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Abstract 7 

International trade of agricultural products has complicated and far-reaching impacts 8 

on land and nitrogen use efficiencies. We analyzed the productivity of cropland and 9 

livestock and associated use of feed and fertilizer efficiency for over 240 countries, 10 

and estimated countries’ cumulative contributions to imports and exports of 190 11 

agricultural products for the 1961-2017 period. Crop trade has increased global land 12 

and partial fertilizer nitrogen productivities in terms of protein production, which 13 

equaled savings of 2270 M ha cropland and 480 Tg synthetic fertilizer nitrogen over 14 

the analyzed period. However, crop trade decreased global cropland productivity 15 

when productivity is expressed on an energy (per calorie) basis. Agricultural trade has 16 

generally moved towards optimality, i.e. has increased global land and N use 17 

efficiencies during 1961-2017, but remains at a relatively low level. Overall, mixed 18 

impacts of trade on resource use indicate the need for re-thinking trade patterns and 19 

improving their optimality. 20 

 21 

Introduction 22 
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Concerns are increasing about the need to provide enough nutritious food for a 23 

growing global population within environmental limits [1]. International trade in food 24 

and feed has significant contributions to local food security and has rapidly increased 25 

during recent decades [2]. However, trade of food and feed also has complex impacts 26 

on water use [3], biodiversity [4], air quality [5], land use [6-7] and climate change 27 

[8-9]. Currently, many African countries rely on food imports to fill the gap between 28 

increasing food demand and lagging domestic food production [10]. Some medium 29 

and high income countries also require food imports; for example, the United 30 

Kingdom imports almost 50% of its food supply and increasingly rely on vegetable 31 

imports from climate-vulnerable countries [8-9], while China is the largest importer of 32 

soybean to support its domestic livestock industry and vegetable oil demand [11-12]. 33 

 34 

There is debate about hidden resource depletion and environmental impacts associated 35 

with food and feed trade across country borders. Groundwater depletion by products 36 

used for export was reported to be equivalent to 11% of total global groundwater 37 

depletion in 2011 [3]. Around 15-25% of global ammonia emissions associated with 38 

food production originated from internationally traded food products [13-14], and the 39 

proportion of reactive nitrogen (N) losses embedded in the trade of feed and livestock 40 

products is high [15]. However, these studies mainly focused on the impacts of trade 41 

on exporting countries, with little emphasis on the distributions of production 42 

efficiencies of exporting vs. importing countries. Some studies have considered 43 

productivity differences between exporting and importing countries, but found 44 
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contradictory results of the impact of trade on land use efficiency [16-18]. Two studies 45 

used multi-regional input-output data to investigate how global trade of all 46 

commodities contributed to the externalization of some environmental impacts 47 

[19-20]. 48 

 49 

Global land and N use efficiencies are important elements for achieving the United 50 

Nations Sustainable Development Goals [21], but the information about the impacts 51 

of food and feed trade on global land and N use efficiencies is still limited. There is 52 

also little information available about the optimality of trade, specifically improving 53 

global land and N use efficiencies, i.e., whether high efficiency countries export to 54 

low efficiency countries, and its variability in terms of land and N use efficiencies at 55 

the global level. Here, we aim to develop and use a systematic method to quantify the 56 

impacts of food and feed trade on global land and N use efficiencies, and to determine 57 

the non-monetary optimality of trade and their changes at the global level over the 58 

time period for which FAOSTAT data is available (1961-2017) [12]. 59 

 60 

Global land and N use efficiencies were defined in terms of productivities. Four main 61 

productivity parameters were selected to assess the impacts of trade on global land 62 

and fertilizer N use efficiencies: (i) cropland productivity, (ii) partial fertilizer N 63 

productivity in crop production, (iii) livestock productivity, and (iv) partial feed N 64 

productivity in livestock production (see Methods and Table 1). These parameters 65 

have been used to develop productivity distribution curves, separately for importing 66 
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and exporting countries, and indicators that describe essential features of these curves: 67 

the Concentration of Production in High Efficiency countries (CPHE), a 68 

dimensionless indicator describing the inequality in a given group of countries (high 69 

when productivity and production are both high in very few countries); and the 70 

Concentration Weighted Production Efficiency (CWPE), representing the CPHE 71 

adjusted productivity for a given group of countries. 72 

 73 

Results 74 

A new analytical framework 75 

Cumulative productivity distribution curve. The cumulative productivity distribution 76 

curve for all countries in the world was developed to quantify the concentration of 77 

agricultural production in high productivity countries. The idea of this curve is 78 

derived from the Lorenz Curve and the Gini coefficient [22-23], which have been 79 

widely used to quantify the degree of inequality in the distributions of income and 80 

natural resources. We built the curve by plotting each country on the X-axis in 81 

ascending order of commodity productivity (Fig. 1a), while the contribution of each 82 

country to the total global production of a commodity was plotted on the Y-axis (%). 83 

The cumulative productivity distribution curve of a commodity divides the graph into 84 

two parts, namely: area A (dark green) lying between the Y-axis, 100% contribution 85 

line and the cumulative productivity distribution curve; and area B (light blue) lying 86 

between the X-axis, the maximum productivity line (Max X) and the cumulative 87 

productivity distribution curve (Fig. 1a). 88 
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 89 

Evaluation of trade functionality and optimality. We used two complementary 90 

indicators for assessing the impacts of international trade on cropland and livestock 91 

productivities and partial fertilizer N and feed N productivities, which stems from the 92 

cumulative productivity distribution curve developed in this study: CPHE and CWPE. 93 

CPHE is area A divided by areas A+B in Fig. 1a; CPHE may range from 0 to 1. A 94 

relatively high value indicates concentration of production in few high-efficiency 95 

countries (Fig. 1a). The indicator CWPE is CPHE multiplied by areas A+B (Max X in 96 

