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Abstract

International trade of agricultural products has complicated and far-reaching impacts
on land and nitrogen use efficiencies. We analyzed the productivity of cropland and
livestock and associated use of feed and fertilizer efficiency for over 240 countries,
and estimated countries’ cumulative contributions to imports and exports of 190
agricultural products for the 1961-2017 period. Crop trade has increased global land
and partial fertilizer nitrogen productivities in terms of protein production, which
equaled savings of 2270 M ha cropland and 480 Tg synthetic fertilizer nitrogen over
the analyzed period. However, crop trade decreased global cropland productivity
when productivity is expressed on an energy (per calorie) basis. Agricultural trade has
generally moved towards optimality, i.e. has increased global land and N use
efficiencies during 1961-2017, but remains at a relatively low level. Overall, mixed
impacts of trade on resource use indicate the need for re-thinking trade patterns and

improving their optimality.

Introduction
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Concerns are increasing about the need to provide enough nutritious food for a
growing global population within environmental limits [1]. International trade in food
and feed has significant contributions to local food security and has rapidly increased
during recent decades [2]. However, trade of food and feed also has complex impacts
on water use [3], biodiversity [4], air quality [5], land use [6-7] and climate change
[8-9]. Currently, many African countries rely on food imports to fill the gap between
increasing food demand and lagging domestic food production [10]. Some medium
and high income countries also require food imports; for example, the United
Kingdom imports almost 50% of its food supply and increasingly rely on vegetable
imports from climate-vulnerable countries [8-9], while China is the largest importer of

soybean to support its domestic livestock industry and vegetable oil demand [11-12].

There i1s debate about hidden resource depletion and environmental impacts associated
with food and feed trade across country borders. Groundwater depletion by products
used for export was reported to be equivalent to 11% of total global groundwater
depletion in 2011 [3]. Around 15-25% of global ammonia emissions associated with
food production originated from internationally traded food products [13-14], and the
proportion of reactive nitrogen (N) losses embedded in the trade of feed and livestock
products is high [15]. However, these studies mainly focused on the impacts of trade
on exporting countries, with little emphasis on the distributions of production
efficiencies of exporting vs. importing countries. Some studies have considered

productivity differences between exporting and importing countries, but found
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contradictory results of the impact of trade on land use efficiency [16-18]. Two studies
used multi-regional input-output data to investigate how global trade of all
commodities contributed to the externalization of some environmental impacts

[19-20].

Global land and N use efficiencies are important elements for achieving the United
Nations Sustainable Development Goals [21], but the information about the impacts
of food and feed trade on global land and N use efficiencies is still limited. There is
also little information available about the optimality of trade, specifically improving
global land and N use efficiencies, i.e., whether high efficiency countries export to
low efficiency countries, and its variability in terms of land and N use efficiencies at
the global level. Here, we aim to develop and use a systematic method to quantify the
impacts of food and feed trade on global land and N use efficiencies, and to determine
the non-monetary optimality of trade and their changes at the global level over the

time period for which FAOSTAT data is available (1961-2017) [12].

Global land and N use efficiencies were defined in terms of productivities. Four main
productivity parameters were selected to assess the impacts of trade on global land
and fertilizer N use efficiencies: (i) cropland productivity, (i) partial fertilizer N
productivity in crop production, (iii) livestock productivity, and (iv) partial feed N
productivity in livestock production (see Methods and Table 1). These parameters

have been used to develop productivity distribution curves, separately for importing
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and exporting countries, and indicators that describe essential features of these curves:
the Concentration of Production in High Efficiency countries (CPHE), a
dimensionless indicator describing the inequality in a given group of countries (high
when productivity and production are both high in very few countries); and the
Concentration Weighted Production Efficiency (CWPE), representing the CPHE

adjusted productivity for a given group of countries.

Results

A new analytical framework

Cumulative productivity distribution curve. The cumulative productivity distribution
curve for all countries in the world was developed to quantify the concentration of
agricultural production in high productivity countries. The idea of this curve is
derived from the Lorenz Curve and the Gini coefficient [22-23], which have been
widely used to quantify the degree of inequality in the distributions of income and
natural resources. We built the curve by plotting each country on the X-axis in
ascending order of commodity productivity (Fig. 1a), while the contribution of each
country to the total global production of a commodity was plotted on the Y-axis (%).
The cumulative productivity distribution curve of a commodity divides the graph into
two parts, namely: area A (dark green) lying between the Y-axis, 100% contribution
line and the cumulative productivity distribution curve; and area B (light blue) lying
between the X-axis, the maximum productivity line (Max X) and the cumulative

productivity distribution curve (Fig. 1a).
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Evaluation of trade functionality and optimality. We used two complementary
indicators for assessing the impacts of international trade on cropland and livestock
productivities and partial fertilizer N and feed N productivities, which stems from the
cumulative productivity distribution curve developed in this study: CPHE and CWPE.
CPHE is area A divided by areas A+B in Fig. 1a; CPHE may range from 0 to 1. A
relatively high value indicates concentration of production in few high-efficiency
countries (Fig. 1a). The indicator CWPE is CPHE multiplied by areas A+B (Max X in
Fig. 1a); CWPE may range from minimum to maximum productivity in few extreme

situations but different with average productivity (Fig. 1a).

