﬁcient
(Carr et al., 2016; Porkka et al., 2017; Wood et al., 2018). However,
imported cheap food provides a competitive disadvantage to domestic
smallholder farmers, and slows down investments in domestic agricultural
development (FAO, 2000; McCorriston et al., 2013). International trade has
also been implicated in displacement of social and environmental impacts,
contributing to biodiversity losses (Lenzen et al., 2012), deforestation and
deforestation-related carbon dioxide emissions (Pendrill et al., 2019). For
centuries, countries have been trading food, but the international trade
has greatly increased from the 2nd half of the 20th century following the
‘Great Acceleration’ of human activities (Steffen et al., 2015), which specifically has been driven by technological progress, liberalization of trade policies and the rising inﬂuence of transnational corporations (Anderson,
2010; UNCTAD, 2009). Approximately 25% of all food and feed produced
in 2010 was traded internationally (Lassaletta et al., 2014). Most of the food
and feed is transferred from countries with low population density to countries with high population density (Erb et al., 2009) and a high gross domestic production (GDP) (Tilman et al., 2017). Concomitant with trade of food,
feed and ﬁber, there is also a massive transfer of nitrogen (N) and other nutrients from exporting to importing countries (Lassaletta et al., 2014;
Kastner et al., 2014; Oita et al., 2016), as well as of virtual water (Oki and
Kanae, 2006; Chapagain and Hoekstra, 2008; Graham et al., 2020).
The total amount of N in traded agricultural products between countries
has increased from 3 to 24 Tg N between 1961 and 2010 (Lassaletta et al.,
2014, 2016), with a very large contribution from China since the 2000s
(Huang et al., 2019). Changes in the import of soybean and maize were linearly related to the changes in livestock density and N surpluses of main
importing countries between 1961 and 2011 (Wang et al., 2018). Further,
it has been inferred that countries importing animal-source food outsource
the inefﬁciencies and emissions of animal feed production and animal production to exporting countries (Galloway et al., 2007; Uwizeye et al.,
2020). Recently, Bai et al. (2021) inferred that international trade of crop
products has increased global fertilizer N use efﬁciency (NUE) when crop
products were expressed in protein mass, but trade decreased global fertilizer NUE when crop products were expressed in calories. Contradictory impacts of trade on NUE may be related also to the lack of uniform deﬁnitions
for estimating NUE of food production systems (Quemada et al., 2020).
A better understanding of the impacts of international food and feed
trade on N balances and NUE of food systems of importing and exporting
countries is important for assessing the role of food systems and global
trade in achieving some key United Nation Sustainable Development
Goals (UN-SDGs). For enhancing the ability to consume healthy diets
from sustainable food systems, Willett et al. (2019) indicated that (food)
trade policies have to consider three factors (i) the natural resource endowment and environmental effects of food production, (ii) the conditions
that affect food security, and (iii) the causes of unhealthy diets and dietrelated health problems, including public health measures and trade
rules. This suggests the need for country-level analyses, also because there
is a huge diversity in food systems, resource endowment and environmental
conditions.
The main purpose of our study was to increase the understanding of the
impacts of global food and feed trade on N input-output balances and NUE
of food systems in importing and exporting countries. We hypothesized
that impacts of global trade on N balances and NUE at country level depend
on socio-economic and environmental conditions of countries, as these
drive food systems and N management practices. Speciﬁcally, we analyzed
changes in the trade of N in food and feed with changes in N balances and
NUE of food systems of both main importing and exporting countries for
the period 1961–2011. These relationships were explored with the help
of a simulation model and with empirical data and statistical analyses.