Fig. 1a); CWPE may range from minimum to maximum productivity in few extreme 97 

situations but different with average productivity (Fig. 1a). 98 

 99 

Based on differences in CPHE and CWPE of net importing and net exporting 100 

countries (Fig. 1b), we developed a scheme for trade functionality and trade 101 

optimality. Trade was considered functional when CPHE of exporting countries 102 

(CPHEex) > 0.50 and CPHE of importing countries (CPHEim) < 0.50. Trade was 103 

considered near-optimal when CWPEex / CWPEim ≥ 1.0 (Fig. 2). Hence, trade of a 104 

commodity was considered functional when more than 50% of that commodity is 105 

exported by relatively high-efficiency countries, and more than 50% of that 106 

commodity is imported by relatively low-productivity countries. Trade of a 107 

commodity is considered near-optimal when exporting countries have higher CWPE 108 

than importing countries; this reflects that goods are transferred from areas of high to 109 

areas of low productivity. Conversely, trade was considered less optimal when 110 
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CWPEex < CWPEim; and trade was considered less functional when CPHEex < 0.50 111 

and CPHEim > 0.50 (Supplementary Table 1). There are eight possible combinations 112 

of CPHEex, CPHEim, CWPEex and CWPEim, as presented in Fig. 2 and Supplementary 113 

Fig. 1. These eight combinations were categorized into two groups: an ‘optimal’ 114 

group (Level I to IV) (Fig. 2a), and a ‘non-optimal’ group (Level V to VIII) (Fig. 2b). 115 

Hence, trade optimality increases when the ratio of CWPEex / CWPEim increases, and 116 

trade functionality increases when the ratio of CPHEex / CPHEim increases (Fig. 2a, b). 117 

 118 

Potential saving or wastage of resources through trade. The framework allows the 119 

effects of trade on a potential saving or wastage of resources (i.e., cropland, livestock 120 

unit, fertilizer N, feed N) to be estimated at global scale, that is, based on the average 121 

productivity and total calorie or protein trade between exporting and importing 122 

countries, relative to a status without trade. Such a comparison implicitly assumes that 123 

sufficient cropland (and other resources, such as labor, water and nutrients) would 124 

exist in importing countries (in the hypothetical situation without trade), and that the 125 

fraction of imported commodities would be produced additionally at the same 126 

productivity level as that of the existing domestic production. However, many 127 

importing countries face great shortage of cropland (and possibly other resources), 128 

which is a key driver for import of food and feed, such as in the case of China, Japan 129 

and the Netherlands [24-25]. Hence, possible savings or wastage of resources may be 130 

lower than the potential values estimated here. 131 

 132 
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Impacts of trade on resources during 1961-2017 133 

Global cropland productivity.  The impact of international trade of food and feed on 134 

cropland productivity was estimated from the total trade in crop products, and the 135 

difference between the CWPEex and CWPEim for these products. Mean CWPE of crop 136 

production was 10.5 M kcal ha-1 in net exporting countries and 11.2 M kcal ha-1 in net 137 

importing countries during the past 57 years (Fig. 3a). This suggests that crop 138 

products were exported from relatively low to relatively high productivity countries in 139 

terms of crop energy production, which implies a potential decrease of global 140 

cropland use efficiency. The associated cumulative potential wastage of cropland due 141 

to international trade was 870 Mha when adding up areas each year over the period 142 

1961-2017 (Fig. 4). 143 

 144 

The potential wastage of cropland was on average 15 M ha of harvested area per year 145 

between 1961 and 2017. For comparison, the total area of cropland was 1500 M ha in 146 

2017 [12], hence the potential cropland wastage was in the order of one percent of the 147 

global cropland area. The gap between CWPEex and CWPEim has been reduced from 148 

-3.80 M kcal ha-1 in 1960s to -0.16 M kcal ha-1 in 2010s, indicating that the potential 149 

negative effect of trading crop products on global cropland productivity has decreased 150 

over time (Supplementary Table 2), an effect that was not fully compensated by the 151 

stark increase in trade volumes. Overall, potential wastage of cropland decreased, 152 

from 36 M ha harvested area each year in the 1960s to 4.9 M ha harvested area each 153 

year in the 2000s (Fig. 5b). 154 
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 155 

In contrast, the CWPEex was 36% larger than CWPEim when cropland productivity 156 

was expressed in terms of crop protein production (Fig. 3b). This indicates a potential 157 

increase in global cropland use efficiency through trade, as traded crop products were 158 

transferred from high productivity to low productivity countries. The cumulative 159 

potential saving of cropland through trade was about 2270 Mha of harvested area 160 

between 1961 and 2017 (Fig. 4). This equals to a potential saving of on average 40 161 

Mha of harvested area per year, which is equivalent to about 2.7% of the global 162 

cropland area in 2017. The average potential saving of cropland increased from near 0 163 

in 1960s to 84 Mha per year in the 2010s (note there were only 7 years in 2010s), 164 

which reflects an increasing gap between CWPEex and CWPEim for crop protein 165 

productivity between 1960s and 2010s (Fig. 5c, d). The average annual potential 166 

saving of cropland in the 2010s was 5.6% of the global cropland area [12]. 167 

 168 

Global livestock productivity.  International trade of livestock products was from 169 

high-efficiency countries to low-productivity countries, since the CWPEex was higher 170 

than CWPEim, in terms of both energy and protein production between 1961 and 2017 171 

(Fig. 6a, b). As a result, trade has led to a potential saving of 170 to 80 M livestock 172 

standard unit (LSU) during 1961-2017 when productivity was expressed in terms of 173 

energy and protein, respectively (Fig. 4). Again, this potential saving implicitly 174 

assumes that there are no biophysical or policy limitations in importing countries to 175 

produce enough livestock products for domestic consumption. The potential saving of 176 
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the total number of livestock units in 57 years, through trade of livestock products, 177 

was equivalent to 20-50% of the average total number of livestock units in the world 178 

in a year [12, 26]. The leading high-efficiency livestock exporting countries 179 

(responsible for around 80% of total livestock protein export) were the Netherlands, 180 

New Zealand and Germany. These countries had an average annual livestock 181 

productivity of >40 kg protein LSU-1, and contributed most to the potential saving of 182 

livestock units in the past 57 years (Fig. 6b). The potential saving has increased in the 183 

2010s to around 17 M LSU (Fig. 5j, l), which was equivalent to 4.2% of global LSU 184 

in the 2010s [26].  185 

 186 

Partial fertilizer N and feed N productivities.   187 

Trade of crop products were sourced from countries with high partial fertilizer N 188 

productivity and were imported by countries with relatively low partial fertilizer N 189 

productivity, because CWPEex was 180-250% larger than CWPEim between 1961 and 190 

2017, for partial fertilizer N productivity when expressed in calorie or protein 191 

production (Fig. 3c, d). As a result, trade has led to a cumulative potential saving of 192 

