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Abstract 1 

Increasing demand for food is driving a worldwide trend of agricultural input intensification. 2 

However, there is no comprehensive knowledge about the interrelations between potential yield 3 

gains and environmental trade-offs that would enable the identification of regions where 4 

input-driven intensification could achieve higher yields, yet with minimal environmental 5 

impacts. We explore ways of enhancing global yields, while avoiding significant nitrogen (N) 6 

emissions (Ne) by exploring a range of N and irrigation management scenarios. The simulated 7 

responses of yields and Ne to increased N inputs (Nin) and irrigation show high spatial 8 

variations due to differences in current agricultural inputs and agro-climatic conditions. 9 

Nitrogen use efficiency (NUE) of yield gains is negatively correlated with incremental Ne due 10 

to Nin additions. Avoiding further intensification in regions where high fractions of climatic 11 

yield potentials, ≥80%, are already achieved is key to maintain good NUE. Depending on the 12 

intensification scenarios, relative increases in Ne could be reduced by 0.3–29.6% of the baseline 13 

Ne with this intensification strategy as compared to indiscriminate further intensification, at the 14 

cost of a loss of yield increases by 0.2–16.7% of the baseline yields. In addition, irrigation water 15 

requirements and Nin would dramatically decrease by considering this intensification strategy. 16 

17 

TOC Art 18 
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1. Introduction 19 

With a continuously growing global population, shifts to more animal-based diets, and possibly 20 

increasing competition in agricultural land use between food and biofuel crops, food 21 

production has to increase substantially1-3. It was estimated that global food production needs to 22 

be doubled by 2050 if no changes occur on the demand side4. There are in principle two 23 

different strategies to increasing food production: expansion of croplands and intensification5. 24 

For the first option, however, suitable land resources are very limited and their conversion to 25 

cropland is increasingly constrained by other land-use purposes. In many places, croplands are 26 

actually shrinking due to encroachment by urban development6,7. The option of cropland 27 

expansion is only feasible in underdeveloped areas and often at high environmental and climate 28 

change costs such as greenhouse gas emissions and biodiversity loss from forest clearing8. For 29 

the majority of countries and regions, intensification of crop production on existing croplands is 30 

the only way to meet the increasing food demand. Concerning limited resources and severe 31 

environmental impacts, modern agriculture is facing tremendous challenges9. A major task 32 

faced by scientists, farmers, and policy makers is to find ways to increase global food 33 

production while keeping the environmental costs at a tolerable level10-13. 34 

Since the Green Revolution in the 1960s, crop yields have been increased, in particular through 35 

the breeding of more productive crop varieties14 and the intensification of land management 36 

with increasing fertilizer inputs and irrigation15. However, input intensification has also put 37 

substantial pressure on the environment due to unbalanced input-output agricultural systems. 38 

The mismatch between inputs and outputs not only decreased resource use efficiency16-19, but 39 
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also caused serious environmental problems20-24. In particular, increasing inputs of nitrogen (N) 40 

fertilizers have led to high N emissions to the environment25,26, causing severe eutrophication 41 

and drinking water quality deterioration27, as well as air pollution by N2O and NH3 emissions28. 42 

Hence, there is an ever more pressing need to develop pathways towards input intensification 43 

without further compromising environmental health and quality4,11,29,30. 44 

Given that the yields of major crops have recently been stagnated or even decreased in many 45 

regions of the world, where high agricultural inputs were applied31-34, it seems that the benefits 46 

of additional inputs, particularly fertilizers, are saturating in these regions, suggesting that 47 

further input intensification will not help to increase yields. However, the scope for improved 48 

efficiency varies among different cropping systems35. It is essential to identify regions where a 49 

high yield return can still be obtained at low environmental impacts and to explore how input 50 

intensification can be achieved in these regions most efficiently. Previous studies have shown a 51 

high potential to further increase crop production through agricultural intensification, and 52 

concluded that this is key to increasing global food production to meet the demand36-41. 53 

However, these studies have been limited in several aspects, including: a) focusing on one type 54 

of input only, either N37 or irrigation36; b) no explicit consideration of environmental 55 

impacts39,40; and c) simply using N surpluses to indicate environmental impacts of N pollution 56 

without explicitly quantifying different forms of N emissions41. 57 

Here we comprehensively address the agricultural challenges elaborated above by using the 58 

global agronomic model PEPIC42, Python-based Environmental Policy Integrated Climate 59 