Based on differences in CPHE and CWPE of net importing and net exporting
countries (Fig. 1b), we developed a scheme for trade functionality and trade
optimality. Trade was considered functional when CPHE of exporting countries
(CPHEex) > 0.50 and CPHE of importing countries (CPHE;n) < 0.50. Trade was
considered near-optimal when CWPEcx / CWPEim, = 1.0 (Fig. 2). Hence, trade of a
commodity was considered functional when more than 50% of that commodity is
exported by relatively high-efficiency countries, and more than 50% of that
commodity is imported by relatively low-productivity countries. Trade of a
commodity is considered near-optimal when exporting countries have higher CWPE
than importing countries; this reflects that goods are transferred from areas of high to

areas of low productivity. Conversely, trade was considered less optimal when
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CWPEcx < CWPEin; and trade was considered less functional when CPHE: < 0.50
and CPHEin > 0.50 (Supplementary Table 1). There are eight possible combinations
of CPHEx, CPHEim, CWPEx and CWPEjn, as presented in Fig. 2 and Supplementary
Fig. 1. These eight combinations were categorized into two groups: an ‘optimal’
group (Level I to IV) (Fig. 2a), and a ‘non-optimal’ group (Level V to VIII) (Fig. 2b).
Hence, trade optimality increases when the ratio of CWPEex/ CWPEin increases, and

trade functionality increases when the ratio of CPHE¢x/ CPHEin, increases (Fig. 2a, b).

Potential saving or wastage of resources through trade. The framework allows the
effects of trade on a potential saving or wastage of resources (i.e., cropland, livestock
unit, fertilizer N, feed N) to be estimated at global scale, that is, based on the average
productivity and total calorie or protein trade between exporting and importing
countries, relative to a status without trade. Such a comparison implicitly assumes that
sufficient cropland (and other resources, such as labor, water and nutrients) would
exist in importing countries (in the hypothetical situation without trade), and that the
fraction of imported commodities would be produced additionally at the same
productivity level as that of the existing domestic production. However, many
importing countries face great shortage of cropland (and possibly other resources),
which is a key driver for import of food and feed, such as in the case of China, Japan
and the Netherlands [24-25]. Hence, possible savings or wastage of resources may be

lower than the potential values estimated here.
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Impacts of trade on resources during 1961-2017

Global cropland productivity. The impact of international trade of food and feed on
cropland productivity was estimated from the total trade in crop products, and the
difference between the CWPEcx and CWPE;n, for these products. Mean CWPE of crop
production was 10.5 M kcal ha™ in net exporting countries and 11.2 M kcal ha™! in net
importing countries during the past 57 years (Fig. 3a). This suggests that crop
products were exported from relatively low to relatively high productivity countries in
terms of crop energy production, which implies a potential decrease of global
cropland use efficiency. The associated cumulative potential wastage of cropland due
to international trade was 870 Mha when adding up areas each year over the period

1961-2017 (Fig. 4).

The potential wastage of cropland was on average 15 M ha of harvested area per year
between 1961 and 2017. For comparison, the total area of cropland was 1500 M ha in
2017 [12], hence the potential cropland wastage was in the order of one percent of the
global cropland area. The gap between CWPEex and CWPEin has been reduced from
-3.80 M kcal hain 1960s to -0.16 M kcal ha™!in 2010s, indicating that the potential
negative effect of trading crop products on global cropland productivity has decreased
over time (Supplementary Table 2), an effect that was not fully compensated by the
stark increase in trade volumes. Overall, potential wastage of cropland decreased,
from 36 M ha harvested area each year in the 1960s to 4.9 M ha harvested area each

year in the 2000s (Fig. 5b).
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In contrast, the CWPEex was 36% larger than CWPE;n when cropland productivity
was expressed in terms of crop protein production (Fig. 3b). This indicates a potential
increase in global cropland use efficiency through trade, as traded crop products were
transferred from high productivity to low productivity countries. The cumulative
potential saving of cropland through trade was about 2270 Mha of harvested area
between 1961 and 2017 (Fig. 4). This equals to a potential saving of on average 40
Mha of harvested area per year, which is equivalent to about 2.7% of the global
cropland area in 2017. The average potential saving of cropland increased from near 0
in 1960s to 84 Mha per year in the 2010s (note there were only 7 years in 2010s),
which reflects an increasing gap between CWPEcx and CWPEin for crop protein
productivity between 1960s and 2010s (Fig. 5c, d). The average annual potential

saving of cropland in the 2010s was 5.6% of the global cropland area [12].

Global livestock productivity. International trade of livestock products was from
high-efficiency countries to low-productivity countries, since the CWPE.x was higher
than CWPE;y, in terms of both energy and protein production between 1961 and 2017
(Fig. 6a, b). As a result, trade has led to a potential saving of 170 to 80 M livestock
standard unit (LSU) during 1961-2017 when productivity was expressed in terms of
energy and protein, respectively (Fig. 4). Again, this potential saving implicitly
assumes that there are no biophysical or policy limitations in importing countries to

produce enough livestock products for domestic consumption. The potential saving of
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the total number of livestock units in 57 years, through trade of livestock products,
was equivalent to 20-50% of the average total number of livestock units in the world
in a year [12, 26]. The leading high-efficiency livestock exporting countries
(responsible for around 80% of total livestock protein export) were the Netherlands,
New Zealand and Germany. These countries had an average annual livestock
productivity of >40 kg protein LSU™!, and contributed most to the potential saving of
livestock units in the past 57 years (Fig. 6b). The potential saving has increased in the
2010s to around 17 M LSU (Fig. 5j, 1), which was equivalent to 4.2% of global LSU

in the 2010s [26].

Partial fertilizer N and feed N productivities.