360 Tg synthetic fertilizer N when expressed in crop calorie production, and of 480 193 

Tg synthetic fertilizer N when expressed in crop protein production (Fig. 4). Global 194 

synthetic fertilizer N consumption has rapidly increased during this period, from 11 195 

Tg in 1961 to 109 Tg N in 2017 [12]; international trade has potentially saved 5.8 to 196 

7.7% of the annual global synthetic fertilizer N consumption between 1961 and 2017. 197 

Around half of the potential saving of synthetic fertilizer N occurred in the last two 198 
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decades (Fig. 5f, h), although the difference between CWPEex and CWPEim has 199 

decreased between 1960s and 2010s (Fig. 5e, g). The potential global synthetic 200 

fertilizer N saving was 12 to 18 Tg per year between 2011 and 2017, depending on 201 

calorie or protein based estimates, which was 11 to 16% of the global annual 202 

consumption in 2017 [12]. However, our partial fertilizer N productivity indicator did 203 

not account for N inputs via manure nor biological N2 fixation, which have increased 204 

during the last few decades [9]. Hence, impact of trade on global N use efficiency is 205 

likely to have been overestimated in this study. 206 

 207 

Trade has had contradictory impacts on global partial feed N productivity in livestock 208 

production (Fig. 6c, d). A negative impact of trade on protein-based partial feed N 209 

productivity was noted, which was related in part to the finding that some large 210 

importing countries were efficient in converting feed N into animal protein. For 211 

example, leading importing countries, such as Japan, South Korea and Israel, had a 212 

relatively high partial feed N productivity of 1.0-2.0 kg protein (kg feed N)-1 (Fig. 6c, 213 

d), and these countries contributed as much as 70% to the total imports. Higher partial 214 

feed N productivity in Japan, South Korea and Israel may partly be due to a higher 215 

proportion of poultry animals to total livestock production, and to a higher livestock 216 

productivity and management [12, 15]. Exporting countries with relatively low partial 217 

feed N productivity of >0.5 kg protein (kg feed N)-1 were responsible for as much 50% 218 

of the total exports during the past 57 years (Fig. 6d). The negative gap between 219 

exporting and importing countries in livestock partial feed N productivity has 220 
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decreased in recent decades both in terms of livestock calorie and protein production 221 

(Fig. 5n, p). 222 

 223 

Ultimate fate of traded N in importing countries 224 

There is little information available about the ultimate fate of N embedded in traded 225 

crop and livestock products. Here, we separated traded agricultural products into 226 

those used for human food and animal feed, to estimate the distribution of traded N 227 

between utilization and losses to environment (Supplementary Fig. 2). Our results 228 

indicate that much of the traded N ended up in the environment, and little was 229 

recycled in the crop production system. Globally, around 3.7 Tg N was embedded in 230 

the trade of human food in 2017 and this 3.7 Tg N was likely also excreted by humans, 231 

as retention in human bodies is negligibly small. We estimated that about 40% (1.4 Tg 232 

N) of human excreted N was converted into N2, in part following sewage treatment 233 

[13-14]. The latter occurred mainly in economically developed regions, e.g. Japan, 234 

South Korea, America and European Union due to environmental regulations related 235 

to sewage collection and treatment (Supplementary Fig. 3). We estimated that of all 236 

feed N traded (10 Tg) in 2017, a total of about 2.5 Tg N was retained in milk, meat 237 

and egg, about 3.1 Tg N was recovered as manure used to fertilize cropland and the 238 

remaining 4.4 Tg N was lost to the environment. China was a main leakage point of 239 

globally traded feed N, due to its large soybean import and poor manure management 240 

[27-28]. Overall, more than 40% of total traded food and feed N (14 Tg N) was not 241 

recycled and ended up in the environment (Supplementary Fig. 3). This lost N likely 242 
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contributed 5 to 10% to the exceedance of the ‘safe operating space’ for 243 

biogeochemical N flows (about 60 Tg N) [29]. These estimates indirectly indicate that 244 

trade of animal products rather than feed may improve the global N use efficiency at 245 

food system level, as some of the leading feed importing countries currently have 246 

lower livestock N use efficiency and manure recycling rate than the leading livestock 247 

exporting countries [30]. 248 

 249 

Optimality and functionality of traded products 250 

We evaluated the international trade of crop products as non-optimal and 251 

low-functional (Level VI) in terms of cropland calorie productivity during the period 252 

1961 to 2017, as the ratio of CWPEex / CWPEim was < 1.0, and the CPHEex was < 253 

0.50 and CPHEim was < 0.50 (Fig. 7a). When expressed in terms of protein 254 

productivity, trade of crop products was evaluated at near optimal level (Level I) (Fig. 255 

7b). Trade optimality was relatively high but trade functionality was relatively low 256 

from the point of view of partial fertilizer N productivity (Fig. 7a, b). Trade of 257 

livestock products was evaluated as optimal and functional (Level II) in terms of 258 

calorie and protein based livestock productivity (Fig. 7a, b). Trade of livestock 259 

products was optimal and functional (Level I) when expressed in terms of 260 

calorie-based partial feed N productivity, but it was non-optimal and low-functional 261 

(Level VI) in terms of protein-based partial feed N productivity (Fig. 7b). 262 

 263 
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Changes over time The CPHEex of cropland calorie productivity has decreased from 264 

0.50 in 1960s to 0.36 in 2010s (Supplementary Fig. 4, upper panel). This is a result of 265 

decreasing contributions of high-efficiency exporting countries to the total export of 266 

crop calories. However, the negative effect of trading crop products on global 267 

cropland productivity has decreased over time due to the faster increase of 268 

productivity in the net exporting country group compared to the net importing 269 

countries (Supplementary Fig. 4, upper panel); the negative gap between CWPEex and 270 

CWPEim diminished (Fig. 5a). Hence, trade optimality improved slowly from Level 271 

VII in 1960s to Level VI in 2010s in terms of crop calorie productivity (Fig. 7c). 272 

 273 

International trade of crop products has had a positive effect on global cropland 274 

productivity over the last six decades (except in the 1960s), when cropland 275 

productivity was expressed in terms of protein production per hectare (Fig. 5c). There 276 

were also steady increases in trade functionality of crop products (Fig. 7e), which is 277 

partly related to the massive expansion of soybean production in Brazil, United States 278 

and Argentina for export to China and the European Union over the last 2-3 decades, 279 

but which was partially at the cost of precious tropical forests and related biodiversity 280 