(EPIC), to explore the benefits and trade-offs of further global agricultural input intensification 60 
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in terms of increased crop yields and associated N emissions (Ne). We used food production 61 

units (FPUs) as a spatial unit. The FPUs are based on river basins and economic regions as 62 

introduced by Cai and Rosegrant43 and modified by Kummu et al.44 Focusing on N inputs (Nin) 63 

and irrigation water (Irr), we considered four input intensification scenarios representing low, 64 

high and max levels of intensification (two scenarios for the low level) in addition to a baseline 65 

scenario with no additional intensification. Three major cereal crops (maize, rice, and wheat) 66 

were included in the analysis. In addition to looking into the differences in yields (ΔY), 67 

differences in Ne (ΔNe), and differences in input requirements (ΔNin and ΔIrr) between the 68 

intensification and the baseline scenarios, we explored the relationships between ΔY and ΔNe 69 

in response to ΔNin to identify the priority regions for intensification. We also assessed the N 70 

use efficiency (NUE) of yield gains as ΔY/ΔNin and N emission intensity of new inputs as 71 

ΔNe/ΔNin. 72 

2. Materials and methods 73 

2.1. Simulation model and input data 74 

The PEPIC model42 was used to simulate crop growth at a daily time step and the associated 75 

nutrient dynamics globally at a spatial resolution of 30 arc minutes (about 50 km at the equator). 76 

PEPIC has been used for investigating global crop–water relations of maize42 and assessing 77 

global N and phosphorus (P) emissions from the cultivation of major crops12,26. In addition, it 78 

also shows comparable performance in representing yield variability at country level along 79 

with 13 other global crop models participating in the Agricultural Model Intercomparison and 80 

Improvement Project (AgMIP)45,46. Inputs for PEPIC include longitude, latitude, elevation, 81 
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slope, soil properties (e.g. layer depth, pH, bulk density, organic carbon content), climate data 82 

(precipitation, temperature, solar radiation, relative humidity, wind speed), land cover, and crop 83 

management information. Land cover data are derived from the MIRCA2000 datasets, which 84 

provide rainfed and irrigated cultivation areas for 26 crops47. As for management data, planting 85 

date, harvesting date, fertilizer, and irrigation are required. Planting and harvesting dates were 86 

obtained from the Center for Sustainability and the Global Environment (SAGE)48. 87 

Crop-specific fertilizer and manure application data for the baseline simulation (including N 88 

and P) were downloaded from the EarthStat dataset (http://www.earthstat.org/), which were 89 

based on Mueller et al.49 and West et al.50 Information on model performance and other input 90 

data is provided in the Supporting Information. 91 

2.2. Management practices and intensification scenarios 92 

In this study, we considered four intensification scenarios—N25, N25Irr10, N50Irr30 and 93 

NmaxIrrmax—in addition to the baseline scenario (Table 1). A sufficient amount of P was applied 94 

automatically in each scenario to eliminate the effects of P deficit on plant growth following 95 

Folberth et al.51 Nin in the baseline (Nin-base) was determined by the minimum value between 96 

actual Nin (Nin-a) and automatic Nin (Nin-auto), where N application is based on crop N 97 

requirements, for the baseline yield simulation. Here, Nin-a was based on the EarthStat dataset, 98 

while Nin-auto was estimated by PEPIC with automatic N fertilization without N limitation at a 99 

trigger value of 10% N stress52 under the baseline irrigation cropland condition based on the 100 

MIRCA2000 dataset. Such setting excluded the impacts of over N application on Ne in some 101 

regions26,53, since this study focused on the effects of input additions. The automatic N 102 
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fertilization used here can determine the proper amount of Nin at right time based on soil N 103 

concentration and crop N requirements54. It deserves to note that the automatic N fertilization 104 

may lead to optimistic bias on NUE simulated and that actual management practices are often 105 

less targeted (e.g. timing). Irrigation was applied automatically without water limitation for the 106 

irrigated cultivation at a trigger value of 10% water stress55. Increased Nin and conversion of 107 

rainfed to irrigated cropland relative to the baseline were considered as intensification scenarios 108 

in this study. For Nin, we first used PEPIC to determine the maximum Nin (Nin-max) by using the 109 

automatic fertilization schedule setting different Nin caps considering all croplands with full 110 

irrigation. We found that when Nin cap was set to 400 kg N per ha, maximum crop yields (Ymax) 111 

could be achieved for the three crops (Table S1). Therefore, actual Nin estimated from this 112 

condition was used as maximum Nin. Here, Ymax was estimated by forcing the model with 113 

sufficient water and N fertilizer without changing the response curves of yields to N and water. 114 