2. Method and materials
2.1. Simulation model
A simple model was developed to test several presumptions about the
possible impacts of population growth, animal-source protein consumption, crop and animal productivity, nutrient recycling, and nutrient management practices on food and/or feed import/export, N balances and
NUE. Changes in N input-output balances and NUE were computed for
the food production – processing – retail system (hereafter ‘food supply system’, Fig. S1) at country level. In the model, we considered only importing
and exporting countries, both with a low GDP per capita (developing countries) and a high GDP per capita (developed countries), and with low and
high population densities (PD). The GDP level was assumed to be related
to technical progress and improved N management practices.
We assumed that import and export of food and feed were the result
of an imbalance of domestic production and demand of food and feed.
Changes in domestic production were assumed to be a function of changes
in crop area (relative to population density), crop and animal productivity and N input. We used the classical Mitscherlich yield equation
(Mitscherlich, 1909) to relate N input to N yield: Y = A-(A-B)exp.(−cX),
where Y is actual N yield (kg/ha/yr), A is attainable N yield (kg/ha/yr), B
is the N yield without N fertilization (kg/ha/yr), c is a proportionality factor
(dimensionless), and X is N input via chemical and organic fertilizers (kg/
ha/yr). We assumed one uniform equation per country for all crop production, but coefﬁcients may change over time as a result of improvements
in crop varieties and crop husbandry practices, as well as changes in
the crop mix. Animal production was considered to be a function of the
feed protein conversion coefﬁcient, which may increase over time due
to improvements in animal breeds, composition of feed, and in animal husbandry practices. The demand for ‘new’ N input in crop production (synthetic N fertilizer, biological N2 ﬁxation (BNF), lightning N ﬁxation, and
import) was considered to be a function of the demand of crop N yield,
the recycling efﬁciency of manure N and sewage N, and a management factor. The management factor determined the percentage of the attainable
yield that was achieved through N input; it was assumed to be a function
of the ‘pressure to produce’ (to achieve food self-sufﬁciency) and N management practices. We assumed that improvements in N management practices
(i.e., the right amount, and the right time, method and place of manure and
fertilizer applications) were implemented only in high-GDP countries from
about 1985 onwards (notably in Europe, North America and Japan).
We explored relationships between import/export and N balances and
NUE for importing and exporting countries with low and high PD and
GDP for a period of 50 yrs. (1961 to 2011). The main assumptions in the
model and the values of the main variables and coefﬁcients used in the simulation modeling are presented in the Introductory sheet of the Microsoft
Excel spreadsheet model, which is available as a supplementary material.
2.2. Nitrogen embedded in traded commodities
Relationships between trade of food and feed and N balances and NUE
of food systems of importing and exporting countries were also examined
using empirical data. The trade data were sourced from the Food Balances
Sheet-Commodity balances in FAOSTAT database (retrieved 2018). We
assigned N contents to each product and calculated the net N import and
net N export via traded products for 115 countries during the 1961–2011
period. The N contents of 97 plant products and 33 animal products included in this study were derived from literature (Lassaletta et al., 2014;
Liu et al., 2017; see Table S1). The selected countries represented 91% of
the world population, 82% of global N fertilizer use, and 84% of global agricultural land during 2007–2011 (Table S2). Countries and period were selected on the basis of data availability and completeness.
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items of the NUE estimations and thus that import/export and NUE are
interdependent.

2.3. Nitrogen balance calculations
The N input-output balance of the food supply system (Fig. S1) was calculated at country level. This system provides food for domestic consumers
and possibly for export; the food and feed for export may include imported
products (reselling). We chose this system boundary and deﬁnition as the
fate of the imported food and feed products is not precisely known; it
may go to the animal production sector (feed and feed additives), to the
food processing sector (raw food products) and the retail (ﬁnal food products). Obvious non-food products (e.g. wood) were excluded, but products
used for bioenergy production were considered part of the food systems. Estimations of the annual N balance were made at country level for 115 countries over the period 1961–2011, as follows:

NUE1 ¼ OFood supply = IFertilizer þ IBNF þ ILightning þ IRecycle þ IImport –OExport
 
NUE2 ¼ OFood supply þ OExport = IFertilizer þ IBNF þ ILightning þ IRecycle

þ IImport



(2)
(3)



NUE3 ¼ OFood supply þ OExport –IImport = IFertilizer þ IBNF þ ILightning þ IRecycle
(4)
The estimation of NUE1, NUE2 and NUE3 were done for 115 countries
for each year of the period 1961–2011.