[31-32]. 281 

 282 

Mean CWPE values of exporting and importing countries for partial fertilizer N 283 

productivity have decreased over time (Fig. 7d), which was related to the rapidly 284 

increasing use of synthetic N fertilizer in the past six decades, especially in emerging 285 
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economies, such as China [12, 33]. Differences between CWPEex and CWPEim for 286 

partial fertilizer N productivity were positive, and were relatively high in the 1960s 287 

but greatly decreased thereafter (Fig. 5e, g). However, there were no changes in trade 288 

functionality level in terms of partial fertilizer N productivity; trade functionality was 289 

at the bottom-left of quadrant III, when expressed in terms of either calorie or protein 290 

production (Fig. 7d, f). 291 

 292 

International trade in livestock products has contributed to an increase in global 293 

livestock productivity, both in terms of livestock calorie and protein production, 294 

during the last four decades (from 1980s to 2010s) (Fig. 5i, k). Some countries with 295 

high livestock productivity are main importers of crop products and main exporters of 296 

livestock products; these countries import calorie and protein-rich feed to produce and 297 

export milk, meat and egg (e.g., the Denmark, Germany, Netherlands and Spain). 298 

There were no large changes in trade functionality during the last four decades, both 299 

in terms of calorie and protein based livestock productivity (Supplementary Fig. 5). 300 

However, trade optimality and functionality varied in the past 6 decades, and the trend 301 

was different when the partial feed N productivity was expressed in terms of calorie 302 

and protein productivity (Fig. 5m, o; Supplementary Fig. 5-6). 303 

 304 

Trade optimality of different products. International trade of six selected main traded 305 

crop products (maize, wheat, rice, barley, soybean and potato) was optimal in terms of 306 

crop calorie and protein productivity between 1961 and 2017 (Supplementary Fig. 7). 307 
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Trade of maize and soybean had a relatively high optimality level, which is reflected 308 

by the larger diameter of the red circles in Supplementary Fig. 7. However, trade 309 

functionality varied among these six crop products, with maize, soybean and barley in 310 

quadrant I (Supplementary Fig. 7). Additional information about different crop and 311 

livestock products can be found in Supplementary Table 3. 312 

 313 

Discussion 314 

Trade allows an exchange of reciprocal productivity advantages between different 315 

regions, communities or cultures, when there are no trade restrictions or cultural 316 

barriers. Hence, food and feed trade was expected to contribute to improved global 317 

land and N use efficiencies. Our study identified contradictory results, however, when 318 

comparing cropland and livestock productivities and partial fertilizer N and feed N 319 

productivities on the basis of calorie vs. protein production. This may indicate that 320 

protein productivity more strongly influences the establishment of trade flows than 321 

the calorie content of the products. This may require a re-thinking of the main 322 

functions of agricultural trade, especially as the current UN Sustainable Development 323 

Goal on “Zero Hunger” mainly addresses the daily dietary energy supply [21]. 324 

 325 

Implications of trade for cropland productivity 326 

The estimated average annual potential saving of cropland through international trade 327 

of food and feed in 2010s was comparable with estimates of previous studies, when 328 

expressed in terms of crop protein production [17-18]. However, trade of crop 329 
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products contributed to a potential wastage of global cropland when productivity was 330 

expressed in terms of calorie production (Fig. 5a). This was related to the import of 331 

crop products by some leading high-efficiency importing countries, such as the 332 

Netherlands and Japan, with an average crop calorie productivity >16 M kcal ha-1 (Fig. 333 

3a); it reflects a relative scarcity of cropland. The cropland area also declined in these 334 

countries because of competition from infrastructure and nature conservation 335 

(Supplementary Fig. 8a-c). Conversely, export-oriented production in Brazil, 336 

Malaysia and Indonesia was associated with cropland expansion and deforestation [32, 337 

34] (Supplementary Fig. 8d-f).  Expanding high-efficiency cropland at the expense 338 

of natural land in some areas may contribute to saving cropland at the global level 339 

when a large expansion of low-productive cropland in other areas can be minimized. 340 

However, this may conflict with the concept of land sharing to protect biodiversity 341 

and reduce greenhouse gas (GHG) emissions, i.e., expanding soybean production in 342 

Brazil may increase global protein productivity, but at the cost of biodiversity losses 343 

[35]. 344 

 345 

The idea of trade optimality is that production occurs in areas with the best possible 346 

output - resource input ratio, and that products are transferred (traded) from these 347 

high-efficiency areas to areas with lower output - resource input ratio. 348 

High-productivity importing countries with little land could expand their domestic 349 

crop production in high-tech and high productive greenhouses [36], which would 350 

decrease CWPEim value and hence increase the CWPEex/CWPEim ratio. Increase of 351 
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the trade optimality level could also be achieved by increasing CWPEex, via transfer 352 

of knowledge and technology. This is important for exporting countries with low 353 

productivity, such as Kazakhstan, Russia, Zambia and Uruguay (Fig. 3), as it may 354 

increase crop calorie productivity and subsequent export without expanding cropland 355 

[37]. Increasing productivity in high-productivity countries faces the challenge of 356 

reaching potential yield limits, for example wheat yields in some European countries 357 

have reached biophysical limits [38]. 358 

 359 

The potential saving of livestock units as a result of international trade of livestock 360 

products will likely have contributed to a reduction of several million tons of N losses 361 

and greenhouse gas emissions into the atmosphere, as the livestock sector has likely 362 

contributed to  the emission of 7.1 billion ton CO2eq and 119 M ton of ammonia 363 

annually during last decade [15, 39]. The subsequent effects of trade on the potential 364 

saving of livestock units in terms of potential saving of feed use and cropland area 365 

have not been assessed in this study, but may be large [40]. However, these effects are 366 

difficult to quantify, because part of the feed consumed in a country may have been 367 

imported from other countries, and there are large differences in feed composition and 368 

feed conversion ratio between animal categories and between countries [11, 41-42]. 369 

 370 

Implications of trade on partial fertilizer N productivity 371 

The positive impact of the trade of food and feed on partial fertilizer N productivity at 372 

global level through time is in part related to the inefficient fertilizer use at the 373 
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beginning of the study period for some of the world’s major crop exporters. It is also 374 

related to the increasing proportion of export coming from countries with high partial 375 

fertilizer N productivity (e.g., in Africa and South America) (e.g., in Africa and South 376 

