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S1. Supplemental Methods 54 

S1.1 Criteria for selection and description of effective N mitigation options for meta-55 

analysis 56 

Four aspects were considered for meta-analysis while choosing abatement measures to the 57 

reduce Nr losses to (NH3, NOx, N2O emissions) and water (N leaching and runoff): 58 

1) Synergies and no or limited trade-offs: measures were prioritized that can simultaneously 59 

reduce the total Nr (NH3, NOx, N2O, N leaching, and runoff) emissions while increasing crop 60 

yield are included, such as the use of enhanced efficiency fertilizers (EEFs) which could reduce 61 

total Nr emission by 15-40%, while increasing crop yield by 9.1-20.5%; measures that e.g. 62 

reduced NH3 emissions but enhanced N2O emissions or N leaching, were selected with caution 63 

to avoid trade-off.  64 

2) High mitigation efficiency: measures that could significantly reduce one or more of the Nr 65 

losses are considered, such as deep manure placement, which has a high mitigation potential of 66 

93-99% for NH3 emissions with limited trade-off to other emissions. 67 

3) Low implementation cost: measures with lower costs or labor inputs that farmers prefer, 68 

such as tillage and buffer zone are included. 69 

4) Practical applicability: measures with limited applicability due to technical, political, or 70 
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obvious social barriers were excluded. For example, soil testing was ruled out in this study due 71 

to high costs for small farms and high spatial and temporal variability. 72 

    A total of 11 mitigation options for specific cropping systems were included in this study 73 

for achieving both agronomic and environmental targets based on the selection criteria. Detailed 74 

descriptions of their applicability and implementation costs are listed in Table S1 and Table S2. 75 

It is noted that there are other measures available in some parts of the cropping systems, e.g., 76 

manure management, which offers further opportunity to reduce wasted N, when considering 77 

the interaction of livestock and cropping systems, in addition to issues about consumption 78 

change. But these measures are mainly not implemented on croplands, thus, we did include 79 

them in this study. 80 

   As can be seen from the meta-analysis of experimental studies an individual measure may 81 

reduce one form of N pollution, while simultaneously increasing another form of N pollution. 82 

This may happen, for example, the incorporation of fertilizer or manure into soil reduces 83 

volatilization losses, leaving more N remaining in the soil, which is either available for plant 84 

uptake or increased leaching. The example also illustrates the potential for interactions between 85 

measures. 86 

   These potential interactions between measures and above-mentioned compensatory actions 87 

are out of the scope of this study, but have been discussed in detail by the UNECE1 who have 88 

identified 24 principles for integrated sustainable N management in agriculture, where the 89 

application of these principles allows the development of coherent packages of measures. For 90 

example, according to the UNECE1 Principle 6, to fully realize the benefit of N savings through 91 

mitigation, N inputs need to be reduced or harvested produced increased. Hence reducing N 92 

losses may allow reduction of N inputs as a compensatory action, thereby saving money and 93 

increasing system resilience. The application of these principles will in general allow improved 94 

agricultural performance in developing packages of measures. Since it is not possible to treat 95 

such interactions fully in a global modeling framework as outlined here, the results may be 96 

considered as conservative concerning the estimated benefits.   97 

 98 

S1.2 Multi-model integration to deliver plausible cropland N budget 99 

CHANS, IMAGE, MAgPIE model are three main N flow and flux models that could provide 100 

croplands N budgets. However, there are great differences among the three models in terms of 101 

model principle, targets, process, and data source. Here we integrated the three models by 102 

comparing the model outputs. The Nr emission-related parameters (emission fraction and 103 

emission factors) were extracted from the three models to get the average-weighted values, 104 

which were then reimported into the CHANS model to optimize the parameters of the CHANS 105 

model (Figure S1). The multi-model integration provides the new adjusted cropland N budgets 106 

and Nr emission inventories by nation. For future scenario simulation and analysis, the meta-107 

analysis results were integrated into the optimized CHANS model (Figure S3) to assess the 108 

potential, cost, and benefits under assumed scenarios.  109 

 110 
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It is noted that N2 emission was estimated based on the mass balance of N cycling in the 111 

cropland system. The absence of N2 data in the meta-analysis is mainly due to there being no 112 

experimental studies reviewed to show the effects of measures on N2; however, it can be 113 

estimated on the cropland system level to quantify the N savings. 114 

 115 

The CHANS model includes baseline estimates for present conditions of manure production 116 

and of its fate including wasteful disposal or effective recycling in agriculture 2, 3. For the future 117 

scenario setting a modification of this approach was needed where we estimated the animal 118 

population and manure production consistent with the demand of human consumption. We first 119 

predicted the required livestock population to meet the human consumption, and then referred 120 

to the FAOSTAT and recent studies that suggest the cropland carrying capacity and 121 

environmental boundary to determine the recycling ratio, finally calculated the amount of 122 

manure N returned to the cropland. The potential of manure N being effectively recycled is 123 

related to the meta-analysis of field experiments. Composting and fermentation of organic 124 

waste are counted as organic recycled manure and are used in cropland as a soil amendment in 125 

this study. 126 

 127 

Below is a brief description of the three models. These three N budget models are widely used 128 

globally, thus, we did not list all the details of these models. For further data source and model 129 

simulation processes, please read the original studies about these three models. 130 

 131 

CHANS model. CHANS (Coupled Human And Natural Systems) is a N-flow process-based 132 

model that accounts for the complex biogeochemical processes of N cycling2, 3. The CHANS-133 

Globe integrates the fluxes of N input, output, and accumulation among 14 subsystems 134 

(cropland, feedlot, grassland, human, industry, aquaculture, forest, pets, urban lawn, solid waste, 135 

wastewater, atmosphere, surface water and groundwater) based on the embedded mass balance 136 

approach. N fluxes regarding cropland subsystems are extracted to compile the Cropland N 137 

budget. The main data sources for CHANS-Globe are (i) the global statistics databases4-7 that 138 

provide social-economic and agricultural activity data at the national or regional scale, 139 

including human population, GDP, land use, crop/livestock production, farm productivity, N 140 

fertilizer use, etc.; (ii) latest published field experiments, literature studies, and national 141 

pollutant inventories8-12 that offer diverse parameters (e.g., N content in crops, harvest index, 142 

manure recycling ratio) and national-specific Nr emission factors (EFs). A detailed description 143 

of the CHANS model framework and calculation could be found in Gu et al. (2015, 2020)2, 3. 144 