This definition of Ymax is consistent with Lassaletta et al.18,56, Mueller et al.57, and Mogollón et 115 

al.58, but different from the definition of van Ittersum et al.59, that also considered changes in the 116 

response curves. Combination of this fertilizer and full irrigation was applied in the NmaxIrrmax 117 

scenario. Then, the difference between Nin-max and Nin-base, i.e. ΔNin-max, was calculated for each 118 

grid cell. 119 

Insert Table 1 here 120 

In N25, Nin was increased by 25% of ΔNin-max relative to the baseline, while in N25Irr10, 10% of 121 

the rainfed cropland was converted to irrigated land in addition to a 25% of ΔNin-max increase in 122 

Nin. In N50Irr30, 30% of the rainfed land was converted to irrigated land in addition to a 50% of 123 
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ΔNin-max increase in Nin. These levels of intensification were based on Mueller et al.41, who 124 

found that jointly increasing Nin by 30% and irrigated lands by 25% would reach productivity 125 

levels that represent 75% of the attainable yields of the year 2000. Therefore, we considered an 126 

increasing intensification level with an ascending order of baseline, N25, N25Irr10, N50Irr30, and 127 

NmaxIrrmax. Although global constant percentage values of ΔNin-max and rainfed land were used 128 

here to increase Nin and irrigation, the actual increases in Nin and irrigation were different due to 129 

the large differences in Nin and rainfed land area under the baseline condition (Figs. S1 and S2) 130 

and the input requirements under the NmaxIrrmax scenario. It should be noted that it may not be 131 

practical to set the high- and/or max-level input intensification scenarios everywhere across the 132 

world. This holds particularly for many poor countries in Africa, as they are currently in lack of 133 

infrastructure and/or enough water and fertilizer to reach such intensified agricultural input 134 

requirements. However, the scenarios considered here reflect general mechanisms and 135 

challenges under the agricultural intensification. Thus, they provide useful information on 136 

exploring sustainable pathways towards future agricultural development. They can also be used 137 

in land use socio-economic models to prioritize agricultural subsidies and better agricultural 138 

practices for increasing Nin or N recycling in regions where yields are severely limited by this 139 

nutrient. 140 

2.3. Definition of target variables and data analysis 141 

Four model outputs were considered in the analysis, i.e. irrigation water (Irr [mm]), N inputs 142 

(Nin [kg N per ha]), yields (Y [t per ha]), and N emissions (Ne [kg N per ha]). In this study, Ne 143 

refers to total N emissions, including N emissions to the aquatic and atmospheric environments, 144 
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estimated by Eq. 2 in the Supporting Information. Crop growth was simulated separately under 145 

rainfed and irrigated conditions. Therefore, there are two response curves of yields and Ne to 146 

Nin for irrigated and rainfed cultivations. The combined outputs of each variable were 147 

calculated using the area-weighted average of irrigated and rainfed outputs based on the 148 

MIRCA2000 dataset of crop-specific fractions of irrigated and rainfed land for each crop in 149 

each grid cell47. The combined results were aggregated to FPUs, continental, and global levels. 150 

Subsequently, the differences of each variable between the intensification scenarios and the 151 

baseline were calculated, i.e. differences in Irr (ΔIrr), differences in Nin (ΔNin), differences in Y 152 

(ΔY), and differences in Ne (ΔNe). For FPUs with ΔY < 0.05 t per ha, outputs under the 153 

intensification scenarios were treated as the same values of the baseline to exclude possible 154 

errors due to minor responses. After this treatment, ΔIrr, ΔNin, ΔY, and ΔNe were re-evaluated. 155 

The NUE of yield gains, defined as ratio ΔY/ΔNin, and N emission intensity of new inputs, 156 

defined as ratio ΔNe/ΔNin, were calculated to explore the responses of yields and Ne to Nin 157 

additions under different intensification scenarios. 158 

We constructed frontier lines of cumulative ΔY to cumulative ΔNe by intensifying the FPUs one 159 

by one. We first focused on the FPUs with low N emission intensity of new inputs and high 160 

NUE of yield gains and then on the FPUs with high N emission intensity of new inputs and low 161 

NUE of yield gains. It means that we logically intensified the FPUs with an ascending order of 162 