America) [43]. The high partial fertilizer N productivity in African countries results 377 

from soil N mining, which is not sustainable for any country in the longer term 378 

[43-44]. The high partial fertilizer N productivity in American countries was likely 379 

related to the relative large N input via biological N fixation in soybean production, 380 

which we did not account for. 381 

 382 

Partial fertilizer N productivity may also increase through better utilization of N from 383 

animal manure and household wastes, and an equivalent decrease in synthetic 384 

fertilizer use [44]. We estimated that 1.4 Tg N contained in traded food was converted 385 

into N2 following treatment in sewage treatment plants, the residue of which can 386 

potentially be recycled into agricultural production systems. Around 4.4 Tg N in 387 

traded animal feed N was lost from animal houses and manure storages. For example, 388 

only around 1/3 of China’s livestock manure N was effectively applied to cropland; 389 

the remainder was either emitted to air or discharged to watercourse and landfills [45]. 390 

Technological development and investments in low-emission animal housing and 391 

manure storages, and in low-emission manure transport and application facilities 392 

would help to reuse a greater proportion of the N embedded in traded feed products 393 

[46]. The total synthetic fertilizer N use in China could be reduced from around 30 Tg 394 

in 2012 to 5.0 Tg if these technologies and advances in crop and livestock production 395 
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were have been fully implemented. This would contribute greatly to the global 396 

attempt to keep N use within the planetary boundaries [47]. 397 

 398 

Trade optimality level and implications 399 

The trade optimality and functionality as defined in this study do not consider wider 400 

ecosystem impacts. However, it is well-known that some leading exporting countries 401 

have increased the export of crop and livestock products in part through land 402 

expansion and deforestation [31-32]. For example, soybean export from Latin 403 

America is associated with deforestation and biodiversity loss [31, 48]. Palm oil 404 

export from some south-east Asian countries is associated with deforestation, peatland 405 

degradation and biodiversity loss [34]. Similarly, some leading livestock exporting 406 

countries, such as the Netherlands, Denmark and Germany suffer from N pollution 407 

and biodiversity loss caused by NH3 emissions from livestock production, especially 408 

in livestock-dense regions [49]. Hence, though trade of crop and livestock products 409 

may be evaluated as optimal and functional in terms of land and N use efficiencies, it 410 

may be non-optimal and low-functional when evaluated in terms of GHG emissions, 411 

biodiversity conservation and environmental pollutions. The new analytical 412 

framework with the cumulative productivity distribution curve developed in this study 413 

allows such indirect impacts to be included, but it will require additional indicators for 414 

quantitative assessments, such as land use change, GHG emissions, N losses and 415 

biodiversity losses. Further, the trade of crop products (e.g., sugar cane, corn, soybean) 416 

used for biofuel, and products used for pharmaceuticals and industry may also be 417 
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evaluated using this framework. 418 

 419 

Overall, our framework allows uniform assessments for importing and exporting 420 

countries to be made, using multiple indicators, and may help to set priorities for 421 

specific countries and specific products. In addition, the framework developed here is 422 

simple, transparent and may be easily extended. It provides a functional tool and 423 

various useful indicators for researchers and policy makers. More applications of the 424 

cumulative production curve approach can be envisaged, including in industry and 425 

ecology. 426 

 427 

Methods 428 

Cumulative productivity distribution curve 429 

The cumulative productivity distribution curve was developed to quantify the relative 430 

concentration of production in high-efficiency countries, and to evaluate trade 431 

optimality and functionality. The idea of this curve originates from the Lorenz Curve, 432 

but is applied in a different way. We plotted each country in the world on the X-axis in 433 

ascending order of productivity (for one product or for a combination of products). 434 

This is different from Lorenz Curve, as our aim is to quantify the relative 435 

concentration of production of a certain product (or combination of products) in 436 

high-efficiency countries. The contribution of each country to the total global 437 

production of a commodity was plotted on the Y-axis (%). Then the cumulative 438 

productivity distribution curve was estimated. 439 
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 440 

Definition and estimation of CPHE. The relative concentration of production in 441 

high-efficiency countries (CPHE) was defined by area A over areas A + B in Fig 1a, 442 

i.e. CPHE = A / (A+B). A hypothetical value of CPHE = 1.0 indicates that the most 443 

productive country in the world contributes 100% to the global production. A CPHE = 444 

0.50 indicates that productivity was equally distributed over low and high productivity 445 

countries. 446 

 447 

The cumulative productivity distribution curves were approximated by Piecewise- 448 

Defined continuous and non-negative functions )(xf , that is, 449 
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Based on the simulation curve, we calculated the area following the definite integral 452 

method [36-37]. The interval on the X-axis between the minimum productivity and 453 

maximum productivity was denoted as ],[ ba . The area below the graph of f over 454 
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It is straightforward to check that the area of BA +  is a rectangle with length 459 

minmax xx −  and width minmax yy − , where x  is the productivity and y  is the 460 
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cumulative production. Therefore, the area A is the difference between the area BA +  461 

and the area B. Areas A and B are sensitive for extreme low and high productivity 462 

values; hence very low and very high productivity countries with a low contribution 463 

(< 1.0%) to the total production or trade were excluded. These extreme values may 464 

relate to statistical errors or to highly unique conditions. The impacts of the maximum 465 

productivity on CPHE are illustrated in Supplementary Fig 1. We have also tested the 466 

sensitive of potential resources saving to the selection of maximum productivity, 467 

when set at 98.5%, 99.0% and 99.5% contribution to the total production, and show 468 

that a 99.0% contribution presented the best value [50-51]. 469 

 470 

Definition and estimation of CWPE. The concentration weighted productivity 471 

(CWPE) represents a CPHE corrected productivity of a given product. It was 472 

calculated as follows: 473 

CWPE = CPHE * Arearectangle                                           (1) 474 

Where, CWPE is the concentration weighted production efficiency, the unit depends 475 

on the unit of productivity in X-axis; Arearectangle represented the area of the rectangle 476 

(areas A+B), of which the length is from 0 to maximum productivity in the X-axis and 477 

the height is from 0 to 100% contribution line in the Y-axis (Fig. 1a). Hence, 478 

Arearectangle is equal to maximum productivity multiplied by 100%, and basically equal 479 

to maximum productivity. CWPE is positively correlated to average productivity. In 480 

few extreme situations CWPE may equal to average productivity of given products 481 

across the world. For example, CWPE may equal to the maximum productivity when 482 
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CPHE = 1.0, since only the highest productivity country produce all the products. 483 