 145 

IMAGE model. IMAGE (Integrated Model to Assess the Global Environment) is an integrated 146 

assessment model that simulates the environmental consequences of human activities 147 

worldwide13. It represents interactions between society, the biosphere, and the climate system 148 

to assess sustainability issues such as climate change, biodiversity and human well-being. The 149 

objective of the IMAGE model is to explore the long-term dynamics and impacts of global 150 
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changes that result from interacting socio-economic and environmental factors13. For a more 151 

detailed introduction on the IMAGE model: see the IMAGE website 152 

(https://models.pbl.nl/image/index.php/IMAGE_framework).  153 

 154 

MAgPIE model. MAgPIE (Model of Agricultural Production and its Impact on the 155 

Environment) is a global land-use allocation model with a spatial resolution of 0.5°x0.5° that 156 

is linked to the grid-based dynamic vegetation model Lund-Potsdam-Jena managed land model 157 

(LPJmL)14. The data preparation routines MADRaT (May All Data be Reproducible and 158 

Transparent) and mrcommons (MadRat commons Input Data Library)15 for MAgPIE use a N 159 

budget approach16 in combination with historical FAOSTAT data to drive a comprehensive 160 

coverage of N cycle and flows.  161 

 162 

S1.3 Integration of meta-studies into CHANS model 163 

The literature review and meta-analysis of many field experiments, i.e. 1521 field observations 164 

in the past two decades, of eleven key measures that can mitigate N pollution from croplands 165 

was used to provide global and regional N mitigation changes for the period 2020-2050 (Figure 166 

S2). The results for the specific mitigation measures are summarized in Figures S4-S14. All the 167 

mitigation options have limited mitigation efficiency and always come with an uncertainty 168 

range due to the changes in local natural conditions such as soil and climate17, and in this study, 169 

the uncertainty ranges of mitigation options are shown in Figures S4-S14 alongside the mean 170 

value.  171 

 172 

In this study, we first evaluate the baseline global cropland-Nr emissions in 2015 using the 173 

process-based CHANS model that can be applied across locations and regions with N-rate-174 

dependent emission factors (EFs), as specified in the Supplementary data S2. Then, the global 175 

cropland meta-analysis results are integrated into the CHANS with the proposed tiered 176 

measures at a national scale based on their current farming practice, N application rate, and 177 

their social-economic level (Figure S2). The quantitative mitigation impact of screened tier 178 

measures on Nr loss, crop yield, and cropland NUE were scaled and fitted by the regional N 179 

input intensity, yield gap, and NUE to be integrated into the N budget calculation. The 180 

integration of meta-analysis and CHANS model simulation provided a new benchmark for 181 

cropland N management and is expected to inform advancement towards more realistic and 182 

effective mitigation pathways via the tier measures. 183 

 184 

S1.4 Scenario setting and simulation 185 

To explore the mitigation potential and strategy of cropland N management, we apply a baseline 186 

scenario following Shared Socio-Economic Pathway 5 (SSP5)18, 19. The baseline scenario is 187 

characterized by rapid and fossil-fueled development with high socio-economic challenges to 188 

mitigation and low socio-economic challenges to adaptation19. This scenario follows socio-189 

economic development prediction as a business-as-usual (BAU) scenario and provides a 190 

https://models.pbl.nl/image/index.php/IMAGE_framework
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complete and consistent dataset on levels of human consumption, technical development, and 191 

environmental awareness for future scenario analyses. The basic elements (population, GDP) 192 

are summarized in Supplementary data S5. The regional Cropland NUEs for the year 2020-193 

2050 are assumed to be constant with the year 2015 in the BAU scenario. 194 

 195 

Against this BAU scenario, three-tiered scenarios were integrated into the CHANS model 196 

corresponding to packages of mitigation measures as follows: tier 1, tier 1+2, and tier 1+2+3 197 

measures, with the scenarios (Tier 1 Scenario, Tier 1+2 Scenario, Tier 1+2+3 Scenario) named 198 

according to these measure packages. Detailed data collection and compilation for each 199 

scenario are summarized in Supplementary data S5-S9. Then the assumed scenario was 200 

integrated into the CHANS model to quantify future cropland N budgets, including N stocks, 201 

flows, and transformation, and identify the reduction potential for N losses by nation.  202 

 203 

The criteria to determine the implementation rate of specific tiered mitigation measures are 204 

summarized in Table S5. Generally, it assumed different measures with varying implementation 205 

rates in different regions based on their current farming practices and social-economic level. 206 

 207 

The cropland N budget at the national scale under a BAU scenario is compiled firstly assuming 208 

that the harvest N from global croplands could meet the demands of human consumption on 209 

crop food and animal food, then the improved farming practices under assumed tier scenarios 210 

will be expected to have the same amount of harvest N but with varied NUE, crop yield and 211 

cropping area, which is set according to meta-analysis and mass balance principle (Detail data 212 

compilation could be found in Supplementary data S5-S9). Then, the future cropland N budgets, 213 

including N surplus, Nr loss will be calculated in the optimized CHANS model.  214 

 215 

S2 Supplementary Discussion 216 

S2.1 Uncertainty analysis 217 

We made an uncertainty analysis of the cropland N budget and the cost-benefits under assumed 218 

tier scenarios using the Monte Carlo simulation. Monte Carlo simulation generates a set of 219 

random numbers according to the data distribution and parameters for each variable. In this 220 

study, the Monte Carlo simulation is integrated into the optimized CHANS with 1000 221 

simulations (Figure S15). Data collected from global and regional statistics, surveys, and other 222 

sources provided the average values, while their relative uncertainty (given by the coefficients 223 

of variation, CV) was estimated based on published literature and authors' expert judgment. 224 

Variables and parameters obtained from international publications were ascribed to high CVs. 225 

A set of random numbers are then generated to the specific inputs, including activity data, 226 

parameters, and emission factors according to their uncertainty level and distribution type. After 227 

generated, all sets of variable values are input into the CHANS model to compile croplands N 228 

budgets. 229 

 230 
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The total variance of a N budget is equal to the sum of the variances of the various flows plus 231 

twice the covariance of all possible two-way combinations of these flows. We identified the 232 

uncertainties for various N flows and their contributions to total uncertainties (Table S4). The 233 

regional uncertainties in cropland N budgets are illustrated in Figure S16.  234 

 235 

The average uncertainty of the cropland budgets was calculated at 19%. The cropland N budget 236 

inputs term with the largest contribution to uncertainty in the estimation of fertilizer N (32%) 237 

and BNF N (36%). Uncertainties in synthetic N fertilizer use are mainly due to a lack of 238 

recorded information on ratios of synthetic and recycled nutrients in compound fertilizers. 239 