N balance ¼ IFertilizer þ IBNF þ ILightning þ IRecycle þ IImport –OExport –OFood supply (1)

2.5. Categorizing importing and exporting countries
where I Fertilizer is the input via synthetic fertilizers to cropland and managed
grassland, I BNF is the input via biological N2 ﬁxation, I Lightning is the
input via lightning ﬁxation, I Recycle is the input via recycled waste
from households, I Import is the input via imported crop and animal products, O Export is the output via exported crop and animal products, and
O Food supply is the output to households (i.e., food for consumption, including food waste). Inputs of N via animal manures and atmospheric deposition originating from ammonia (NH3) emissions were not accounted
for as these are considered to be internal N cycling ﬂows within the food
supply system. Deposition of N originating from NOX emissions from trafﬁc
and industries were also ignored, because of the uncertainties in the estimates for many countries and years; this neglect may have created an underestimation of total N inputs. A positive value of the N balance reﬂects
a N surplus, which is an environmental pressure indicator as it indicates
the potential N losses to air and water. Note that import and export are
items of the N balance (Eq. (1)) and thus that import/export and N balance
are interdependent.
Therefore, we made estimations of the partial N balance (pN balance,
excluding I Import and O Export from Eq. (1)) at country level for the 115 countries over the period 1961–2011. The partial N balance allows us to relate
net import to pN balance independently of each other (see below). However, the pN balance is an underestimate of the actual N balance if N import
> N export, or an overestimate of the actual N balance if N import < N
export (see Text S1).
The data needed for estimating N balances at country level were mainly
sourced from FAOSTAT database; I Fertilizer was sourced from the Inputs
Sheet of the FAOSTAT database, I BNF was sourced from the ProductionCrops-Harvested sheet, I Import, O Export, and O Food supply were sourced
from Food Balances Sheet-Commodity balances. The amounts of N recycled
(I Recycle) as composts and wastes from households were estimated countryspeciﬁc (Text S2); it was less than 5% of ‘new N input’ (via N fertilizers, BNF
and lighting). Further, I BNF and I Lightning were estimated according to Wang
et al. (2018) and Liu et al. (2017).

The net export or import and the statistical signiﬁcance of the linear relationship (slope and correlation coefﬁcient) between changes in the
amounts of traded N in food and feed and changes of the N balances of
the food supply system of countries for the period 1961–2011 were used
as basis for further categorizing importing and exporting countries. Three
categories of importing and three categories of exporting countries were
distinguished (Table S3). Main importing countries had signiﬁcantly positive relationships between net import and N balance, and main exporting
countries had signiﬁcantly positive relationships between net export and
N balance.
A similar statistical analysis was carried out for the relationships
between changes in the net N import via food and feed and changes of
the partial N balances (pN balances) of the food supply system of countries
for the period 1961–2011. Again, three categories of importing and three
categories of exporting countries were distinguished (Table S4).
Next, differences between countries in trade – N balance relationships
(and in trade -NUE relationships) were related to population density (population per ha of agriculture land) and GDP per capita. Main importing
countries were aggregated into nine groups, and main exporting countries
in four groups, based on differences in population density (PD) and GDP
per capita (Table S5, countries with missing GDP data were excluded
here). Three levels of PD were distinguished: high (> 9 capita/ha), medium
(4 < PD < 9 capita/ha), and low (< 4 capita/ha). Also three levels of GDP
were distinguished: high (> 20,000 US2015$/capita), medium (10,000 <
GDP < 20,000 US2015$/capita), and low (< 10,000 US2015$/capita).
This clustering was based on 2011 data, both for PD and GDP per capita.
Population data was collected from Population Sheet of FAOSTAT database, and GDP (expressed in 2015 US dollars) were sourced from the
Total Economy Database (2016). This analysis was not conducted for the
partial N balance, because of the relatively small differences between N balances and partial N balances.
2.6. Statistical analysis

2.4. Nitrogen use efﬁciency calculations
Descriptive statistical analysis was carried out by using R software
(R Core Team, 2013). We used linear regression models to analyze the relationships between net imported N embedded in crop and animal products
and N balances at the country level. We also calculated means (surface
area-weighted and population-weighted averages) and medians of characteristics of food and feed importing and exporting countries.
Fixed-effect models and multi-regression models were used to explore
the signiﬁcance of relationships between international trade of food and
feed and N balances of food supply system at country level, and the possible
effects of socio-economic factors (GDP, PD) on this relationship, by using
R software. The multi-regression models in this study were estimated by
the package ‘gvlma’ in R (Peña and Slate, 2006). In addition, we explored
the relative importance of each independent variable to the dependent
variable, by using the Johnson's (2000) relative weight method. Relative