 484 

Relationship between CPHE and CWPE. CPHE and CWPE are interrelated because 485 

they both share the same cumulative distribution curve; a high CPHE usually means a 486 

high CWPE, and vice versa. Relationships between CPHE and CWPE vary when the 487 

maximum productivity (or partial fertilizer or feed productivity) varies, as follows 488 

from Supplementary Fig. 9. 489 

 490 

Trade optimality and functionality. We applied the concepts of CPHE and CWPE to 491 

importing and exporting countries, to estimate the functionality and optimality of the 492 

international trade of food and feed commodities at global level (Fig. 2). The indicator 493 

was estimated for both importing and exporting countries. International trade was 494 

considered ‘functional’ when CPHE of exporting countries (CPHEex) was larger than 495 

that of importing countries (CPHEim) and also larger than 0.50, and trade was deemed 496 

as optimal when CWPEex / CWPEim is larger than 1.0 (Fig. 2, Supplementary Fig. 1). 497 

 498 

Agricultural production and trade data 499 

We used data from the FAOSTAT statistical database to analyze crop and animal 500 

productivity distributions and trade efficiency distributions in the world. In total, 164 501 

crop products, 26 animal products from 6 main animal categories from >200 countries 502 

were selected for this study (Supplementary Table 4). Cropland productivity was 503 

expressed in terms of calorie (kcal) or kg protein production per unit of harvest area 504 
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(ha). Livestock productivity was expressed in calorie (kcal) or kg protein production 505 

per livestock unit (LSU). Partial fertilizer N productivity in crop production was 506 

expressed in kcal or kg protein per kg fertilizer N input. Partial feed N productivity in 507 

livestock animal production was expressed in kcal or kg protein per kg of feed protein 508 

N intake (Table 1). 509 

 510 

Productivity indicators  511 

Global land and N use efficiencies were defined in terms of productivities. Four main 512 

productivity parameters were selected to assess the impacts of trade on global land 513 

and fertilizer N use efficiencies. (i) Land use efficiency was expressed in terms of 514 

‘cropland productivity’, i.e., the summed annual calorie (or protein) harvest of all 515 

crops in a country divided by the total harvested area of cropland in that country [52]. 516 

(ii) Partial fertilizer N productivity in crop production was defined as annual total 517 

crop yield, in terms of energy (or protein) per kg of mineral fertilizer N applied in a 518 

country (Table 1). Hence, only the new N input via synthetic fertilizer was considered 519 

in the estimation of partial fertilizer N productivity, which gives an upper estimate as 520 

it neglects the N inputs via biological N2 fixation and via recycling of manure, crop 521 

residues and net soil organic matter mineralization. (iii) Livestock productivity was 522 

defined as annual total livestock production, in terms of energy (or protein) per 523 

livestock unit (LSU) in a country. (iv) Partial feed N productivity in livestock 524 

production was defined as total livestock production, in terms of calorie (or protein) 525 

per kg of feed N used in a country (Table 1). Hence, cropland and livestock 526 
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productivities and partial fertilizer N and feed N productivities were evaluated both in 527 

terms of energy (calories) and protein, because of their important but different roles in 528 

food security, trade and environmental impacts. 529 

 530 

Crop productivity. A weighted mean productivity of crop products per country was 531 

used in this study. 532 

𝐶𝑟𝑜𝑝𝑙𝑎𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 =
∑𝐶𝑎𝑙𝑜𝑟𝑖𝑒 𝑜𝑟 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑟𝑜𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖 

∑𝐻𝑎𝑟𝑣𝑒𝑠𝑡𝑒𝑑 𝑎𝑟𝑒𝑎𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖
                  (2) 533 

Where, Cropland productivity (Table 1) was the average calorie production per ha (or 534 

average protein production per ha) of all crops within a country, expressed in kcal ha-1, 535 

or kg protein ha-1; ∑Calorie or Proteinproduct i was the sum of calorie or protein 536 

production of the harvested crop products per country per year, expressed in kcal or 537 

kg protein; ∑Harvested area product i was the sum of the harvested area of the crop 538 

species in a country in a year, expressed in ha. In addition, the productivity of single 539 

crops was also calculated based on its harvested areas, production quantities, and 540 

calorie and protein contents. 541 

 542 

Livestock productivity. For livestock products, we calculated the average productivity 543 

per livestock unit (LSU), using the total production quantities, animal numbers, and 544 

the calorie and protein contents of animal products. The livestock number was 545 

transferred to standard livestock units (LSU), following the coefficients used by Liu et 546 

al., 2017 [24]. 547 
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𝐿𝑖𝑣𝑒𝑠𝑡𝑜𝑐𝑘 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑣𝑖𝑡𝑦 =
∑𝐶𝑎𝑙𝑜𝑟𝑖𝑒 𝑜𝑟 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑙𝑖𝑣𝑒𝑠𝑡𝑜𝑐𝑘 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖

∑𝐿𝑖𝑣𝑒𝑠𝑡𝑜𝑐𝑘 𝑢𝑛𝑖𝑡 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖
                   (3) 548 

Where, Livestock productivity was the average calorie or protein production per 549 

livestock unit in a country, expressed in kcal LSU-1 or protein LSU-1; ∑Calorie or 550 

Protein livestock product i was the sum of the calorie or protein produced by all livestock 551 

categories in a country, expressed in kcal or kg protein per year; ∑Livestock unit 552 

product i was the sum of animal numbers, expressed in LSU. Here, 6 livestock 553 

categories (pigs, layer hens, broilers, beef cattle, dairy cattle, sheep and goat) were 554 

considered; they accounted for 99% of total animal products trade in 2017 555 

(Supplementary Table 4). The calorie and protein contents and protein/N transfer 556 

index for each crop product and livestock product were derived from literature 557 

[38-41]. 558 

 559 

Partial fertilizer nitrogen productivity. The average calorie or protein production per 560 

unit of fertilizer N input was used to quantify the partial fertilizer N productivity in 561 

crop production. The partial fertilizer N productivity only considered the inputs from 562 

mineral N fertilizer, and not the inputs from for example biological N2 fixation, 563 

atmospheric N deposition, or recycled N from animal manures, crop residues and 564 

composts, or the net mineralization of soil organic matter. 565 

𝑃𝐹𝑃 𝑐𝑟𝑜𝑝 =
∑𝐶𝑎𝑙𝑜𝑟𝑖𝑒 𝑜𝑟 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑐𝑟𝑜𝑝 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖

𝐹𝑒𝑟𝑡𝑖𝑙𝑖𝑧𝑒𝑟 𝑁
                                    (4) 566 

Where, the PFPCrop is the partial factor productivity of applied fertilizer N, or the 567 

average crop calorie or protein production per kg fertilizer N in a country, expressed 568 



27 
 

in kcal (kg N)-1 or kg protein (kg N)-1; Fertilizer N was the total fertilizer N input in 569 

crop production, expressed in kg N. Fertilizer N inputs were derived from the Inputs 570 

Module of FAOSTAT database (Supplementary Table 5), and were corrected for the 571 

amount of fertilizer N used on grassland, following Lassaletta et al (2014) [39]. We 572 

made correction for the estimated fertilizer N use in the Netherlands and New Zealand, 573 

because of the large share of fertilizer N use for managed grass production. However, 574 

estimated fertilizer N use in cropland is relatively uncertain for some countries. It 575 

should be note that the partial fertilizer N productivity is an upper estimate of the 576 

actual fertilizer N use efficiency; partial fertilizer N productivity was used here 577 

mainly to show the applicability of our method and the relative differences between 578 

importing and exporting countries. 579 

 580 

Partial feed nitrogen productivity. The partial feed nitrogen productivity in livestock 581 

production was estimated based on mass balance method as follows: 582 

𝑃𝐹𝑃𝐿𝑖𝑣𝑒𝑠𝑡𝑜𝑐𝑘 =
∑𝐶𝑎𝑟𝑜𝑙𝑖𝑒 𝑜𝑟 𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝑙𝑖𝑣𝑒𝑠𝑡𝑜𝑐𝑘 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝑖

∑𝑁𝑃𝑟𝑜𝑑𝑢𝑐𝑡 𝑖+∑𝑁 𝑀𝑎𝑛𝑢𝑟𝑒 𝑒𝑥𝑐𝑟𝑒𝑡𝑖𝑜𝑛𝑠 𝑖 
                             (5) 583 

Where, the PFPLivestock is partial factor productivity of feed N, or the average 584 

animal-source calorie or protein produced per kg feed N in the livestock production 585 

sector in a country, expressed in kcal kg N-1 or kg protein kg N-1; ∑N product i is the 586 

sum of N in the livestock products for the 6 livestock categories selected, expressed in 587 

kg N. Information about products of different livestock categories were derived from 588 

Livestock Yield database from FAOSTAT (Supplementary Table 5); ∑N Manure 589 
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excretions i was the sum of manure N excreted by 6 livestock categories, expressed in 590 

kg N. Information about manure N excretions of different livestock categories was 591 

derived directly from the FAOSTAT database using the category of 592 

Agri-Environmental Indicators (Supplementary Table 5). 593 

 594 

Annual import and export of agricultural products. Since some countries 595 

import/re-export certain products, such as soybeans and bananas, we used net food 596 

import and net export per food category from the FAOSTAT database (Supplementary 597 

Table 5), combined with data on protein content and protein/N conversion factors, to 598 

calculate the annual N import and export for each food category in countries, and the 599 

share of each country/regions to the global total import and export. Hence there is no 600 

need to quantify the import and re-export issue, or the different final use of a product, 601 

because we are using the net trade and convert all products to calorie or protein 602 

content. We used the recently updated (February 2020) trade data from Commodity 603 

Balance Module of FAOSTAT (Supplementary Table 5). 604 

 605 

Effects of trade on land and resources use 606 

The effects of trade on global cropland productivity were estimated from the 607 

differences in the CWPE of exporting countries and importing countries. Potential 608 

saving of cropland through international trade was defined as: 609 
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𝐿𝑎𝑛𝑑𝑠𝑎𝑣𝑖𝑛𝑔 𝑜𝑟 𝑤𝑎𝑠𝑡𝑎𝑔𝑒 = ∑
𝐶𝑟𝑜𝑝𝑖𝑚𝑝𝑜𝑟𝑡 𝑖

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑖𝑚𝑝𝑜𝑟𝑡 𝑖 
 − ∑

𝐶𝑟𝑜𝑝𝑒𝑥𝑝𝑜𝑟𝑡 𝑖

𝑃𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦𝑒𝑥𝑝𝑜𝑟𝑡 𝑖 
          (6) 610 

where Landsaving or wastage was the potential saving or wastage of cropland through the 611 

trade in crop products, in ha; Cropimport i and Cropexport i was net import or export of 612 

crop products in certain net import or export country, respectively, expressed in kcal, 613 

or kg protein; Productivityimport i and Productivityexport i was the national crop 614 

productivity of certain net import or export country, respectively, expressed in kcal, or 615 

kg protein. The evaluation of the impacts of trade of food and feed on the saving or 616 

wastage of livestock number, fertilizer N and feed N followed the same calculation 617 

method as presented above cropland saving or wastage. 618 

 619 

Data availability 620 

All data needed to evaluate the conclusions of this study are available in the paper 621 

itself and/or the Supplementary Information file. 622 
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Supplementary file. 626 
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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 803 

productivity, partial fertilizer N productivity and partial feed N productivity - in terms of both calorie and protein production. 804 

Indicators Unit Interpretation Equations Data source 

Cropland productivity - 

calorie  
kcal ha-1yr-1 

Cropland productivity, expressed as (i) crop calorie produced per ha 

per yr, and (ii) crop protein produced per ha per year  

Equation [2] Extended data 

1 

Cropland productivity - 

protein  
kg protein ha-1 yr-1 

Equation [2] Extended data 

2 

Partial fertilizer N 

productivity - calorie 

kcal (kg fertilizer 

N)-1 yr-1 

Partial fertilizer nitrogen productivity in crop production, defined in 

terms of (i) crop calorie produced per kg fertilizer N applied per yr, 

(ii) crop protein produced per kg fertilizer N applied per yr.  

Note: N input to crop production via manure N, deposition and biological N fixation 

was not considered. 

Equation [4] Extended data 

3 

Partial fertilizer N 

productivity - protein 

kg protein (kg 

fertilizer N)-1 yr-1 

Equation [4] Extended data 

4 

Livestock productivity - 

calorie  
kcal LSU-1 yr-1 Livestock productivity, defined in terms of livestock production, and 

expressed as (i) animal-source calorie produced per livestock unit per 

yr, and (ii) animal source protein produced per livestock unit per yr. 