Fertilizer input data collected from the FAOSTAT did not provide high-resolution information 240 

on fertilizer types and application methods. Only a few estimates of BNF rate on regional scales 241 

are available for the CHANS model to refer to, we, therefore, use the average values for all the 242 

nations, which induced large uncertainties. The uncertainties of the social costs and benefits of 243 

optimized 2015 were estimated at 25% and 24%. The estimation of climate impact has the 244 

highest uncertainty at 50% but low uncertainty contribution to total benefits mainly due to the 245 

Nr damage cost to the climate is still not well studied. The range uncertainties of the global 246 

cropland N inputs are dominated by China, India, and the Other Asian counties (Figure S16.a), 247 

which together account for 56–64% of the combined global N inputs and outputs in 2015. 248 

 249 

Uncertainty analysis shows that the variation in data sources, spatial heterogeneity in cropland 250 

activities and insufficient knowledge of N cycling, and imperfect model parameterization are 251 

the three dominant sources of uncertainties. Firstly, the variation in data sources implies high 252 

uncertainty. The scarcity of fine data on the spatial and temporal distribution of N inputs and 253 

outputs, for example, the application of synthetic fertilizers and animal manure by the crop may 254 

let out the accuracy of the regional N budgets. The further assessment of mitigation costs and 255 

benefits for humans and the ecosystem is expected to have a larger uncertainty due to the 256 

amplification effects of the uncertainty in the related calculation process. 257 

 258 

Secondly, this study builds on established models and methods but goes beyond previous 259 

research by combining data from FAOSTAT, meta-analysis, and a range of national data sources. 260 

This methodology has inevitably simplified the complex N cycling and left out spatial variation. 261 

Considering the insufficient understanding and involvement of spatiotemporal heterogeneity in 262 

biogeochemical and hydrological processes, using this national-level N budget to explore 263 

trajectories of N use and evaluate their environmental impact may lead to biases and 264 

uncertainties. However, these uncertainties are systematic rather than random, and therefore do 265 

not affect conclusions based on spatial and temporal comparisons. Future advancement of 266 

knowledge and methodology in N cycling and input-output relations could help improve the 267 

model performance.  268 

 269 

Thirdly, such global assessment as conducted in this study is always limited by the lack of 270 
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studies in some world regions, such as south America, Africa, eastern Europe and some parts 271 

of southeast Asia. However, the most data poor regions tend to be those with higher NUE, 272 

associated with lower levels of N input. This means that few measures are needed in these 273 

regions to apply to achieve the target NUE. In Africa, we even needed to simulate using more 274 

fertilizer to increase yield while slightly decreasing the NUE there, in order to avoid soil N 275 

mining. For this reason, Fig. 2-4 in the main text show few changes on the N loss and cost-276 

benefit of N mitigations in these regions. In principle, measures could still be applicable in these 277 

regions to reduce losses of limited amounts of available Nr, as an alternative to increasing 278 

fertilizer or other Nr inputs. Further examination of the relative merits of such alternatives is a 279 

matter for future analysis. According to the methodology of the present study, the major nations 280 

that applied the measures as described come from the regions that have more scientific studies 281 

including China, India, west Europe, and North America. 282 

 283 

S2.2 Limitations 284 

The limitations of this study are mainly related to issues with the sample size of meta-analysis 285 

and methodological selection. 286 

 287 

Meta-analysis. In this study, we combined the Nr mitigation efficacy conclusions from a global 288 

meta-analysis with the CHANS model to conduct future scenario analysis. Meta-analysis is a 289 

very useful tool for combining the results of studies to boost the precision of our conclusions. 290 

However, due to very few studies in central and south America, Africa, eastern Europe, and 291 

some parts of southeast Asia, some management practices simply haven’t been tested in some 292 

regions. Nevertheless, robustness in our approach is shown by the broadly consistent 293 

performance of mitigation approaches across a wide range of conditions, as shown by Figure 294 

S17 and Table S6. According to this approach, we recognize that total emissions vary 295 

substantially, as recognized by variation in activity statistics, while mitigation effectiveness 296 

tends to be more conservative. Nevertheless, there are also social differences across contexts, 297 

which may affect mitigation potential. Although our translation of the measures for upscaling 298 

using the tiered approach provides a broad consideration of such social and economic 299 

differences, it is evident that such a global approach necessarily includes simplifications that 300 

cannot perfectly represent reality.  301 

 302 

Model integration. In this study, we used multi-models to coordinate all the structural parts to 303 

perform a comprehensive assessment of cropland N management: data collection, meta-304 

analysis, N cycling model integration, scenario simulation, and cost-benefits analysis. Although 305 

multiple methods may be used to their best advantage, unintended consequences may occur due 306 

to mismatch or mis-link data and analysis. The following specific issues may be highlighted: a) 307 

simplification due to combination of data on different spatial scales, b) simplification due to 308 

overall averaging, where some parameters may be non-linear; c) approximation and limitation 309 

necessary to keep models sufficiently simple to allow integration of results at a global / regional 310 
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scale, leading to some issues being neglected (e.g. process simplification, difficulty to express 311 

a comprehensive suite of social interactions in quantitative terms). Here our interdisciplinary 312 

team members opt for a pragmatic approach that works closely to link different methods and 313 

data and spark ideas across methodological boundaries, while recognizing that such a global 314 

approach necessarily requires such simplifications. 315 

 316 

There is a huge climate dependence on the percentage of N excreted by animals that is 317 

volatilized as NH3, which is not treated by any of the mainstream globally mapped emissions 318 

inventories at present. This does not mean we reject all global emission inventories; rather we 319 

take note of the limitations, and indicate uncertainties as far as possible. For the regional Nr 320 

effects, we have used local scaled parameters or indexes to estimate the mitigation potential, 321 

cost, and benefits. In applying the combined modelling system, the tiered measures from the 322 