Nitrogen use efﬁciency (NUE) of the food supply systems was deﬁned as
the percentage of total N inputs into the food system that ends up in food for
households and in food and feed for export. NUE was estimated in three
ways, to illustrate the effect of differences between countries in import or
export on the NUE value (see graphical abstract). NUE1 was estimated according to Erisman et al. (2018) as shown in Eq. (2). Here, export of food
and feed from the food supply system was considered as a negative input,
i.e., included in the denominator. NUE2 was estimated according to
Eq. (3); export of food and feed from the food supply system was considered
as output and included in the numerator. NUE3 was estimated according to
Ma et al. (2010) and the EU Nitrogen Expert Panel (Eunep, 2015) as shown
in Eq. (4); only the net output (output corrected for import) was considered
as output and included in the nominator. Note that import and export are
3
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weight was deﬁned as the proportional contribution of each independent
variable to the correlation coefﬁcient R2 in linear regression models.

Table 1
Mean and median characteristics of food and feed importing and exporting countries in 2007–2011.

3. Results

Characteristics

Indicator a

Categories b
Importing
countries

3.1. Relationships between trade and nitrogen balances
Changes in mean N balances of the food supply systems of the 64 main
importing countries were positively related to changes in the mean net
import of food and feed by these countries during 1961–2011 (Fig. 1a).
The relationship is curvilinear for importing countries; the surface areaweighted mean N balance increased on average by 7.1 kg/ha during the period 1961–1986 and by 2.5 kg/ha during the period 1986–2011, when the
net import increased on average by 1 kg N/ha. The relatively steep increase
in N balance during 1961–1986 was related to the steep increase in N fertilizer input and a modest increase in import of food and feed during this period. From about 1986, import of food and feed increased strongly, while
the increase in N fertilizer use leveled-off (Fig. S2). Changes in the mean
N balances of the 14 main exporting countries were also positively related
to changes in the mean net export by these countries during 1961–2011
(Fig. 1b). The surface area-weighted mean N balance of the main exporting
countries increased on average by 2.6 kg/ha when the net export of crop
and animal products increased by 1 kg N/ha. This indicates that N balances
of the food supply systems increased proportional with the N import via
food and feed in import-oriented countries, and with the net N export in
export-oriented countries during 1961–2011, when expressed in kg N per
ha of agricultural land.
Our model was able to simulate the relationships between import/export and N balances presented in Fig. 1, using changes in population density, animal source protein consumption, feed conversion efﬁciency in
animal production, crop yield potential, fertilizer use efﬁciency and manure
recycling as main parameters. Inputs of N via fertilizer and BNF were an
output of the model, just as N balances and NUE.
The 64 main importing countries (category I) contributed on average
48% to the total net import of crop and animal products during 1961–1965
and 92% during 2007–2011 (Table S6). Evidently, the contributions of
other importing countries (categories II and III) decreased over time. Main
importing countries had a relatively high mean PD, more than half of
the total global population, and a relatively high N surplus when expressed
per unit surface area, but a low N surplus per capita during 2007–2011
(Table 1). The increase over time in the net import of N in food and feed
by importing countries was positively related to PD and negatively to
GDP per capita according to statistical analysis with a ﬁxed-effect model
(Table 2). In addition, there was a signiﬁcant interaction between PD and
GDP, for both distinguished periods indicating that the inﬂuences of PD
and GDP on import of food and feed changed over time. Import was also
strongly related to animal source food consumption (Table S7).