Trade of crop products were sourced from countries with high partial fertilizer N
productivity and were imported by countries with relatively low partial fertilizer N
productivity, because CWPEx was 180-250% larger than CWPEin between 1961 and
2017, for partial fertilizer N productivity when expressed in calorie or protein
production (Fig. 3¢, d). As a result, trade has led to a cumulative potential saving of
360 Tg synthetic fertilizer N when expressed in crop calorie production, and of 480
Tg synthetic fertilizer N when expressed in crop protein production (Fig. 4). Global
synthetic fertilizer N consumption has rapidly increased during this period, from 11
Tg in 1961 to 109 Tg N in 2017 [12]; international trade has potentially saved 5.8 to
7.7% of the annual global synthetic fertilizer N consumption between 1961 and 2017.

Around half of the potential saving of synthetic fertilizer N occurred in the last two



199  decades (Fig. 5f, h), although the difference between CWPEcx and CWPE;, has
200 decreased between 1960s and 2010s (Fig. Se, g). The potential global synthetic
201 fertilizer N saving was 12 to 18 Tg per year between 2011 and 2017, depending on
202  calorie or protein based estimates, which was 11 to 16% of the global annual
203  consumption in 2017 [12]. However, our partial fertilizer N productivity indicator did
204  not account for N inputs via manure nor biological N fixation, which have increased
205  during the last few decades [9]. Hence, impact of trade on global N use efficiency is
206 likely to have been overestimated in this study.

207

208  Trade has had contradictory impacts on global partial feed N productivity in livestock
209  production (Fig. 6¢, d). A negative impact of trade on protein-based partial feed N
210  productivity was noted, which was related in part to the finding that some large
211 importing countries were efficient in converting feed N into animal protein. For
212 example, leading importing countries, such as Japan, South Korea and Israel, had a
213 relatively high partial feed N productivity of 1.0-2.0 kg protein (kg feed N)! (Fig. 6c,
214  d), and these countries contributed as much as 70% to the total imports. Higher partial
215  feed N productivity in Japan, South Korea and Israel may partly be due to a higher
216  proportion of poultry animals to total livestock production, and to a higher livestock
217  productivity and management [12, 15]. Exporting countries with relatively low partial
218 feed N productivity of >0.5 kg protein (kg feed N)! were responsible for as much 50%
219  of the total exports during the past 57 years (Fig. 6d). The negative gap between
220  exporting and importing countries in livestock partial feed N productivity has

10



221

222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

decreased in recent decades both in terms of livestock calorie and protein production

(Fig. 5n, p).

Ultimate fate of traded N in importing countries

There is little information available about the ultimate fate of N embedded in traded
crop and livestock products. Here, we separated traded agricultural products into
those used for human food and animal feed, to estimate the distribution of traded N
between utilization and losses to environment (Supplementary Fig. 2). Our results
indicate that much of the traded N ended up in the environment, and little was
recycled in the crop production system. Globally, around 3.7 Tg N was embedded in
the trade of human food in 2017 and this 3.7 Tg N was likely also excreted by humans,
as retention in human bodies is negligibly small. We estimated that about 40% (1.4 Tg
N) of human excreted N was converted into N, in part following sewage treatment
[13-14]. The latter occurred mainly in economically developed regions, e.g. Japan,
South Korea, America and European Union due to environmental regulations related
to sewage collection and treatment (Supplementary Fig. 3). We estimated that of all
feed N traded (10 Tg) in 2017, a total of about 2.5 Tg N was retained in milk, meat
and egg, about 3.1 Tg N was recovered as manure used to fertilize cropland and the
remaining 4.4 Tg N was lost to the environment. China was a main leakage point of
globally traded feed N, due to its large soybean import and poor manure management
[27-28]. Overall, more than 40% of total traded food and feed N (14 Tg N) was not
recycled and ended up in the environment (Supplementary Fig. 3). This lost N likely
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contributed 5 to 10% to the exceedance of the ‘safe operating space’ for
biogeochemical N flows (about 60 Tg N) [29]. These estimates indirectly indicate that
trade of animal products rather than feed may improve the global N use efficiency at
food system level, as some of the leading feed importing countries currently have
lower livestock N use efficiency and manure recycling rate than the leading livestock

exporting countries [30].

Optimality and functionality of traded products

We evaluated the international trade of crop products as non-optimal and
low-functional (Level VI) in terms of cropland calorie productivity during the period
1961 to 2017, as the ratio of CWPEcx / CWPEin was < 1.0, and the CPHEx was <
0.50 and CPHEim was < 0.50 (Fig. 7a). When expressed in terms of protein
productivity, trade of crop products was evaluated at near optimal level (Level I) (Fig.
7b). Trade optimality was relatively high but trade functionality was relatively low
from the point of view of partial fertilizer N productivity (Fig. 7a, b). Trade of
livestock products was evaluated as optimal and functional (Level II) in terms of
calorie and protein based livestock productivity (Fig. 7a, b). Trade of livestock
products was optimal and functional (Level I) when expressed in terms of
calorie-based partial feed N productivity, but it was non-optimal and low-functional

(Level VI) in terms of protein-based partial feed N productivity (Fig. 7b).

12
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Changes over time The CPHE of cropland calorie productivity has decreased from
0.50 in 1960s to 0.36 in 2010s (Supplementary Fig. 4, upper panel). This is a result of
decreasing contributions of high-efficiency exporting countries to the total export of
crop calories. However, the negative effect of trading crop products on global
cropland productivity has decreased over time due to the faster increase of
productivity in the net exporting country group compared to the net importing
countries (Supplementary Fig. 4, upper panel); the negative gap between CWPEcx and
CWPE;n diminished (Fig. 5a). Hence, trade optimality improved slowly from Level

VII in 1960s to Level VI in 2010s in terms of crop calorie productivity (Fig. 7c).