NCS system are taken using the different combinations at various levels that suit the local 323 

conditions. 324 

 325 

Cost-benefit analysis. Cost-benefit analysis (CBA) in this study can examine the cost-326 

effectiveness of different mitigation alternatives to balance the productivity and cost-benefits 327 

with human health and ecosystem considerations, but this approach has its limitations. The 328 

annual costs scaled to different regions were based on agricultural labor wages and input costs 329 

such as fertilizers and irrigation. This highlights the importance of considering the likelihood 330 

of events over time and the importance of focusing on long-term horizons when evaluating 331 

cropland N mitigation and adaptation policies. However, the application of CBA without 332 

considering the economic efficiency of the target level cannot deal with the uncertainties 333 

associated with cost estimates for ecosystem and climate change impacts. While recognizing 334 

these limitations, the estimated uncertainty limits (Table S4) in the CBA indicate that the 335 

adoption of selected mitigation options would generate significant net social benefits, estimated 336 

annually as 514 [435-567] billion USD.  337 

 338 

Meanwhile, it is difficult to accurately quantify the implementation cost and benefit of N 339 

pollution reduction on a small scale such as the watershed scale. Compared with the climate 340 

effect of carbon on the global scale, the environmental and health effects of N are more local 341 

and regionally relevant. For example, the NH3 emission from N fertilizer use can contribute to 342 

the PM2.5 pollution on a regional scale downwind, while biodiversity impacts can be local. 343 

Therefore, although it is not exactly trading credits among farmers who implemented the 344 

measures, and people who benefit from such a N reduction, on a national scale it should be 345 

approximately balanced between costs and benefits. At the same time, it is also possible to apply 346 

the NCS on the provincial or county scale if clear boundaries of implementation cost and health 347 

and environmental benefits could be identified. 348 

 349 

Effects of N occur on multiple spatial scales and assessment needs to recognize environmental 350 
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climatic, economic and social factors, which also affect policy solutions. In practice for any 351 

study, it is only possible to consider such factors partially. This does not mean that all such 352 

regional or global assessments are irrelevant. Rather, it means that the limitations need to be 353 

transparently acknowledged, and as far as possible the consequent uncertainties quantified or 354 

qualitative caveats given. This point may be very simply illustrated with reference to the climate 355 

dependence of N emissions to the atmosphere.  356 

 357 

Social factors. Many factors affect whether a farmer will or will not adopt a certain technology 358 

or improved practices. Except for agricultural policy and incentives, previous studies have 359 

concluded that many other social factors, e.g., age, gender education, farm experience influence 360 

the adoption of advanced technology or methods to improve cropland productivity and 361 

sustainability20-22. Age was negatively related to technology adoption mainly because older 362 

farmers are more experienced, and therefore able to discern the importance of improved 363 

technology more as compared to the less experienced young farmers. Besides, older farmers 364 

are more likely to have more sources of income compared with their younger counterparts. 365 

Male farmers are likely to have more access to inputs, capital, and information through farmers’ 366 

networks and contact with extension agents than female farmers. Farmers with a low level of 367 

education may be hesitant to test innovations, which may hinder technology adoption. Future 368 

research may incorporate social norms and risks into decision-making processes, theoretically 369 

and empirically. Direct evaluation of the effects of social factors is required; experiments or 370 

surveys, as well as the inclusion of expertise from other domains, may assist in this endeavor22. 371 

 372 

The results obtained can also help cropland management stakeholders to implement the tiered 373 

measures and to evaluate the suitability of those measures across the diverse range of 374 

agricultural management practices. Nevertheless, the uncertainties associated with the method 375 

should be reduced by complementing other assessment methods, including more detailed 376 

cropland N source assessment, in situ measurements, and information and process modeling. 377 

 378 

Having accounted for macroeconomic differences, we agree that there may also be other 379 

cultural differences which it is not feasible to account for, such as relative regional importance 380 

assigned to different threats (e.g atmospheric visibility is apparently be rated more important in 381 

North America than in Europe). It is only possible to recognize transparently the limitations of 382 

the methodology and available data, which may highlight future research needs. 383 

 384 

S2.3 Challenges 385 

The approach presented in this study is a systematic and flexible scenario framework for 386 

building long-term global and national cropland N mitigation scenarios by varying 2050 387 

emissions. The Tier strategy could be a useful tool for reducing Nr emissions that harm human 388 

and environmental health. However, potential social and political issues must also be 389 

considered. To begin with, there are significant N disparities between different places on the 390 
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earth. Applying the present modeling approach would have the potential to create unequally 391 

dispersed risks and advantages. That is why it is critical that research into the societal and 392 

ecosystem ramifications, as well as investment in the technologies themselves, be adequately 393 

financed.  394 

 395 

Second, the biggest impediments to improved agricultural N management are capital costs, 396 

operational costs, and end-user neglect23. In N-limited regions such as Africa and large areas of 397 

Latin America, there is often a lack of resources and financial support.  This can limit the 398 

action to the application of measures that have low capital expenditure requirements and can 399 

quickly justify themselves financially, for example, based on the value of reducing total 400 

amounts of Nr wasted, allowing improved productivity.   401 

 402 

Third, is the political difficulty of enacting mitigation programs in the face of risk and 403 

uncertainty. This uncertainty can often lead to a lower degree of priority being assigned, 404 

especially in political decision-making processes related to prevention and mitigation 405 

investments. As a result, any NCS or similar policy approach should be established and 406 

implemented according to a well-organized and successful plan. At the same time actions may 407 

be encouraged that improve the confidence in the use of the mitigation approaches, e.g., not 408 

just reduced emissions, but demonstrating consistency in improved harvests and increased 409 

resilience / reduced vulnerability in the face of fertilizer price rises. However, a concrete 410 

implementation plan for accomplishing such a goal has yet to be defined and assessed at the 411 

farm level, including consideration of wider landscape, and regional and transboundary 412 

interactions. 413 

  414 
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S3 Supplementary Tables 415 

Table S1 Detailed description of the selected mitigation options for the Tiered approach 416 

Tier Measures Description 

1 EEF Purchase and application of enhanced efficiency fertilizers (EEFs), which we define here to include slow/controlled-

release fertilizers and nitrification and urease inhibitors 

1 Amendment Use of soil amendments generally is a cost-effective practice. A variety of products are available in bagged or bulk 

form. Organic amendments include sphagnum peat, wood chips, grass clippings, straw, compost, manure, biosolids, 

sawdust, and wood ash. Manure-based compost and plant-based composts may be applied at higher application rates, 

more effectively improving the soil. 