Number of countries
Population (% of global total)
Net import (kg N/ha)
N balance (kg N/ha)
Fertilizer input (kg N/ha)
BNF (kg N/ha)
Apparent NUE1 (%)
Apparent NUE2 (%)
Apparent NUE3 (%)
Population density (capita/ha)
N balance (kg N/capita)
Protein intake (kg/capita/year)
Animal-source protein (%)
GDP (1000US$ in 2015/capita)

Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median
Mean
Median

Exporting
countries

I

II

III

IV

V

VI

64
52
18
15
84
40
52
45
28
12
37
42
40
45
23
18
5
4
16
9
30
29
38
39
12
13

10
3
11
6
56
28
50
40
20
15
45
35
52
44
36
30
4
3
14
8
28
22
44
27
16
4

15
3
9
5
63
13
53
5
46
22
53
53
59
57
47
39
4
3
16
4
29
22
45
28
37
26

14
29
−13
−12
55
37
38
20
44
36
16
20
31
46
29
42
2
1
28
29
27
32
40
52
15
17

9
2
−6
−2
27
19
30
36
26
15
45
41
58
55
52
45
2
2
11
8
27
26
38
39
12
17

3
1
−4
−2
38
30
23
12
37
19
39
41
46
46
43
44
4
4
10
7
26
25
35
28
6
3

a
Means were based on surface area-weighted averages, or on populationweighted averages.
b
Categories were based on the relationships between changes in food and feed
import/export and overall N balance of food supply systems during the period 1961
to 2011 (see Table S3). Net importing countries include category I (positive slope),
II (negative slope), and III (non-signiﬁcant slope, NS); net exporting countries include category IV (negative slope), V (positive slope) and VI (NS slope).

The 14 main exporting countries (category IV) contributed on average 85% to the total net export during 1961–1965 and 97% during
2007–2011, indicating that these 14 countries remained the main exporters
during the 50 yrs. period (Table S6). Main exporting countries had a relatively low mean PD (in total 29% of the global population), and a relatively
high N surplus per capita (Table 1). Results of the ﬁxed-effect model indicated that PD was negatively related and GDP positively related to the
changes in export during the ﬁrst half of the period (Table 2), while GDP
and an interaction between PD and GDP were signiﬁcant factors during
the second half of the period.

Fig. 1. Changes in the relationships between the net N import via food and feed and N balances of the 64 main importing countries (a) and between the net N export via food
and feed and N balances of the 14 main exporting countries (b) during the period 1961–2011. Blue data points are empirical surface area-weighted means; grey dots are
simulated results. The list of countries used in the calculations is shown in Table S3.
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Statistical analyses of the relationships between trade and the partial
N balances (pN balances) yielded comparable results as the previous analysis
(Tables S4 and S8; Fig. S3). Variables of the relationship between trade and
pN balance are not entwined and thus the results of the statistical analysis are
in theory unbiased, but the pN balance is a biased estimate of the N balance
(because import and export were excluded). The number of main importing
countries decreased somewhat (were shifted from category I to categories II
or III; Table S8), and the slope of regression coefﬁcient between net export
and pN balance decreased for exporting countries (Fig. S3), mainly because
pN balance was larger than N balance for exporting countries.

Table 2
Results of the statistical analysis with a ﬁxed-effect model; changes in the net import
(2nd and 3rd columns) of importing countries and in the net export (4th and 5th columns) of exporting countries were related to population density (PD, capita/ha) and
GDP (in 2015US$/capita) of those countries, for two periods. Net import and export
are expressed in kg N/ha.
Independent variables

PD
GDP
PD*GDP
Number of countries
R2
F-statistic
P valuec
c

Net import

Net export

1961–1986

1986–2011

1961–1984

1984–2011

21.56***
−3.14***
0.13***
64
0.75
1265
<0.001***

1.04
−1.66***
0.39***
64
0.48
383
<0.001***

−1.49***
0.51***
0.02
14
0.40
65
<0.001***

2.56
0.81***
−0.25**
14
0.17
23
<0.001***

3.2. Trade – N balance relations for countries with different PD and GDP
Both, importing and exporting countries were further categorized
according their PD and GDP (Table S5). Main importing countries with a
high PD and GDP had a large net import and a large N balance (Fig. 2a);
the N balance increased nearly proportionally (1:1) with the N import via
food and feed during 1961–2011. Conversely, main importing countries

* p < 0.01. ** p < 0.005. *** p < 0.001.