Equation [3] Extended data 

5 

Livestock productivity - 

protein  

kg protein LSU-1 

yr-1 

Equation [3] Extended data 

6 

Partial feed N productivity - 

calorie 

kcal (kg feed N)-1 

yr-1 

Partial feed nitrogen productivity of livestock production, expressed 

in terms of (i) animal source calorie produced per kg of feed protein 

N, and (ii) animal source protein per kg of feed protein N consumed 

per yr. 

Equation [5] Extended data 

7 

Partial feed N productivity - 

protein 

kg protein (kg feed 

N)-1 yr-1 

Equation [5] Extended data 

8 



36 
 

 805 

Fig 1. Productivity distribution curves. Panel (a) illustrates  the concept of relative 806 

concentration of high-productivity countries in the world (CPHE = A / (A+B)), and panel (b) 807 

illustrates the concept of CPHE applied to exporting and importing countries separately so as 808 

to evaluate global trade functionality and optimality (see Fig 2). Countries were plotted on the 809 

x-axis in ascending order of productivity. Max-I is the max productivity for importing 810 

countries; Max-E is the max productivity for exporting countries. 811 
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 813 

Fig 2. Illustrations of the concept of trade functionality and optimality, as determined by 814 

the CPHE and CWPE of exporting and importing countries. Trade is defined functional 815 

when CPHEex > 0.5 and CPHEim < 0.5; it increases as the ratio of CPHEex / CPHEim increases. 816 

An optimal trade (CWPEex / CWPEim ≥ 1.0) combined with a high trade functionality 817 

(CPHEex / CPHEim ≥ 1.0) is associated with potential improved resource use efficiency at 818 

global level (see Supplementary Table 1 for further details). The optimality level of trade 819 

decreased in the order of I > II > III > IV > V > VI > VII > VII. Arrow represents the direction 820 

of increasing trade functionality in each quadrant. CPHE is the relative concentration of 821 

production in high-productivity countries applied to importing and exporting countries 822 

(CPHEim and CPHEex; dimensionless). CWPE is the weighted production efficacy, applied to 823 

importing and exporting countries (CWPEim and CWPEex; the unit of CWPE depends on the 824 

unit of X axis; see Fig 1). 825 
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827 

Fig 3. Cumulative productivity-trade distribution curves. Panels (a,b) refer to exporting 828 

and importing countries for crop productivity  and panels (c,d) refer to partial fertilizer 829 

productivity (PFP) of N in terms of calorie and protein production from 1961 to 2017 (left), 830 

and productivity and contributions of each country to total trade in 2017 (right). Colors in the 831 

maps represent the level of productivity of exporting and importing countries; the size of the 832 

circle of each country represents the contribution to total export or import. CWPEim or 833 

CWPEex are the concentration weighted average productivity (CWPE) of importing or 834 

exporting countries, respectively. The error bars related to the selection of the max 835 

productivity at 98.5%, 99.0% and 99.5%contributions to the total traded products.  836 
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 837 

Fig 4. Cumulative potential saving. Positive values correspond to savings  and negative 838 

values correspond to wasting  of arable land (Mha), synthetic fertilizer N (Tg), livestock 839 

units (M head), and feed N (Tg), as a result of trade of crop land livestock products between 840 

exporting and importing countries with productivity differences during the period 1961 to 841 

2017. 842 

  843 

-300

-200

-100

0

100

200

300

400

500

600

700

Arable land, Mha Fertilizer N, Tg Livestock unit,  Mhead Feed N, Tg

Energy base

Protein base

-900

2200

2300

-800

C
u
m

u
la

ti
v
e 

p
o
te

n
ti

al
 s

av
in

g
 o

r 
w

as
ta

g
e 

o
f 

 r
es

o
u
rc

es
 t

h
ro

u
g
h
 t

ra
d
e

Arable land

(Mha)

Fertilizer N

(Tg)

Livestock 

unit

(M head)

Feed N

(Tg)



40 
 

 844 

Fig 5. Changes per decade in the impacts of trade. Panels show impacts on crop 845 

productivity (a, c) potential land saving (b, d), partial fertilizer nitrogen (N) productivity of 846 

crop production (e, g), potential synthetic fertilizer N saving (f, h), livestock productivity (i, 847 

k), potential livestock units saving, partial feed N productivity of livestock production (m, o), 848 

and potential feed N saving (n, p). Δmeans the differences between exporting and importing 849 

countries. CWPEim and CWPEex were the weighted production efficiency for importing and 850 

exporting countries, respectively. 2010s including data of 2011-2017. The error bars related to 851 

the selection of the max productivity at 98.5%, 99.0% and 99.5% of total traded products. 852 

Solid filled column were energy-based results, while diagonal line filled column were 853 

protein-based results. 854 
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 855 

Fig 6. Cumulative productivity-trade distribution curves of exporting and importing 856 

countries. Panels correspond to livestock energy and protein production per livestock unit (a, 857 

b) and per feed nitrogen (N) input (c, d) from 1961 to 2017 (left panel), and productivity and 858 

contributions of each country to total trade in 2017 (right panel).  Color in the maps 859 

represents the level of productivity or efficiency of exporting and importing countries; the 860 

size of the circle of each country represents the contribution to total export or import. 861 

CWPEim or CWPEex are the concentration weighted average productivity/efficiency (CWPE) 862 

of importing or exporting countries, respectively. The error bars related to the selection of the 863 

max productivity at 98.5%, 99.0% and 99.5%contributions to the total traded products.   864 
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 865 

Fig 7. Trade optimality and functionality levels. Optimality and functionality of 866 

crop and livestock products from 1961 to 2017 in show in terms productivity using a 867 

calorie basis (a) or an protein basis (b), and in different decades in terms of calorie 868 

basis (c, d) and protein basis (e, f) of crop and livestock production. The size of the 869 

circles represents the differences of the concentration weighted production efficiency (CWPE) 870 

between exporting and importing countries, i.e., CWPEex-CWPEim. The red solid dots 871 

represent positive trade optimality (levels I to IV; i.e., CWPEex / CWPEim ≥ 1.0), and blue 872 

solid dots represent the negative trade optimality (levels V to VIII; i.e., CWPEex / CWPEim < 873 

1.0. 874 
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