 

1 Legume Legume–cereal rotation is the practice of using legumes to provide complementary N in the soil for the succeeding 

crops. 

 

1 Buffer Zone Applying a buffer zone, being an area located between a certified production operation or portion of a production 

operation and an adjacent land area that is not maintained under organic management.  

 

2 Rate Optimizing N fertilizer rate based on soil N supply and crop needs. The optimal N application rate for each nation is 

estimated based on meta-analysis results. 

 

2 Type Shifting from urea to ammonium sulfate/nitrate accompanied by lime 
 

2 Time Splitting fertilizer application into smaller applications throughout the growing season that coincide with the times that 

the crops most need fertilizer.  

 

2 Placement The minimum depth of the deep placement of fertilizer N is set at 5 cm below the soil surface, usually supplied at 

20cm depth from the soil surface below plants. 

 

3 New 

Cultivar 

Adoption of improved crop varieties is an important agronomic tool. Cultivars not only need to be adapted to such 

agronomic strategies supporting sustainable N management but also must allow such strategies to work optimally. 

 

3 Irrigation (drip) fertigation, where mineral fertilizer is supplied via a drip system. This provides more appropriate amounts of 

nutrients (e.g., N) and water to the active plant root zone than does broadcast fertilization 
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3 Tillage No-tillage farming. This is an agricultural technique for growing crops or pasture without disturbing the soil through 

tillage. 

 

Note: * the values of reduction on cropland Nr loss are the aggregated amount of NH3, NOx, N2O, N leaching, and runoff based on the meta-417 

analysis. 418 

  419 
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Table S2 Description of the way implementation cost and benefits of the different mitigation measures are calculated and their barriers 420 

for application.  421 

Tier Measures Implementation cost Benefits Viable regions Inclusion/Barriers  Reference 

1 EEF Prices for slow/controlled-release 

fertilizers range from a 50% to a 

1200% premium over the price of 

a traditional N fertilizer, Prices 

for nitrification and urease 

inhibitors are 8 to 100% premium 

above the price of traditional N 

fertilizer 

The net benefit to 

farmers using this 

practice is estimated to 

range from $9–$87 per 

acre estimated from the 

higher yield. 

Areas that rely 

heavily on urea 

fertilization, like 

China, India 

farmers' poor access 

to information, lack of 

business concept in 

agriculture, and cost 

involved in the 

technology (for 

smallholder farmers) 

24-27 

1 Amendment The costs associated with soil 

amendments can be determined 

by several factors. This includes • 

Type and quality of the material • 

Water content of the material • 

Freight costs based on distance • 

Spreading/incorporation costs, 

which depend on • application 

rates • type of compost • 

machinery required – traveling 

time • scale of the work. 

Organic amendments 

increase soil organic 

matter content and offer 

many benefits. Over 

time, organic matter 

improves soil aeration, 

water infiltration, and 

both water- and nutrient-

holding capacity. Many 

organic amendments 

contain plant nutrients 

and act as organic 

fertilizers, therefore 

countries in Africa 

(sub-Saharan 

Africa), Asia, and 

Latin America 

commercially 

available amendments 

may higher in price. 

public acceptance, 

Not consistently 

regulated; Variable 

quality; Not routinely 

treated for pathogen 

reduction; High 

nutrient loadings in 

some settings; 

28-30 

It is important to also consider 

labor and financial costs 

associated with other practices 
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that may need to change in 

conjunction with amendment 

application, such as tillage, 

nutrition, irrigation and crop 

protection requirements. 

could reduce chemical 

fertilizer input. 

1 Legume Legume rotations require less N 

input while providing higher 

yields, and gross margins, 

therefore assuming negative 

implementation cost. 

reduce the demand for 

labor for weed control in 

subsequent cereal crops 

(Vereijken and Kloen 

1994). In addition, 

legumes reduce soil 

erosion (Lawson et al. 

2007) and enhance 

stability and resilience. 

can remain 

economically 

viable options for 

farmers, 

particularly in the 

dry areas where 

soil N is limiting, 

such as Sub-

Saharan Africa 

farmers' poor access 

to information, lack of 

business concept in 

agriculture 

29, 31-33 

1 Buffer Zone 219-1578 €/kg or 291 €/ha/yr could also reduce GHG 

emissions and create a 

favorable environment 

for the return of the C 

sink function, which is 

characteristic of well-

functioning organic soils; 

avoiding the cost of 

deposited sediment 

removal yields annual 

benefits at the sub-

catchments scale. 

Buffer zones are 

important 

components of a 

farm’s organic 

system plan. 

Buffer zones are 

put in place to 

make sure that 

prohibited 

substances do not 

contaminate 

organic crops. 

Land Use Conflict, 

farmers' poor access 

to information, lack of 

business concepts in 

agriculture, 

34-37 
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2 Rate Advanced soil testing with 

variable rate technology (VRT) 

map building was assumed at 

$8/acre based on industry 

information. 

Increase NUE. Regions with 

excessive use of N 

fertilizer like 

China India, the 

EU and the USA. 

Soil test, knowledge, 

negative economic 

impacts of N 

management policies 

on the fertilizer 

industry. 

24, 38-40 
 

2 Type Urea's average price at $596 / t. 

Ammonium Sulphate's recent 

price at $425/t; Ammonium 

Phosphate's average price at 

$723/t 

Yield increases by 5–

11%. 

Areas that rely 

heavily on urea 

fertilization, like 

China, India 

farmers may have to 

learn new practices or 

purchase new 

technologies to 

maintain their yield 

level when significant 

reduction in N 

application rate and a 

change in fertilizer 

type 

2 Time Additional applications, 

especially late-season work, take 

additional equipment, manpower, 

and time. 

By postponing a portion 

of the N treatment until 

the crop is better able to 

utilize the nutrient, plants 

take up the N more 

quickly and efficiently. 

That means growers get 

more from their fertilizer 

investment and fertilizer 

losses that can contribute 

applicable to both 

smallholder 

farmers and 

larger-scale 

operations. 

roadblocks that stand 

in the way of wider 

adoption of split 

programs: (1) 

Resources. Additional 

applications, 

especially late-season 

work, take additional 

equipment, manpower 

and time. (2) 
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to environmental 

concerns are lessened. 

Convenience. (3) 

weather conditions 

2 Placement Mechanized deep placement of 

fertilizer could save some 

expensive labor because of high 

efficiency. 

deep placement 

significantly decreased 

floodwater NH4
+-N 

concentration and NH3 

volatilization compared 

to surface application. 