Fig. 2. Relationships between net N import and N balances for nine groups of main importing (category I) countries during 1961–2011 (all data points are surface areaweighted means). Countries were grouped by ‘per capita GDP’ and population density (PD), see Table S5. Three GDP levels were distinguished (high (>20,000 US2015$/
capita), medium (10,000 < GDP < 20,000 US2015$/capita), and low (<10,000 US2015$/capita), and three levels of population density (high (>9 capita/ha), medium
(4 < PD < 9 capita/ha), and low (<4 capita/ha). Numbers of countries (n) are indicated in the ﬁgures. Note the different scale of the x-axis and y-axis.
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NUE increased with increases in the trade of food and feed (Fig. 4). NUE2
gave the highest values for both importing and exporting countries. NUE3
gave the lowest values for importing countries and NUE1 the lowest values
for exporting countries. For importing countries, NUE2 decreased from
about 55% in the early 1960s to about 40% in the period 1985 to 2011.
For exporting countries, NUE2 decreased from about 34% in the early
1960s to about 30% in the period 1985 to 2011. Evidently, the choice
of a deﬁnition for NUE affects importing and exporting countries differently. NUE3 yielded negative values for countries with a large food and
feed import (Tables S9).
The trajectories over time of NUE2 in main importing countries were
different for countries with different PD and GDP (Fig. S7). Countries
with a high PD and high GDP had a remarkable stable NUE2 (around
40%) during 1961–2011, irrespective of food and feed import, but large
changes in fertilizer N use (Table S9). Countries with low PD and low
GDP also had a stable NUE2 but at a much higher level of around 60%.
NUE2 was relatively low (~30%) in countries with low PD and high GDP.
None of the importing countries showed a clear trend of increasing NUE2
over time (Fig. S7).
Exporting countries with low PD and high GDP had slightly decreasing
NUE2 during 1961–2011, from 30% to 20% (Fig. S8). In contrast, countries
with low PD and low GDP had increasing NUE2 during 1961–2011,
from 50% to 60%. This was associated with a low mean fertilizer N use
(Table S10). Countries with low PD and medium high GDP had stable
NUE2 of around 40%, when net export increased from 5 to 35 kg N/ha/yr.
Simulated NUE2 of food supply systems tended to be lower for
importing countries than for exporting countries during the period
1961–2011 (Fig. S9). This contrasts with the empirical data on mean
NUE2 in Fig. 4. The lower NUE2 for importing countries compared to
exporting countries in the simulation model were related to the higher

with a low PD and GDP had a low net import and a low N balance (Fig. 2i).
Here, the N balance also increased proportionally with the net N import
during 1961–2011, but increases were a factor of 10 to 40 less than for
importing countries with a high PD and GDP. This illustrates the importance of PD and GDP for explaining differences in the relationship between
import of food and feed and N balances. This is reﬂected in the changes over
time in the amounts of N in food and in the use of fertilizer N for these countries (Fig. S4).
The N balances of exporting countries increased more or less proportionally with increases of the net export, but the slope of the relationship
differed among groups of countries by a factor of 20 (Fig. 3). The largest
exporters had a low PD and medium high GDP (Fig. 3b). The net export
was relatively low and N balances relatively high for the few countries
with low GDP and medium high PD (Fig. 3c). Differences between countries
were reﬂected by the changes over time in the importance of BNF and
fertilizer N (Fig. S5).
Our model was able to simulate the diverse patterns of the relationship
between net import and N balances of importing countries (Fig. 2), and of
the relationship between net export and N balances of exporting countries
(Fig. 3) reasonably well. Two contrasting examples for importing countries
and two for exporting countries are shown in Fig. S6.
3.3. Relationships between trade and nitrogen use efﬁciency
Nitrogen use efﬁciency (NUE) of the food supply system was on average
higher in main importing countries than in main exporting countries
(Table 1; Fig. 4). NUE tended to decrease over time in both importing and
exporting countries, and this decrease was associated with increases in
the trade of food and feed, and with increases in food supply, fertilizer N
use and BNF (Figs. S4, S5). Differences between calculation methods in

Fig. 3. Relationships between net N export and N balances for four groups of main exporting (category IV) countries during 1961–2011. Countries were grouped by ‘per capita
GDP’ and population density (PD). See Table S5 for deﬁnition of groups.
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Fig. 4. Changes in the relationships between net N import via food and feed and NUE in the 64 main importing countries (Category I, left) and between net N export via food
and feed and NUE in the 14 main exporting countries (Category IV, right) during the period 1961–2011 (from light to dark colors). NUE was estimated using three different
equations (Eqs. (2), (3) and (4)). All data points are surface area-weighted means.