N emission intensity of new inputs and a descending order of NUE of yield gains. In addition to 163 

intensifying all FPUs to high/max levels, we investigated the impacts of stopping 164 

intensification in FPUs where a target yield, defined by a given fraction of Ymax, is achieved. 165 
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Different fractions (70%, 75%, 80%, 85%, 90%, and 95%) of Ymax were tested. If a given 166 

yield target was already achieved in an FPU under scenarios of baseline, N25, N25Irr10, N50Irr30 167 

scenarios, we stopped further intensification in that FPU. 168 

3. Results 169 

3.1. Yield benefits 170 

The simulated responses of crop yields to increased Nin and irrigation showed high spatial 171 

variations, with very large effects in some regions, but only minor ones in other areas, mainly 172 

reflecting current limitations (Fig. 1). These benefits also showed different spatial patterns 173 

among the three crops. Areas with high ΔY for maize and rice were found to be concentrated 174 

mainly in the southern parts of Africa and South America, where the baseline yields were quite 175 

low and differences in yields between the NmaxIrrmax and baseline scenarios were very high (Fig. 176 

S3). In addition to these regions, parts of East Europe and the Middle East also showed large 177 

ΔY for wheat. Wheat presented smaller yield improvements compared to maize and rice. For 178 

other regions, particularly China and India, only small ΔY were predicted for the three crops. 179 

Globally, the average ΔY in the four intensification scenarios ranged between 10 and 50% of 180 

baseline yields for maize, 7 and 19% for rice, and 16 and 71% for wheat (Table 2). Yields 181 

responded mainly to increased Nin and less to intensified irrigation. Increased Nin were found to 182 

substantially increase irrigation water use efficiency (defined as yield per unit of applied 183 

irrigation water), while the effects of irrigation additions on NUE (defined as yield per unit of 184 

applied Nin) were quite small at the continental level (Tables S2 and S3). Meanwhile, to achieve 185 

high yields, significant increases in the inputs of these resources were required (Table 2), with 186 
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ΔIrr between 0 and 250% of baseline irrigation water and ΔNin between 12 and 138% of 187 

baseline Nin, depending on scenarios and crops. 188 

Insert Fig. 1 here 189 

Insert Table 2 here 190 

3.2. Nitrogen emissions 191 

The simulations predicted that yield benefits from Nin and irrigation intensification would result 192 

in substantial ΔNe around the world, with increases varying between 9 and 59% of the baseline 193 

Ne for maize, 7 and 39% for rice, and from 12 to 64% for wheat among the four scenarios (Table 194 

2). Increases in Ne was particularly high in Africa, Oceania, and South America for maize and 195 

rice, and in Africa, Europe, Oceania, and South America for wheat (Fig. 2 and Fig. S4). The 196 

overall geographical distribution patterns were similar to those for the respective ΔY, but there 197 

were also some differences. Large ΔNe were predicted in Southeast Asia for all three crops and 198 

in the eastern parts of the USA for wheat, while yields were not expected to increase 199 

significantly in these regions in response to Nin and irrigation additions. While increasing Nin 200 

always increased Ne, increased irrigation could reduce Ne in some regions relative to the 201 

baseline scenario. That is because the plants that grow better under irrigation cultivation take up 202 

more N. 203 

Insert Fig. 2 here 204 

3.3. Relationship between yield increases and nitrogen emissions 205 

The NUE of yield gains, expressed in terms of the ratio ΔY/ΔNin, and the N emission intensity 206 

of new inputs, expressed as the ratio ΔNe/ΔNin, present opposite spatial distribution patterns at 207 
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the FPUs level (Figs. S5 and S6). The Southeast Asia and the northern parts of South America 208 

showed high N emission intensity of new inputs for maize and rice. The NUE of yield gains 209 

showed clear negative linear relationships to the N emission intensity of new inputs for all the 210 

three crops, especially for maize and rice under all four intensification scenarios, and for wheat 211 

under the NmaxIrrmax scenario (Fig. 3). The position of individual FPU along the relationships 212 

between NUE of yield gains and N emission intensity of new inputs was closely related to the 213 

magnitude of Nin additions. In contrast, the increases in irrigation land had little effect on the 214 

balance between relative benefits on yield vs. Ne, as these relationships showed little 215 

differences between the scenarios without and with irrigation addition, for instance between 216 

N25 and N25Irr10. The negative relationships shown in Fig. 3 indicate that there is a win–win 217 

situation with higher yields and low Ne if further input intensification concentrates on regions 218 

where additional inputs have the highest NUE of yield gains, as these are also the regions with 219 

the smallest additional Ne. 220 

Insert Fig. 3 here 221 

In most FPUs with a high N emission intensify of new inputs and a low NUE of yield gains 222 

(Figs. S5 and S6), yields under each intensification scenario have already obtained a high 223 

fraction (e.g. 80%) of Ymax under the former scenario considering an order of baseline, N25, 224 