The placement 

technology is best 

suited to 

conditions where 

the predominant N 

loss mechanism is 

ammonia 

volatilization 

rather than 

leaching or 

denitrification, for 

example, the 

rainfed lowland 

areas, 

Small farm size; 

strongly influenced by 

weather conditions, 

and have a high 

degree of uncertainty 

3 New 

Cultivar 

using improved crop varieties is 

one of the most effective 

economical means to improve 

NUE and stabilize yield. Potential 

cost includes the infrastructure 

investment 

help boost the 

productivity of staple 

crops through genetic 

improvement. 

developing 

countries where a 

large yield gap 

exists, such as 

Sub-Saharan 

Africa 

The major bottleneck 

of New Cultivar is the 

time it takes to 

develop an improved 

crop variety. 

Traditionally, it can 

take one or two 

41-44 
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decades because of 

the many steps of 

crossing, selection, 

and testing required. 

Besides, ongoing 

investment from the 

public and private 

sectors is necessary to 

maintain the 

development of high 

NUE cultivar 

3 Irrigation A drip irrigation system costs 

$2,150 per acre on average, with 

a typical range of $1,800 to 

$2,500. Costs associated with 

installing and maintaining drip 

irrigation. 

water conservation as 

well as saving time, 

money and hassles. 

Drip irrigation can 

be applied to the 

irrigation of fruit 

trees, vegetables, 

cash crops, and 

greenhouses. It 

can also be used 

for the irrigation 

of field crops in 

places with 

drought and water 

shortages 

the lower profit from 

crops cultivated using 

fertigation systems is 

the main factor 

restricting their use. 

Financial aid is a win-

win solution to solve 

the problems of high 

production costs. 

Policies and financial 

programs are required 

to support the 

installation of 

fertigation 

technology. 

45, 46 
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3 Tillage No-till farming requires some 

different skills than conventional 

farming. A combination of 

technique, equipment, pesticides, 

crop rotation, fertilization, and 

irrigation have to be used for 

local conditions. Generally, it 

reduces annual 2/3 fuel and labor 

investments compared to 

conventional tillage. 

Saving time and 

improving soil health, 

lead to additional 

economic benefits. 

applicable mainly 

in sandy and dry 

soils on sloping 

terrain 

To ensure the 

successful transition 

from conventional to 

no-tillage or 

minimum tillage 

systems, nutrient 

management 

considerations 

including starter 

fertilizer and timing 

of nutrients 

application are 

critical. A proper 

fertilizer program is 

necessary 

47-49 

 422 

  423 
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Table S3 Data sources used for assessing global and regional cropland N budgets and mitigation efficiency with assumptions about data 424 

variation and type of uncertainty 425 

Item Unit CV 
Uncertainty 

type 

Importance  
Data source 

Activity data      

Cropland fertilizer use Gg N yr-1 10% U ***** FAO10, IFA7 

Cultivated areas ha 10% U ***** FAO6 

Crop yield t/ha 10% U ***** FAO6 

Irrigation water volume 1000 ML yr-1 20% U **** FAO6 

Irrigated area ha 10% U *** ICID50 

Manure production Gg N yr-1 10 U ****  

Parameters      

Biological N fixation rate kg N ha-1 yr-1 25% N **** Zhang et al. (2015)51 

Crop N content (grain) % 20% N **** CHANS, IMAGE, MAgPIE 

Crop N content (straw) %  N ****  

Harvest index -  N ***  

Crop residue fate % 25% U *** FAO6 

N concentration of irrigation mg N L-1 25% U *** FAO6 

N deposition rate mg N m-2 yr-1 50% U **** FAO6 

Manure recycling ratio % 25% U **** FAO6 

Emission factors      

Nr to air (NH3, N2O, NOx, N2) % or kg N ha-1 50% N ***** CHANS, IMAGE, MAgPIE 

Nr to water (NO3
-1 & other Nr) % or kg N ha-1 50% N ***** CHANS, IMAGE, MAgPIE 

Mitigation options      

Mitigation efficiency % See Figure F4-F14 N 
***** Meta-analysis. References listed 

in Supplementary Data S10 
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Adoption rate % 30% U *****  

Note: CV means the coefficients of variation for the main input data. U and N represent the Uniform distribution and Normal distribution, 426 

respectively. The numbers of stars in the ‘Importance’ column indicate the importance of the parameter in determining the N budget, which also 427 

determines the priority for further development. 428 

 429 

  430 
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Table S4 Uncertainty analysis  431 

  Unit 
Calculated 

value 

Estimated 

range 

Normalized 

range (%)  

Standard 

deviation 

Uncertainty 

contribution (%) 

Global cropland N budget in current 2015 

N input   (Tg N yr-1) 200 157-233 19% 37.5 - 

Fertilizer N use  (Tg N yr-1) 105 92-116 12% 12 32% 

Manure N   (Tg N yr-1) 27 21-33 22% 6 16% 

Deposition N (Tg N yr-1) 16 10-19 31% 4.5 12% 

BNF N (Tg N yr-1) 44 30-57 31% 13.5 36% 

Irrigation N (Tg N yr-1) 9 8-11 16% 1.5 4% 

N harvest  (Tg N yr-1) 85 76-93 10% 8.5 - 

NUE  % 42% 39-45% 14% 6% - 

N surplus (Tg N yr-1) 116 85-143 37% 42 - 

NH3 emission (Tg N yr-1) 20 15-27 29% 6 14% 

N2O emission (Tg N yr-1) 4 2-5 37% 1 3% 

NOx emission (Tg N yr-1) 5 3-6 33% 2 4% 

N leaching and runoff (Tg N yr-1) 52 30-72 41% 21 50% 

N2 emission (Tg N yr-1) 35 23-47 34% 12 29% 

Global cropland N budget under optimized 2015 

N input   (Tg N yr-1) 180 148-219 19% 36 - 
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Fertilizer N use  (Tg N yr-1) 83 70-94 15% 12 34% 