International trade of crop products has had a positive effect on global cropland
productivity over the last six decades (except in the 1960s), when cropland
productivity was expressed in terms of protein production per hectare (Fig. 5¢). There
were also steady increases in trade functionality of crop products (Fig. 7¢), which is
partly related to the massive expansion of soybean production in Brazil, United States
and Argentina for export to China and the European Union over the last 2-3 decades,
but which was partially at the cost of precious tropical forests and related biodiversity

[31-32].

Mean CWPE values of exporting and importing countries for partial fertilizer N
productivity have decreased over time (Fig. 7d), which was related to the rapidly
increasing use of synthetic N fertilizer in the past six decades, especially in emerging
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economies, such as China [12, 33]. Differences between CWPE¢x and CWPEin for
partial fertilizer N productivity were positive, and were relatively high in the 1960s
but greatly decreased thereafter (Fig. Se, g). However, there were no changes in trade
functionality level in terms of partial fertilizer N productivity; trade functionality was
at the bottom-left of quadrant III, when expressed in terms of either calorie or protein

production (Fig. 7d, f).

International trade in livestock products has contributed to an increase in global
livestock productivity, both in terms of livestock calorie and protein production,
during the last four decades (from 1980s to 2010s) (Fig. 51, k). Some countries with
high livestock productivity are main importers of crop products and main exporters of
livestock products; these countries import calorie and protein-rich feed to produce and
export milk, meat and egg (e.g., the Denmark, Germany, Netherlands and Spain).
There were no large changes in trade functionality during the last four decades, both
in terms of calorie and protein based livestock productivity (Supplementary Fig. 5).
However, trade optimality and functionality varied in the past 6 decades, and the trend
was different when the partial feed N productivity was expressed in terms of calorie

and protein productivity (Fig. Sm, o; Supplementary Fig. 5-6).

Trade optimality of different products. International trade of six selected main traded
crop products (maize, wheat, rice, barley, soybean and potato) was optimal in terms of
crop calorie and protein productivity between 1961 and 2017 (Supplementary Fig. 7).
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Trade of maize and soybean had a relatively high optimality level, which is reflected
by the larger diameter of the red circles in Supplementary Fig. 7. However, trade
functionality varied among these six crop products, with maize, soybean and barley in
quadrant I (Supplementary Fig. 7). Additional information about different crop and

livestock products can be found in Supplementary Table 3.

Discussion

Trade allows an exchange of reciprocal productivity advantages between different
regions, communities or cultures, when there are no trade restrictions or cultural
barriers. Hence, food and feed trade was expected to contribute to improved global
land and N use efficiencies. Our study identified contradictory results, however, when
comparing cropland and livestock productivities and partial fertilizer N and feed N
productivities on the basis of calorie vs. protein production. This may indicate that
protein productivity more strongly influences the establishment of trade flows than
the calorie content of the products. This may require a re-thinking of the main
functions of agricultural trade, especially as the current UN Sustainable Development

Goal on “Zero Hunger” mainly addresses the daily dietary energy supply [21].

Implications of trade for cropland productivity

The estimated average annual potential saving of cropland through international trade
of food and feed in 2010s was comparable with estimates of previous studies, when
expressed in terms of crop protein production [17-18]. However, trade of crop
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products contributed to a potential wastage of global cropland when productivity was
expressed in terms of calorie production (Fig. 5a). This was related to the import of
crop products by some leading high-efficiency importing countries, such as the
Netherlands and Japan, with an average crop calorie productivity >16 M kcal ha! (Fig.
3a); it reflects a relative scarcity of cropland. The cropland area also declined in these
countries because of competition from infrastructure and nature conservation
(Supplementary Fig. 8a-c). Conversely, export-oriented production in Brazil,
Malaysia and Indonesia was associated with cropland expansion and deforestation [32,
34] (Supplementary Fig. 8d-f). Expanding high-efficiency cropland at the expense
of natural land in some areas may contribute to saving cropland at the global level
when a large expansion of low-productive cropland in other areas can be minimized.
However, this may conflict with the concept of land sharing to protect biodiversity
and reduce greenhouse gas (GHG) emissions, i.e., expanding soybean production in
Brazil may increase global protein productivity, but at the cost of biodiversity losses

[35].

The idea of trade optimality is that production occurs in areas with the best possible
output - resource input ratio, and that products are transferred (traded) from these
high-efficiency areas to areas with lower output - resource input ratio.
High-productivity importing countries with little land could expand their domestic
crop production in high-tech and high productive greenhouses [36], which would
decrease CWPEin value and hence increase the CWPE/CWPEin ratio. Increase of

16
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the trade optimality level could also be achieved by increasing CWPEy, via transfer
of knowledge and technology. This is important for exporting countries with low
productivity, such as Kazakhstan, Russia, Zambia and Uruguay (Fig. 3), as it may
increase crop calorie productivity and subsequent export without expanding cropland
[37]. Increasing productivity in high-productivity countries faces the challenge of
reaching potential yield limits, for example wheat yields in some European countries

have reached biophysical limits [38].