N25Irr10, N50Irr30 and NmaxIrrmax (Fig. 3). This means that significant Ne can be avoided by 225 

stopping further increases in Nin and irrigation applications in such FPUs. This condition was 226 

found to be especially common for rice cultivation, where about 79% of the croplands presently 227 

under rice cultivation already reaches 80% of Ymax in the baseline scenario (Table S4). For 228 
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wheat and maize, the respective percentages were 35% and 26%. The regions showing low 229 

yield gap were mainly located in East Asia, central Europe and the eastern USA for maize, 230 

eastern and southeastern Asia for rice, and China and India for wheat (Fig. S7). In the N50Irr30 231 

scenario, the fraction of croplands cannot achieve 80% of the Ymax is still big for maize and 232 

wheat. 233 

3.4. Frontier lines for intensifying croplands on a global scale 234 

Based on the negative relationship between NUE of yield gains and N emission intensity of 235 

new inputs as shown in Fig. 3, we constructed the distributions of cumulative ΔY against 236 

cumulative ΔNe (Fig. 4), sorting the FPUs by an ascending order in N emission intensity of new 237 

inputs and meanwhile a descending order in NUE of yield gains. Starting with FPUs low in ΔNe 238 

and high in ΔY which are the best regions for intensification, these lines decrease in slope as ΔY 239 

decreases, while ΔNe increases. This is particularly notable for scenarios N50Irr30 and NmaxIrrmax. 240 

We observed that initial increases in yields can be achieved by lower-input systems at less 241 

environmental burden (e.g. yellow line steeper than red line for rice and initially for wheat and 242 

maize). Furthermore, the frontier lines show a large difference between the NmaxIrrmax and the 243 

other scenarios, indicating the high N pollution versus small yield benefits of further 244 

intensifying crop production when the level of intensification is already high.  245 

Insert Fig. 4 here 246 

An important strategy for limiting ΔNe with minimal compromises on yield increases is to 247 

avoid further intensification in FPUs, where high fractions of Ymax have been achieved, which 248 

we here define as a threshold of 80% (Fig. 4). With this condition, simulated ΔNe were reduced 249 
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from 6.4–40.4 kg N per ha to 6.2–20.2 kg N per ha (this reduction representing 0.3–29.6% of 250 

the baseline Ne) for maize; from 5.4–28.7 kg N per ha to 3.7–10.7 kg N per ha (the reduction 251 

representing 2.2–24.3% of the baseline Ne) for rice; and from 5.1–27.7 kg N per ha to 4.9–18.1 252 

kg N per ha (the reduction representing 0.4–22.3% of the baseline Ne) for wheat, depending on 253 

the scenarios. Expected ΔY were reduced by only 0.0–0.9 t per ha (corresponding to 0.2–16.7% 254 

of the baseline yields) for maize; 0.1–0.4 t per ha (corresponding to 1.8–8.8% of the baseline 255 

yields) for rice; and 0.0–0.3 t per ha (corresponding to 0.2–9.8% of the baseline yields) for 256 

wheat (Tables 2 and 3). Furthermore, the results also show that much less N and irrigation water 257 

resources are required to achieve the same increases in yield with a strategy in which further 258 

intensification is limited to cropland where the yield gap is still comparatively large than with 259 

indiscriminate further intensification. In addition to restricting intensification to FPUs with 260 

yield levels of <80% Ymax, we performed the analogous analysis setting the restriction 261 

fractions at 70%, 75%, 85%, 90%, and 95% of Ymax (Fig. S8). Similar trends for ΔY and ΔNe 262 

were found for these fractions as with the fraction of 80%. However, the trade-offs between Y 263 

achievements and increases in Ne varied by using the different yield target levels. 264 

Insert Table 3 here 265 

4. Discussion 266 

To detail the different responses of yields and Ne to Nin and water additions, the response curves 267 

of yields and Ne to Nin under irrigated and rainfed cultivations are displayed for eight 268 

continental-climate regions in Fig. 5. The climate classification is based on the Köppen-Geiger 269 

climate map60. We observed very different responses in different regions, consistent with the 270 
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EPIC simulations from Balkovič et al.61 The differences between the irrigated and rainfed 271 

cultivations are particularly high in the arid regions, where the irrigation water requirements are 272 

generally high. These response curves from PEPIC highlight the large spatial variability of 273 

yield benefits and Ne trade-offs under intensification scenarios on a global scale. Comparison of 274 

the PEPIC response curves with those from other crop models would help to estimate the 275 

uncertainty on our results arising from the use of a single model. 276 

Insert Fig. 5 here 277 

The high spatial heterogeneity of the responses of yields and Ne to increased Nin and irrigation 278 

inputs is mainly explained by differences in these inputs between under the baseline scenario 279 

and under the NmaxIrrmax scenario. Regions with a high level of baseline Nin (Fig. S1) generally 280 

respond with low NUE of yield gains but high N emission intensity of new inputs to further 281 

intensification. This is in agreement with previous studies. When Nin is already high, the yield 282 

benefits of additional Nin are low18, while the potential of Ne tends to be high14. Maximum N 283 

requirements for achieving Ymax presented high variation (Fig. S1) and were mainly 284 

determined by climate condition, particularly the potential heat units (Fig. S9), as both of them 285 

show quite similar spatial distribution. Such patterns of maximum Nin also partially explain the 286 

heterogeneity of yield responses to Nin. Compared to Nin, most regions showed relatively low 287 