Manure N   (Tg N yr-1) 37 32-42 14% 5 14% 

Deposition N (Tg N yr-1) 10 7-14 33% 4 10% 

BNF N (Tg N yr-1) 44 31-57 30% 13 37% 

Irrigation N (Tg N yr-1) 9 8-12 20% 2 6% 

N harvest  (Tg N yr-1) 102 91-113 11% 11 - 

NUE  % 55% 48-61% 12% 0 - 

N surplus (Tg N yr-1) 82 57-106 30% 25 - 

NH3 emission (Tg N yr-1) 13 8-17 36% 5 18% 

N2O emission (Tg N yr-1) 2 1-3 50% 1 4% 

NOx emission (Tg N yr-1) 3 2-5 43% 2 6% 

N leaching and runoff (Tg N yr-1) 36 22-50 39% 14 57% 

N2 emission (Tg N yr-1) 27 20-34 26% 7 29% 

Global costs and benefits under optimized 2015 

Net Implementation cost  (Billion USD) 19 15-25 25% 5 - 

fertilizer saving cost (Billion USD) 15 12-19 23% 4 - 

Total benefit  (Billion USD) 533 400-650 24% 125 - 

Ecosystem benefits  (Billion USD) 152 112-183 24% 36 28% 

Health benefits  (Billion USD) 130 93-175 31% 41 33% 
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Yield benefits  (Billion USD) 253 198-293 19% 47.5 38% 

Climate impact  (Billion USD) -2 -3--1 -50% 1 1% 

Net social benefit (Billion USD) 514 385-625 24% 120 - 

Note: current 2015 refers to the current status of the global cropland N budget, while optimized 2015 represents the new cropland N budget with 432 

the optimized adoption of the selected package of measures. The uncertainty range stands for the 95% confidence interval. The uncertainty 433 

contribution ranges from 0 (no contribution) to 100% (very large contribution). “-” means not applicable or not considered relevant. 434 

 435 

  436 
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Table S5 Determination criteria of the potential implementation rate for different tiered mitigation measures in the tiered scenario 437 

setting 438 

Options Determination criteria Range 

EEF IF Fertilizer N application rate (kg 

N/ha/yr) 

<30 30<x<100 100<x<200 200<x<400 >400 

EEF adoption rate (%) 10-20% 20-40% 40-60% 60-80% 80-100% 
       

Organic amendment  IF Manure N application rate (kg 

N/ha/yr) 

<20 20<x<40 40<x<60 60<x<100 >100 

Organic amendment adoption rate 

(%) 

50-60% 40-50% 30-40% 20-30% 0-20% 

       

Legume rotation  IF BNF rate (kg N/ha/yr) <10 10<x<20 20<x<30 30<x<40 >40 

Legume rotation adoption rate (%) 50% 40-50% 30-40% 20-30% 0-20% 
       

Buffer zone 

implementation rate 

(%) 

IF cropland N input density (kg 

N/ha/yr)  

<50 50<x<100 100 <x< 200 200 <x< 400 >400 

Low-income nation 5-10% 10-20% 20-30% 30-35% 35%  

Lower-middle-income nation 20-30% 30-40% 40-45% 45-50% 50% 

Upper-middle-income nation 30-50% 50-60% 60-70% 70-80% 80% 

High-income nation 40-60% 60-80% 80-90% 90-100% 100% 
       

4R implementation rate 

(%) 

IF cropland N input density (kg 

N/ha/yr)  

<100 100<x<200 200 <x< 300 300 <x< 500 >500 

Low-income nation 10-20% 20-30% 30-40% 40-50% 50-60% 

Lower-middle-income nation 30-40% 40-50% 50-55% 55-60% >60% 



26 

 

Upper-middle-income nation 40-50% 50-60% 60-70% 70-80% 80% 

High-income nation 40-60% 60-80% 80-90% 90-100% 100% 
       

New cultivars IF cropland N harvest rate (kg 

N/ha/yr)  

<40 40<x<60 60<x<80 80<x<100 >100 

New cultivar promotion rate (%) 50-60% 40-50% 30-40% 20-30% 0-20% 
       

Improved irrigation IF cropland N harvest rate (kg 

N/ha/yr)  

<40 40<x<60 60<x<80 80<x<100 >100 

(% adoption) 40-50% 30-40% 20-30% 10-20% 0-10% 

No tillage IF cropland N leaching and runoff 

rate (kg N/ha/yr)  

<10 10<x <50 50<x<80 80<x<120 >120 

No tillage adoption rate (%) 0-10% 10-20% 20-30% 30-40% 40-50% 
       

Note: the adoption rate of a specific option for a certain nation/region is determined by the current different N input density and its source 439 

contribution (fertilizer N rate, manure N rate, BNF rate). N loss intensity and the social-economic level in a specific nation/region will also affect 440 

the adoption rate of mitigation options.  441 

  442 
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Table S6 Correlation coefficient of impacts of mitigation measures on different N use/loss in different countries 443 

Benchmark 

Country 

Australia Bangladesh Brazil Canada China France Germany India Indonesia Iran 

Australia  -11.20 12.12 -4.76 -6.83 6.12 11.11 -14.27 -12.55 8.72 

Bangladesh 11.20  23.32 6.44 4.36 17.32 22.31 -3.07 -1.36 19.92 

Brazil -12.12 -23.32  -16.88 -18.95 -6.00 -1.01 -26.39 -24.67 -3.40 

Canada 4.76 -6.44 16.88  -2.08 10.88 15.87 -9.51 -7.80 13.47 

China 6.83 -4.36 18.95 2.08  12.95 17.94* -7.44 -5.72 15.55** 

France -6.12 -17.32 6.00 -10.88 -12.95  4.99 -20.39 -18.67 2.60 

Germany -11.11 -22.31 1.01 -15.87 -17.94* -4.99  -25.38** -23.66 -2.39 

India 14.27 3.07 26.39 9.51 7.44 20.39 25.38**  1.72 22.99** 

Indonesia 12.55 1.36 24.67 7.80 5.72 18.67 23.66 -1.72  21.27 

Iran -8.72 -19.92 3.40 -13.47 -15.55** -2.60 2.39 -22.99 -21.27  

Italy 9.94 -1.26 22.06 5.18 3.11 16.06 21.05* -4.33 -2.61 18.66* 

Kenya 48.62* 37.42 60.74 43.86 41.79 54.74 59.73* 34.35 36.07 57.34* 

Mexico -46.63 -57.83* -34.51 -51.39* -53.46* -40.51 -35.52 -60.90** -59.18 -37.91 