The potential saving of livestock units as a result of international trade of livestock
products will likely have contributed to a reduction of several million tons of N losses
and greenhouse gas emissions into the atmosphere, as the livestock sector has likely
contributed to the emission of 7.1 billion ton COzq and 119 M ton of ammonia
annually during last decade [15, 39]. The subsequent effects of trade on the potential
saving of livestock units in terms of potential saving of feed use and cropland area
have not been assessed in this study, but may be large [40]. However, these effects are
difficult to quantify, because part of the feed consumed in a country may have been
imported from other countries, and there are large differences in feed composition and

feed conversion ratio between animal categories and between countries [11, 41-42].

Implications of trade on partial fertilizer N productivity
The positive impact of the trade of food and feed on partial fertilizer N productivity at
global level through time is in part related to the inefficient fertilizer use at the
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beginning of the study period for some of the world’s major crop exporters. It is also
related to the increasing proportion of export coming from countries with high partial
fertilizer N productivity (e.g., in Africa and South America) (e.g., in Africa and South
America) [43]. The high partial fertilizer N productivity in African countries results
from soil N mining, which is not sustainable for any country in the longer term
[43-44]. The high partial fertilizer N productivity in American countries was likely
related to the relative large N input via biological N fixation in soybean production,

which we did not account for.

Partial fertilizer N productivity may also increase through better utilization of N from
animal manure and household wastes, and an equivalent decrease in synthetic
fertilizer use [44]. We estimated that 1.4 Tg N contained in traded food was converted
into N> following treatment in sewage treatment plants, the residue of which can
potentially be recycled into agricultural production systems. Around 4.4 Tg N in
traded animal feed N was lost from animal houses and manure storages. For example,
only around 1/3 of China’s livestock manure N was effectively applied to cropland;
the remainder was either emitted to air or discharged to watercourse and landfills [45].
Technological development and investments in low-emission animal housing and
manure storages, and in low-emission manure transport and application facilities
would help to reuse a greater proportion of the N embedded in traded feed products
[46]. The total synthetic fertilizer N use in China could be reduced from around 30 Tg
in 2012 to 5.0 Tg if these technologies and advances in crop and livestock production
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were have been fully implemented. This would contribute greatly to the global

attempt to keep N use within the planetary boundaries [47].

Trade optimality level and implications

The trade optimality and functionality as defined in this study do not consider wider
ecosystem impacts. However, it is well-known that some leading exporting countries
have increased the export of crop and livestock products in part through land
expansion and deforestation [31-32]. For example, soybean export from Latin
America is associated with deforestation and biodiversity loss [31, 48]. Palm oil
export from some south-east Asian countries is associated with deforestation, peatland
degradation and biodiversity loss [34]. Similarly, some leading livestock exporting
countries, such as the Netherlands, Denmark and Germany suffer from N pollution
and biodiversity loss caused by NH3 emissions from livestock production, especially
in livestock-dense regions [49]. Hence, though trade of crop and livestock products
may be evaluated as optimal and functional in terms of land and N use efficiencies, it
may be non-optimal and low-functional when evaluated in terms of GHG emissions,
biodiversity conservation and environmental pollutions. The new analytical
framework with the cumulative productivity distribution curve developed in this study
allows such indirect impacts to be included, but it will require additional indicators for
quantitative assessments, such as land use change, GHG emissions, N losses and
biodiversity losses. Further, the trade of crop products (e.g., sugar cane, corn, soybean)
used for biofuel, and products used for pharmaceuticals and industry may also be
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evaluated using this framework.

Overall, our framework allows uniform assessments for importing and exporting
countries to be made, using multiple indicators, and may help to set priorities for
specific countries and specific products. In addition, the framework developed here is
simple, transparent and may be easily extended. It provides a functional tool and
various useful indicators for researchers and policy makers. More applications of the
cumulative production curve approach can be envisaged, including in industry and

ecology.

Methods

Cumulative productivity distribution curve

The cumulative productivity distribution curve was developed to quantify the relative
concentration of production in high-efficiency countries, and to evaluate trade
optimality and functionality. The idea of this curve originates from the Lorenz Curve,
but is applied in a different way. We plotted each country in the world on the X-axis in
ascending order of productivity (for one product or for a combination of products).
This is different from Lorenz Curve, as our aim is to quantify the relative
concentration of production of a certain product (or combination of products) in
high-efficiency countries. The contribution of each country to the total global
production of a commodity was plotted on the Y-axis (%). Then the cumulative
productivity distribution curve was estimated.
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Definition and estimation of CPHE. The relative concentration of production in
high-efficiency countries (CPHE) was defined by area A over areas A + B in Fig la,
i.e. CPHE = A / (A+B). A hypothetical value of CPHE = 1.0 indicates that the most
productive country in the world contributes 100% to the global production. A CPHE =
0.50 indicates that productivity was equally distributed over low and high productivity

countries.

The cumulative productivity distribution curves were approximated by Piecewise-

Defined  continuous and  non-negative  functions f(x) , that 1is,

fi(x),as<x<q
fo(x),a; < x<a,

f(x) =

fo(x), 2, <x<b where [a,b] =[a,a]u[a,a,]U---U[a,_,b], and the functions

fi(x),i =12,---,n, can be either a polynomial function or a Logarithmic function.
Based on the simulation curve, we calculated the area following the definite integral
method [36-37]. The interval on the X-axis between the minimum productivity and
maximum productivity was denoted as [a,b]. The area below the graph of f over
[a,b] was denoted as B. Then the area B is given exactly by the sum of the definite

integrals  of f, over the corresponding  subintervals, that is,

3 ay b
B = I £, (x)dx + j fp (X)X + - + j £ (x)dx.
a a a

n-1

It is straightforward to check that the area of A+ B is a rectangle with length

Xmax ~Xmin and width Ymex ~Ymn | where X is the productivity and Y is the
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cumulative production. Therefore, the area 4 is the difference between the area A+ B
and the area B. Areas 4 and B are sensitive for extreme low and high productivity
values; hence very low and very high productivity countries with a low contribution
(< 1.0%) to the total production or trade were excluded. These extreme values may
relate to statistical errors or to highly unique conditions. The impacts of the maximum
productivity on CPHE are illustrated in Supplementary Fig 1. We have also tested the
sensitive of potential resources saving to the selection of maximum productivity,
when set at 98.5%, 99.0% and 99.5% contribution to the total production, and show

that a 99.0% contribution presented the best value [50-51].