ΔY in response to more irrigation in all three crops, with significant variations across regions 288 

(Fig. S10), which is true as most cultivation regions of these three crops were not found limited 289 

by irrigation49. Especially, yield response is more sensitive to Nin additions than to irrigation in 290 

Africa and South America, where the baseline Nin was generally very low. The different 291 
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responses of yields to irrigation additions are mainly due to different fractions of irrigated lands 292 

to total cultivated lands (Fig. S2) and the differences in irrigation requirements under different 293 

scenarios, e.g. the baseline management as shown in Fig. S11. A low irrigation requirement 294 

indicates that growing season precipitation is generally sufficient for crop growth (Fig. S12), 295 

and so there are low benefits from increased irrigation. On the other hand, there is only limited 296 

opportunity to further increasing yields by taking additional land under irrigation where a large 297 

fraction of the cropland is already under irrigation. On land where yields are already close to 298 

what can be achieved with the maximum N and irrigation water inputs, further increasing the 299 

intensity can produce only minor benefits, while the environmental impacts and the 300 

consumption of resources become more significant. Such regions need to be identified and 301 

excluded from further intensification. 302 

Based on our simulations, it was not possible to double the production of the three crops on the 303 

current cropland area even if there was no limit on N fertilizer application and irrigation, 304 

especially in rice production (Table 2). Similar findings were reported by Mueller et al.49, who 305 

estimated production potentials close to 100% of maximum attainable yields through nutrients 306 

and irrigation management. Therefore, other measures need to be considered to further increase 307 

yields, such as breeding more productive varieties62, change of cropping intensities63, and better 308 

allocation on a global scale of crops to cultivated land40, among others. Combining these 309 

measures with better N and irrigation management can be expected to further increase Ymax 310 

and strengthen the responses of yields to Nin and irrigation in currently high yield regions, as 311 

elaborated in Mogollón et al.58 Besides, for a better agricultural development, extensification, 312 
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which focuses on reducing external inputs, could also be considered in the already intensified 313 

regions to alleviate environmental impacts with minor yield reduction64. Nevertheless, here we 314 

focused on the three major food crops. It is worth noting that other types of crops (particularly 315 

fruits and vegetable) may hold the potential to double the production65. For instance, apple 316 

yields in China could increase from 16.5 t per ha to 37 t per ha through better management66. 317 

Hence, a comprehensive assessment including different management options and incorporating 318 

more crops should be conducted in further research. 319 

Agricultural inputs cannot be increased without limit and they are also associated with 320 

significant environmental impacts. While there is sufficient N in the atmosphere for practically 321 

unlimited industrial production of mineral N fertilizer, the energy required for it is likely to set 322 

an upper limit. Already about 2% of the world’s energy use is for the production of reactive N67. 323 

Moreover, there is still a long way to go for many developing countries, mainly in Africa, to 324 

afford and distribute enough nutrients for their croplands. In comparison to N fertilizer, 325 

freshwater is a much more limited resource68 and its spatiotemporal distribution is already very 326 

uneven for natural reasons69. That is why we set lower levels of irrigated land expansion. While 327 

we found that by expanding the irrigated areas, maize and wheat yields could be increased 328 

substantially in the western USA and western and central Asia (Fig. S10), the available water 329 

resources there set a rather low upper limit to this option70. Further expansion of irrigation 330 

agriculture hence bears the risk of worsening this problem. Therefore, it will be vital to increase 331 

the efficiency of irrigation71,72 and fertilizer19 applications. As shown here, one strategy to 332 

achieve this is to concentrate intensification efforts in regions with currently low yields and 333 
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high yield potentials, while avoiding further intensification in regions where yields are already 334 

very high. This strategy could simultaneously conserve agricultural resources and also 335 

substantially reduce additional N pollution. 336 

Mueller et al.41 also explored trade-offs between excess N (differences between Nin and N in 337 

crop harvest) and crop production using frontier lines. The difference between our results and 338 

their study is that we used frontier lines to explore the benefits of avoiding further ‘useless’ 339 