The NUE2 of the food supply systems of importing and exporting countries was far off from the target of 67% for cropping systems for the years
2050 according to Zhang et al. (2015), and the gap is larger for exporting
than for importing countries (Table 1; Fig. 4). It should be noted that the
NUE of food supply systems is lower than the NUE of cropping systems, because of the inefﬁciencies of N use in animal production, food processing
and retail. Zhang et al. (2015) accounted for the N input via animal manures in cropping systems, but not for the N losses in animal housings and
food processing and retail.
The difference between importing and exporting countries in mean
NUE2 (Fig. 4) agrees with the notion that importing countries transfer the
N cost of producing the imported agricultural products to exporting countries (Galloway et al., 2008; Lassaletta et al., 2016; de Ruiter et al., 2016).
However, there are no clear indications that NUE2 of the food supply system in importing countries increased with an increase in net import
(Fig. S7). Conversely, there are also no clear indications that NUE2 of
exporting countries signiﬁcantly decreased with an increase in net export
(Fig. S8). Results of the simulation study also showed no clear trends with
increasing import or export (Fig. S9). In contrast, increasing imports of animal feed were clearly reﬂected in increasing NUE values (and phosphorus
use efﬁciencies) at farm level (Quemada et al., 2020; Oenema and Oenema,
2021). We conclude that NUE2 is a useful indicator for assessing N use in
importing and exporting countries. There are many factors inﬂuencing
the relationships between trade, N balances and NUE2, which have to be
considered and understood before target values for NUE2 of sustainable
food systems can be derived.

PD, and hence much higher N input via fertilizer N and BNF needed to
produce sufﬁcient food in the former compared to the latter.
4. Discussion
4.1. Indicators of N use in food systems
There has been a shift in indicators during the last decades when
assessing N use in food systems, from N input to N recovery to N balances
and N losses to N footprints (NFP) and N use efﬁciency (NUE). This shift
in focus reﬂects the changes in understanding of the N cycle of food systems
and its impacts, as well as the involvement of an increasing number of actors (Galloway et al., 2008; Eunep, 2015). While N input is mainly important for growers and suppliers, the NFP and NUE indicators are meant to
inform consumers and policy makers, and indirectly also retail and farmers.
Each of the indicators has speciﬁc value in assessing the N management
of the food systems, and the N cost of the food consumed by households.
The indicators can provide guidance for improving the N management of
food systems and for lowering the N cost of the food when appropriate
target and/or reference values are available (Zhang et al., 2015; Willett
et al., 2019).
We chose N balances and NUE as indicators to assess how changes in the
net import and export of food and feed were related to changes in N use of
food supply systems of importing and exporting countries over time. The
food supply system of a country encompassed domestic crop production,
animal production, and food processing & retail (Fig. S1). NUE has been
identiﬁed as key indicator for achieving global N sustainability goals
(Erisman et al., 2018; Zhang et al., 2015; Ladha et al., 2020). However,
there is little harmonization as regards the method to calculate NUE
(Eunep, 2015; Quemada et al., 2020). Erisman et al. (2018) proposed
to use NUE1 (Eq. (2)), which yields relatively low estimates for main
exporting countries. Alternatively, Ma et al. (2010) and the EU Nitrogen Expert Panel (Eunep, 2015) used NUE3 (Eq. (4)), which yields relatively low
estimates for main importing countries (Fig. 4). Our estimated NUE2 values
were close to NUE1 values for main importing countries, and close to NUE3
values for main exporting countries. Further, the NUE1 and NUE2 values
were rather similar to the estimated NUE1 values for EU countries according to Erisman et al. (2018), which are mainly importing countries. We conclude that the equation for estimating NUE has a relatively large effect on
the estimate, especially when the import and/or export are relatively
large, and that NUE2 seems to be the most neutral equation (method) for
both importing and exporting countries.