Definition and estimation of CWPE. The concentration weighted productivity
(CWPE) represents a CPHE corrected productivity of a given product. It was
calculated as follows:

CWPE = CPHE * Arearectangle (1
Where, CWPE is the concentration weighted production efficiency, the unit depends
on the unit of productivity in X-axis; Arearectangle represented the area of the rectangle
(areas A+B), of which the length is from 0 to maximum productivity in the X-axis and
the height is from 0 to 100% contribution line in the Y-axis (Fig. la). Hence,
Arearectangle 18 €qual to maximum productivity multiplied by 100%, and basically equal
to maximum productivity. CWPE is positively correlated to average productivity. In
few extreme situations CWPE may equal to average productivity of given products
across the world. For example, CWPE may equal to the maximum productivity when
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CPHE = 1.0, since only the highest productivity country produce all the products.

Relationship between CPHE and CWPE. CPHE and CWPE are interrelated because
they both share the same cumulative distribution curve; a high CPHE usually means a
high CWPE, and vice versa. Relationships between CPHE and CWPE vary when the
maximum productivity (or partial fertilizer or feed productivity) varies, as follows

from Supplementary Fig. 9.

Trade optimality and functionality. We applied the concepts of CPHE and CWPE to
importing and exporting countries, to estimate the functionality and optimality of the
international trade of food and feed commodities at global level (Fig. 2). The indicator
was estimated for both importing and exporting countries. International trade was
considered ‘functional’ when CPHE of exporting countries (CPHE.x) was larger than
that of importing countries (CPHE;m) and also larger than 0.50, and trade was deemed

as optimal when CWPEex / CWPEin, is larger than 1.0 (Fig. 2, Supplementary Fig. 1).

Agricultural production and trade data

We used data from the FAOSTAT statistical database to analyze crop and animal
productivity distributions and trade efficiency distributions in the world. In total, 164
crop products, 26 animal products from 6 main animal categories from >200 countries
were selected for this study (Supplementary Table 4). Cropland productivity was
expressed in terms of calorie (kcal) or kg protein production per unit of harvest area
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(ha). Livestock productivity was expressed in calorie (kcal) or kg protein production
per livestock unit (LSU). Partial fertilizer N productivity in crop production was
expressed in kcal or kg protein per kg fertilizer N input. Partial feed N productivity in
livestock animal production was expressed in kcal or kg protein per kg of feed protein

N intake (Table 1).

Productivity indicators

Global land and N use efficiencies were defined in terms of productivities. Four main
productivity parameters were selected to assess the impacts of trade on global land
and fertilizer N use efficiencies. (i) Land use efficiency was expressed in terms of
‘cropland productivity’, i.e., the summed annual calorie (or protein) harvest of all
crops in a country divided by the total harvested area of cropland in that country [52].
(i1) Partial fertilizer N productivity in crop production was defined as annual total
crop yield, in terms of energy (or protein) per kg of mineral fertilizer N applied in a
country (Table 1). Hence, only the new N input via synthetic fertilizer was considered
in the estimation of partial fertilizer N productivity, which gives an upper estimate as
it neglects the N inputs via biological N2 fixation and via recycling of manure, crop
residues and net soil organic matter mineralization. (iii) Livestock productivity was
defined as annual total livestock production, in terms of energy (or protein) per
livestock unit (LSU) in a country. (iv) Partial feed N productivity in livestock
production was defined as total livestock production, in terms of calorie (or protein)
per kg of feed N used in a country (Table 1). Hence, cropland and livestock
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productivities and partial fertilizer N and feed N productivities were evaluated both in
terms of energy (calories) and protein, because of their important but different roles in

food security, trade and environmental impacts.

Crop productivity. A weighted mean productivity of crop products per country was
used in this study.

Y.Calorie or Protein crop product i

Cropland productivity = 2)

YHarvested aredyroduct i

Where, Cropland productivity (Table 1) was the average calorie production per ha (or
average protein production per ha) of all crops within a country, expressed in kcal ha™!,
or kg protein ha'; Y Calorie or Proteinproduc i was the sum of calorie or protein
production of the harvested crop products per country per year, expressed in kcal or
kg protein; Y Harvested area proauct i Was the sum of the harvested area of the crop
species in a country in a year, expressed in ha. In addition, the productivity of single
crops was also calculated based on its harvested areas, production quantities, and

calorie and protein contents.