intensification in regions where yields are already close to their maximum levels, i.e. 70–95% 340 

of Ymax (Fig. 4 and Fig. S8). The ΔNe may be reduced if setting a low yield target. But then the 341 

increases in yields will also be lower. Thus, it is important to find a level at which these effects 342 

are in a desirable balance. However, setting such a target level is subject to local and regional 343 

policies, social and economic trade-offs, access to N fertilizers, capacity to improve 344 

agronomical practices, as well as consideration of regional environmental vulnerabilities. Due 345 

to significant variations of agricultural performance among different countries in terms of 346 

trade-offs between yield achievements and environmental impacts because of different natural 347 

conditions (e.g. climate and soil) and agronomic practices (e.g. different NUE), much more 348 

efforts should be made to determine a reasonable yield target level on local scale57,73. Due to 349 

enormous disparities in capacity and socioeconomic conditions among different countries, it 350 

may not be possible to intensify agricultural inputs to such a reasonable yield target level in the 351 

short term in economically week regions, e.g. many poor countries in Africa. Therefore, in 352 

addition to setting a critical target level, it is also important to make sure that the high yield 353 

improvements without significant environmental costs could be practically achieved for these 354 
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regions. Answering this question requires detailed socio-economic information and complex 355 

economic models to address benefits and trade-offs between agricultural intensification and 356 

food trade-dependence53,73. This is beyond the focus of the current study, but it certainly 357 

deserves an in-depth investigation. 358 

Our previous analysis showed that the PEPIC model realistically captured large-scale Ne due to 359 

N inputs, but with high uncertainties from model parameters26. In this study, we document the 360 

variable responses of yields and Ne to Nin and water additions in different regions across the 361 

world. More detailed follow up studies to significantly reduce uncertainties should focus on 362 

evaluating the PEPIC response against data from field experiments with nutrient and water 363 

treatments74,75, and on comparing PEPIC response curves with other crop models, such as 364 

planned in AgMIP76. We did not consider the impacts of climate change and adaptation 365 

strategies77, which are also important factors affecting future food security, although their 366 

uncertainties are also high55,78,79. As the purpose of this study is to investigate the yield 367 

potentials of input intensification, associated environmental trade-offs, and their regional 368 

differences, we only considered four intensification scenarios (representing low, high, and 369 

maximum levels) in order to reduce the computation time. A full range of N and irrigation 370 

intensification scenarios would help to identify the optimal intensification level. Overcoming 371 

the limitations specified above was beyond the scope of this study and will be subject to future 372 

research. 373 

Supporting Information: Details on model description and model performance. Details on 374 

nitrogen inputs, crop yield responses, nitrogen emission responses, and percentage of potential 375 
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Figure 1. Differences in crops yields [t per ha] between N25 and baseline (a, c, e), as well as 

between N50Irr30 and baseline (b, d, f). Note: eight continent-climate regions in panel b are 

used to detail the responses of yields and nitrogen emissions to nitrogen inputs under irrigated 

and rainfed cultivations. Maps of different food production units were obtained from Kummu 

et al.44 AF: Africa, AS: Asia, EU: Europe, NA: North America, OC: Oceania, SA: South 

America. 
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Figure 2. Differences in nitrogen (N) emissions [kg N per ha] between N25 and baseline (a, c, 

e), as well as between N50Irr30 and baseline (b, d, f). Maps of different food production units 

were obtained from Kummu et al.44 
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Figure 3. Relationships between nitrogen (N) use efficiency (NUE) of yield gains [kg grain 

per kg N] and N emission intensity of new inputs [-] under different intensification scenarios 

at the food production units (FPUs) level. Ymax is estimated yields by PEPIC under the 

NmaxIrrmax scenario. The FPUs with the smallest areas (for a total of 2% of global total 

cropland areas of each crop) are not shown. Size represents cropland area for each FPU. 

Colors represent the fractions to which Ymax have been achieved. For a given intensification 

scenario, the colors show the situation of its previous scenario with an intensification order of 

baseline, N25, N25Irr10, N50Irr30 and NmaxIrrmax scenarios. That is to say, for instance, colors in 

N25 give the achieved Ymax fractions of the baseline scenario. Equations represent the linear 

relationship between NUE of yield gains and N emission intensity of new inputs (points with 

negative N emission intensity of new inputs are not included for regression analysis). R2 is the 

coefficient of determination of equation. 
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Figure 4. Percentage increases in global average crop yields and nitrogen (N) emissions under 

different intensification scenarios without (w/o) considering 80% of maximum yields (Ymax) 

achieved (a, c, e) and with (w/) considering 80% of Ymax achieved (b, d, f). Considering 80% 

of Ymax achieved means that the food production units (FPUs) with 80% of Ymax achieved 

under a given intensification scenario adopt the first scenario of baseline, N25, N25Irr10 and 

N50Irr30, which has already achieved 80% of Ymax. Points in each curve are derived by 

intensifying FPUs one-by-one with an ascending order of N emission intensity of new inputs 

and then a descending order of N use efficiency of yield gains on the basis of Fig. 3. For 

better visualization, every 10 points between the first and last points are plotted for each curve. 