4.2. Driving forces of N balance and NUE in food systems
The model simulations indicated that changes in population density,
animal-source food consumption, crop and animal productivity, N management and manure recycling were main factors determining the import or
export food and/or feed, and the relationships between trade, N balances
and NUE. Climate has a huge effect on crop productivity (Van Ittersum
and Rabbinge, 1997; Mueller et al., 2012; Zhang et al., 2021) and greatly
affects the balance of import or export of food and feed, and hence the
N balance and NUE of for example the arid countries in oil-rich southwest Asia where most food is imported. We did not include climate and
climate change explicitly as driving forces in our model, but accounted for
differences in cropland productivity between countries. Nitrogen management was a very sensitive factor; achieving 95% or 99.5% of the maximum
protein-N yield had a large effects on both N inputs, N balance and NUE.
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during the period 1961–2011. The N balances of the food supply systems of
both importing and exporting countries increased over time, concomitant
with increases in the trade of food and feed. The shape of the relationship
between changes in N balances and trade depended on PD and GDP, especially in importing countries. Main importing countries had higher N fertilizer inputs, higher N surpluses and also higher N use efﬁciency than main
exporting countries. Main importing countries with high PD and high
GDP had strongly increasing import of food and feed, increasing N surpluses, and stable NUE (about 40%). Main importing countries with high
PD and medium high GDP showed stark decreasing NUE; countries with
low PD and low GDP had stable and relatively high NUE of around 60%.
In contrast, mean NUE of exporting countries did not change much when
the average export of food and feed increased over time from 2 to 15 kg
N/ha/yr.
The three methodologies for estimating NUE yielded contrasting outcomes for importing and exporting countries. All three have been used in
earlier studies. We recommend to use NUE2, as unbiased estimator for
importing and exporting countries.
Our ﬁndings contribute to a deeper understanding of the diverse relationships between international trade, N balances and NUE of importing
and exporting countries.

International trade policies, national economic policies, food donor programs and transnational corporations are also driving forces of the international agricultural trade (Anderson, 2010; UNCTAD, 2009). These forces
were not included explicitly in the model simulation, but implicitly through
setting basic import and/or export quantities.
Population density (PD) and mean per capita GDP of both importing
and exporting countries have large inﬂuences on the shape of the relationships between net import of food and feed, N balances and NUE2. Especially PD was a signiﬁcant factor. It has been suggested that a large
population provides a large labor force and thereby may contribute to a
large variety of products (Ciccone and Hall, 1996; Carlino et al., 2007;
Rahman et al., 2020), however, it also necessitates intensive food production systems with high fertilizer N inputs, and results in relatively large N
surpluses. A high GDP per capita was associated with a high animalsource protein intake per capita and thereby also with intensive food production and relatively high N surpluses. Hence, countries with high PD
and GDP (e.g., Israel, Japan, South Korea, Netherlands) had a large import
and large N surpluses (Fig. 2a). In contrast, some Sub-Saharan countries
with low GDP had low import and low N surpluses (Fig. 2i), and a relatively
high NUE2 (Fig. S7i).
Exporting countries with high GDP and low population density, including New Zealand, United States of America, Canada, Australia, had a relatively low NUE2 (Fig. S8a), in part because these countries exported
animal-source food. It has been estimated that the total N emissions embedded in the production of the animal-source food traded internationally was
~4 Tg N/yr in 2010 (Uwizeye et al., 2020). Countries importing animal
food instead of animal feed will have relatively high NUE2, as the N emissions from all stages of production will be transferred to the exporting countries. (e.g., Galloway et al., 2007). This was likely a main reason for the
higher NUE2 in importing compared to exporting countries (Fig. 4). We
aggregated food and feed; as a result we were unable to disentangle the
impacts of food and feed on N balances and losses in food system. Such
information may be useful for policy makers, and indicates that further
studies are needed here.
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