Livestock productivity. For livestock products, we calculated the average productivity
per livestock unit (LSU), using the total production quantities, animal numbers, and
the calorie and protein contents of animal products. The livestock number was
transferred to standard livestock units (LSU), following the coefficients used by Liu et
al., 2017 [24].
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Y.Calorie or Protein jjpestock product i

Livestock productvity = 3)

XLivestock unit product i

Where, Livestock productivity was the average calorie or protein production per
livestock unit in a country, expressed in kcal LSU™ or protein LSU™; Y Calorie or
Protein jivestock proaucr i Was the sum of the calorie or protein produced by all livestock
categories in a country, expressed in kcal or kg protein per year; Y Livestock unit
product i was the sum of animal numbers, expressed in LSU. Here, 6 livestock
categories (pigs, layer hens, broilers, beef cattle, dairy cattle, sheep and goat) were
considered; they accounted for 99% of total animal products trade in 2017
(Supplementary Table 4). The calorie and protein contents and protein/N transfer
index for each crop product and livestock product were derived from literature

[38-41].

Partial fertilizer nitrogen productivity. The average calorie or protein production per
unit of fertilizer N input was used to quantify the partial fertilizer N productivity in
crop production. The partial fertilizer N productivity only considered the inputs from
mineral N fertilizer, and not the inputs from for example biological N> fixation,
atmospheric N deposition, or recycled N from animal manures, crop residues and
composts, or the net mineralization of soil organic matter.

__ XCalorie or Protein crop product i

PFPCTOp_

(4)

Fertilizer N
Where, the PFPcryp is the partial factor productivity of applied fertilizer N, or the

average crop calorie or protein production per kg fertilizer N in a country, expressed
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in kcal (kg N)! or kg protein (kg N)'; Fertilizer N was the total fertilizer N input in
crop production, expressed in kg N. Fertilizer N inputs were derived from the Inputs
Module of FAOSTAT database (Supplementary Table 5), and were corrected for the
amount of fertilizer N used on grassland, following Lassaletta et al (2014) [39]. We
made correction for the estimated fertilizer N use in the Netherlands and New Zealand,
because of the large share of fertilizer N use for managed grass production. However,
estimated fertilizer N use in cropland is relatively uncertain for some countries. It
should be note that the partial fertilizer N productivity is an upper estimate of the
actual fertilizer N use efficiency; partial fertilizer N productivity was used here
mainly to show the applicability of our method and the relative differences between

importing and exporting countries.

Partial feed nitrogen productivity. The partial feed nitrogen productivity in livestock
production was estimated based on mass balance method as follows:

Y.Carolie or Protein jjpestock product i

)

P P i
1 Livestock —
ZNProduct i+ZN Manure excretions i

Where, the PFPriesock 1S partial factor productivity of feed N, or the average
animal-source calorie or protein produced per kg feed N in the livestock production
sector in a country, expressed in kcal kg N'! or kg protein kg N''; SN product i is the
sum of N in the livestock products for the 6 livestock categories selected, expressed in
kg N. Information about products of different livestock categories were derived from
Livestock Yield database from FAOSTAT (Supplementary Table 5); >N Manure
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excretions i was the sum of manure N excreted by 6 livestock categories, expressed in
kg N. Information about manure N excretions of different livestock categories was
derived directly from the FAOSTAT database wusing the category of

Agri-Environmental Indicators (Supplementary Table 5).

Annual import and export of agricultural products. Since some countries
import/re-export certain products, such as soybeans and bananas, we used net food
import and net export per food category from the FAOSTAT database (Supplementary
Table 5), combined with data on protein content and protein/N conversion factors, to
calculate the annual N import and export for each food category in countries, and the
share of each country/regions to the global total import and export. Hence there is no
need to quantify the import and re-export issue, or the different final use of a product,
because we are using the net trade and convert all products to calorie or protein
content. We used the recently updated (February 2020) trade data from Commodity

Balance Module of FAOSTAT (Supplementary Table 5).

Effects of trade on land and resources use

The effects of trade on global cropland productivity were estimated from the
differences in the CWPE of exporting countries and importing countries. Potential

saving of cropland through international trade was defined as:
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CroDimport i _ CroDexport i (6)

Landg,; =
saving or wastage Z Productivityimport i Productivityexport i

where Landsaving or wastage Was the potential saving or wastage of cropland through the
trade in crop products, in ha; Cropimport i and Cropexport i Was net import or export of
crop products in certain net import or export country, respectively, expressed in kcal,
or kg protein; Productivityimport i and Productivityexport i Was the national crop
productivity of certain net import or export country, respectively, expressed in kcal, or
kg protein. The evaluation of the impacts of trade of food and feed on the saving or
wastage of livestock number, fertilizer N and feed N followed the same calculation

method as presented above cropland saving or wastage.

Data availability

All data needed to evaluate the conclusions of this study are available in the paper

itself and/or the Supplementary Information file.

Code availability

The custom code and algorithm used for this study is available in the Method and

Supplementary file.
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Table 1. Indicators used to assess the impacts of trade on global resource use efficiencies. The four indicators refer to cropland productivity, livestock

productivity, partial fertilizer N productivity and partial feed N productivity - in terms of both calorie and protein production.