Note: lines for NmaxIrrmax are not always highest because different sorting sequences are used 

for different scenarios. 
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Figure 5. Response curves of crop yields (a-h) and nitrogen (N) emissions (i-p) to N inputs 

(Nin) under irrigated (IR, solid lines) and rainfed (RF, dashed lines) cultivations in different 

continental-climate regions. Irrm: irrigation water requirements of maize; Irrr: irrigation water 

requirements of rice; Irrw: irrigation water requirements of wheat. A map of the 

continental-climate regions can be found in Fig. 1b. AF: Africa, AS: Asia, EU: Europe, NA: 

North America, OC: Oceania, SA: South America. The response curves are derived from 

simulations with automatic N fertilization by setting different Nin caps: 25, 50, … 400, 450, 

500, and 1000 kg N ha-1 yr-1. Actual Nin is lower than Nin cap when a high-level cap is used. 

Rainfed cultivation has lower maximum Nin than irrigated cultivation. 
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Table 1. Description of intensification scenarios in terms of increasing nitrogen (N) inputs 

and irrigation (Irr) areas. 

Scenario N inputs Irrigation 

areas 

baseline Nin-base Air 

N25 Nin-base + 0.25×ΔNin-max Air 

N25Irr10 Nin-base + 0.25×ΔNin-max Air + 0.10×Arf 

N50Irr30 Nin-base + 0.50×ΔNin-max Air + 0.30×Arf 

NmaxIrrmax Nin-max Full irrigation 

Nin-base = min(Nin-a, Nin-auto); Nin-a: actual N inputs based on the EarthStat dataset; Nin-auto: optimal N inputs 

derived from PEPIC simulations considering baseline irrigation land condition based on the 

MIRCA2000 dataset; Nin-max: optimal N inputs derived from PEPIC simulations considering croplands 

with full irrigation; ΔNin-max = Nin-max  Nin-base; Air and Arf: baseline areas for irrigation and rainfed 

cultivations. 

 

Table 2. Global average irrigation water (Irr) [mm], nitrogen inputs (Nin) [kg N per ha], crop 

yields (Y) [t per ha], and nitrogen emissions (Ne) [kg N per ha] under baseline and different 

intensification scenarios by intensifying all croplands. 

 maize rice wheat 

 Irr Nin Y Ne Irr Nin Y Ne Irr Nin Y Ne 

baseline 50.2 93.2 5.5 68.3 41.3 86.8 4.5 74.2 44.7 70.7 2.7 43.4 

N25 50.2 111.0 6.0 74.7 41.3 97.5 4.8 79.5 44.7 92.1 3.1 48.5 

N25Irr10 62.0 111.5 6.1 73.9 42.1 97.5 4.8 79.3 55.4 92.3 3.2 48.0 

N50Irr30 86.8 132.8 6.8 81.0 43.9 108.9 5.1 85.4 78.0 114.2 3.6 52.7 

NmaxIrrmax 173.0 193.0 8.2 108.6 50.1 136.0 5.4 102.9 156.7 168.2 4.6 71.1 

 

Table 3. Global average irrigation water (Irr) [mm], nitrogen inputs (Nin) [kg N per ha], crop 

yields (Y) [t per ha], and nitrogen emissions (Ne) [kg N per ha] under different intensification 

scenarios by avoiding further intensifying croplands with 80% of maximum Y achieved. 
 

maize rice wheat 
 

Irr Nin Y Ne Irr Nin Y Ne Irr Nin Y Ne 

N25 50.2 110.6 6.0 74.5 41.3 94.4 4.7 77.9 44.7 91.7 3.1 48.3 

N25Irr10 61.5 111.1 6.1 73.9 41.8 94.4 4.7 77.9 54.9 91.8 3.2 48.0 

N50Irr30 79.7 129.0 6.7 80.0 42.7 100.2 4.9 81.1 75.2 112.0 3.6 52.7 

NmaxIrrmax 117.6 150.7 7.3 88.4 44.8 106.8 5.0 84.9 131.0 146.5 4.3 61.5 

 