Indicators Unit Interpretation Equations Data source
Cropland productivity - real halvp! Equation [2] Extended data
cal halyr
calorie Y Cropland productivity, expressed as (i) crop calorie produced per ha 1
Cropland productivity - i ., peryr, and (ii) crop protein produced per ha per year Equation [2] Extended data
) kg protein ha™ yr-
protein 2
Partial fertilizer N kcal (kg fertilizer Partial fertilizer nitrogen productivity in crop production, defined in Equation [4] Extended data
productivity - calorie N) ! yr! terms of (i) crop calorie produced per kg fertilizer N applied per yr, 3
ii) crop protein produced per kg fertilizer N applied per yr. Equati 4 Extended dat
Partial fertilizer N kg protein (kg (i1) p P P ) P ] g ) Pp p y_ ) quation [4] xended data
o . . Note: N input to crop production via manure N, deposition and biological N fixation 4
productivity - protein fertilizer N)! yr! .
was not considered.
Livestock productivity - - ) o ) ) ) Equation [3] Extended data
lori kcal LSU™" yr Livestock productivity, defined in terms of livestock production, and 5
calorie
i . . 1 expressed as (i) animal-source calorie produced per livestock unit per )
Livestock productivity - kg protein LSU . . . . Equation [3] Extended data
. # yr, and (ii) animal source protein produced per livestock unit per yr.
protein yr 6
. .. . . ) .. . . Equation [5] Extended data
Partial feed N productivity- kcal (kg feed N) Partial feed nitrogen productivity of livestock production, expressed -
calorie yr! in terms of (i) animal source calorie produced per kg of feed protein
i . . N, and (i1) animal source protein per kg of feed protein N consumed )
Partial feed N productivity- kg protein (kg feed Equation [5] Extended data
_ 1o per yr.
protein N)' yr 8
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Fig 1. Productivity distribution curves. Panel (a) illustrates the concept of relative
concentration of high-productivity countries in the world (CPHE = A / (A+B)), and panel (b)
illustrates the concept of CPHE applied to exporting and importing countries separately so as
to evaluate global trade functionality and optimality (see Fig 2). Countries were plotted on the
x-axis in ascending order of productivity. Max-I is the max productivity for importing

countries; Max-E is the max productivity for exporting countries.
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Fig 2. Illustrations of the concept of trade functionality and optimality, as determined by
the CPHE and CWPE of exporting and importing countries. Trade is defined functional
when CPHE > 0.5 and CPHEi, < 0.5; it increases as the ratio of CPHE.x/ CPHEi, increases.
An optimal trade (CWPEex / CWPEim = 1.0) combined with a high trade functionality
(CPHE«/ CPHEin = 1.0) is associated with potential improved resource use efficiency at
global level (see Supplementary Table 1 for further details). The optimality level of trade
decreased in the order of [ > II > III > IV >V > VI > VII > VII. Arrow represents the direction
of increasing trade functionality in each quadrant. CPHE is the relative concentration of
production in high-productivity countries applied to importing and exporting countries
(CPHEin and CPHE; dimensionless). CWPE is the weighted production efficacy, applied to
importing and exporting countries (CWPE;,and CWPE.; the unit of CWPE depends on the

unit of X axis; see Fig 1).
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Fig 3. Cumulative productivity-trade distribution curves. Panels (a,b) refer to exporting
and importing countries for crop productivity and panels (c,d) refer to partial fertilizer
productivity (PFP) of N in terms of calorie and protein production from 1961 to 2017 (left),
and productivity and contributions of each country to total trade in 2017 (right). Colors in the
maps represent the level of productivity of exporting and importing countries; the size of the
circle of each country represents the contribution to total export or import. CWPEi, or
CWPE. are the concentration weighted average productivity (CWPE) of importing or
exporting countries, respectively. The error bars related to the selection of the max

productivity at 98.5%, 99.0% and 99.5%contributions to the total traded products.
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Fig 4. Cumulative potential saving. Positive values correspond to savings and negative
values correspond to wasting of arable land (Mha), synthetic fertilizer N (Tg), livestock
units (M head), and feed N (Tg), as a result of trade of crop land livestock products between
exporting and importing countries with productivity differences during the period 1961 to

2017.
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Fig 5. Changes per decade in the impacts of trade. Panels show impacts on crop
productivity (a, ¢) potential land saving (b, d), partial fertilizer nitrogen (N) productivity of
crop production (e, g), potential synthetic fertilizer N saving (f, h), livestock productivity (i,
k), potential livestock units saving, partial feed N productivity of livestock production (m, o),
and potential feed N saving (n, p). Ameans the differences between exporting and importing
countries. CWPE;, and CWPE., were the weighted production efficiency for importing and
exporting countries, respectively. 2010s including data of 2011-2017. The error bars related to
the selection of the max productivity at 98.5%, 99.0% and 99.5% of total traded products.
Solid filled column were energy-based results, while diagonal line filled column were

protein-based results.
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Fig 6. Cumulative productivity-trade distribution curves of exporting and importing
countries. Panels correspond to livestock energy and protein production per livestock unit (a,
b) and per feed nitrogen (N) input (c, d) from 1961 to 2017 (left panel), and productivity and
contributions of each country to total trade in 2017 (right panel). Color in the maps
represents the level of productivity or efficiency of exporting and importing countries; the
size of the circle of each country represents the contribution to total export or import.
CWPEin or CWPE,, are the concentration weighted average productivity/efficiency (CWPE)
of importing or exporting countries, respectively. The error bars related to the selection of the

max productivity at 98.5%, 99.0% and 99.5%contributions to the total traded products.
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Fig 7. Trade optimality and functionality levels. Optimality and functionality of
crop and livestock products from 1961 to 2017 in show in terms productivity using a
calorie basis (a) or an protein basis (b), and in different decades in terms of calorie
basis (c, d) and protein basis (e, f) of crop and livestock production. The size of the
circles represents the differences of the concentration weighted production efficiency (CWPE)
between exporting and importing countries, i.e., CWPE-CWPEi,. The red solid dots
represent positive trade optimality (levels I to IV; i.e., CWPEce / CWPE;n > 1.0), and blue

solid dots represent the negative trade optimality (levels V to VIII; i.e., CWPE / CWPEi, <

1.0.
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