Philippines 9.77 -1.43 21.89 5.01 2.94 15.89 20.88 -4.50 -2.78 18.49 

Spain 8.11 -3.08 20.23 3.36 1.28 14.23 19.22* -6.16 -4.44 16.83* 

Sweden 14.60 3.40 26.72 9.84 7.77 20.72 25.71* 0.33 2.05 23.32** 

Thailand -3.20 -14.40 8.92 -7.96 -10.04 2.91 7.90 -17.48 -15.76 5.51 

UK 5.05 -6.14 17.17 0.30 -1.78 11.17 16.16 -9.22 -7.50 13.77 

USA 7.32 -3.87 19.44 2.57 0.49 13.44 18.43* -6.95 -5.23 16.04* 

Zimbabwe 11.12 -0.08 23.24 6.36 4.29 17.24 22.23 -3.15 -1.43 19.84 

 444 
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Benchmark 

Country 

Italy Kenya Mexico Philippines Spain Sweden Thailand UK USA Zimbabwe 

Australia -9.94 -48.62* 46.63 -9.77 -8.11 -14.60 3.20 -5.05 -7.32 -11.12 

Bangladesh 1.26 -37.42 57.83* 1.43 3.08 -3.40 14.40 6.14 3.87 0.08 

Brazil -22.06 -60.74 34.51 -21.89 -20.23 -26.72 -8.92 -17.17 -19.44 -23.24 

Canada -5.18 -43.86 51.39* -5.01 -3.36 -9.84 7.96 -0.30 -2.57 -6.36 

China -3.11 -41.79 53.46* -2.94 -1.28 -7.77 10.04 1.78 -0.49 -4.29 

France -16.06 -54.74 40.51 -15.89 -14.23 -20.72 -2.91 -11.17 -13.44 -17.24 

Germany -21.05* -59.73* 35.52 -20.88 -19.22* -25.71* -7.90 -16.16 -18.43* -22.23 

India 4.33 -34.35 60.90** 4.50 6.16 -0.33 17.48 9.22 6.95 3.15 

Indonesia 2.61 -36.07 59.18 2.78 4.44 -2.05 15.76 7.50 5.23 1.43 

Iran -18.66* -57.34* 37.91 -18.49 -16.83* -23.32** -5.51 -13.77 -16.04* -19.84 

Italy  -38.68 56.57* 0.17 1.82 -4.66 13.14 4.89 2.61 -1.18 

Kenya 38.68  95.25*** 38.85 40.50 34.02 51.82* 43.57 41.29 37.50 

Mexico -56.57* -95.25***  -56.40 -54.74* -61.23** -43.43 -51.68 -53.95* -57.75* 

Philippines -0.17 -38.85 56.40  1.65 -4.83 12.97 4.72 2.44 -1.35 

Spain -1.82 -40.50 54.74* -1.65  -6.49 11.32 3.06 0.79 -3.01 

Sweden 4.66 -34.02 61.23** 4.83 6.49  17.80 9.55 7.28 3.48 

Thailand -13.14 -51.82* 43.43 -12.97 -11.32 -17.80  -8.26 -10.53 -14.32 

UK -4.89 -43.57 51.68 -4.72 -3.06 -9.55 8.26   -6.07 

USA -2.61 -41.29 53.95* -2.44 -0.79 -7.28 10.53 2.27 -2.27 -3.80 

Zimbabwe 1.18 -37.50 57.75* 1.35 3.01 -3.48 14.32 6.07 3.80  

This table lists the coefficient of each country to the dependent variable Y (response) after controlling the independent variables of strategy type 445 

and N paths during regression analysis. Each column reflects the country's relative coefficient to Y when compared to the benchmark country. The 446 

goal of establishing different benchmarks is to compare the difference of every two countries responding to the dependent variable. Stars indicate 447 
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statistical significance of coefficient: *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.005. If the coefficient has no star, it indicates that there is no significant difference 448 

between the country and the benchmark country of responses of strategies. The results of this table show that under the same strategy type and N 449 

path, only a small proportion of countries (such as Mexico) have significantly different effects of strategies than other countries. In other words, 450 

there is no significantly different effect of strategies across most countries. 451 

 452 

  453 
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Supplementary Figures 454 

 455 

Figure S1 | Compilation of global cropland N budgets based on multi-model combination 456 

Here we compared the Nr related parameters extracted from the three models and get the average-weighted value back only to the CHANS model 457 

to improve the robustness and reliability of the CHANS model and then perform the mitigation assessment of the potential, cost, and benefits under 458 

different scenarios. 459 
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 461 

Figure S2 | Classification criteria for three tiers of mitigation measures adopted in this study 462 

Tier 1 mitigation approaches are simple and socially acceptable, while Tier 2 and Tier 3 measures are increasingly more complex, costly, and 463 

associated with lower acceptability.   464 
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 465 

Figure S3 | Integration of meta-analysis with CHANS model to perform scenario analysis 466 

BAU stands for the business-as-usual scenario without any mitigation measures, Tiered scenarios include Tier 1, Tier 1+2, and Tier 1+2+3 Scenario, 467 

which are endowed with related tiered options to compare their mitigation potential and environmental outcomes. 468 

Meta-analysis and literature review

Cropland N budget (2020-2050)

BAU scenario

 Nr loss to air

 Nr loss to water

 NUE

 Health and environment 
impact

Tiered scenarios 

 Nr loss to air

 Nr loss to water

 NUE

 Health and 
environmental impact

Mitigation 

measures

Required harvest N (2020 -2050)

Food N demand from crops (2020-2050)

Population, GDP, Urbanization (2020- 2050)

 Nr mitigation 

efficiency

 Impact on NUE

 Effect on crop yield

 Application scope

 Implementation cost

Tier 1 
options

Tier 1+2+3 
scenario

Tier 1 
scenario

Tier 1+2 
scenario

Tier 2 
options

Tier 3 
options

BAU 
scenario

CHANS



33 

 

 469 

Figure S4 | Effects of enhanced efficiency fertilizers on Nr loss from croplands.  470 

The figure shows the effects of enhanced efficiency fertilizers on the amount of N loss via 471 

different pathways (presented as a percentage change). The results are presented as the mean 472 

and 95% confidence intervals of all pooled data of using enhanced efficiency fertilizers (shown 473 

as ‘overall’), and according to the type of these fertilizers (UI: urease inhibitor; NI: nitrification 474 

inhibitor; DI: dual inhibitor (a combination of UI and NI); CRF: controlled-release fertilizer; or 475 

coated: coated fertilizer), as compared with a fertilizer (mostly granular urea) without the 476 

inhibitor or coating. Effects were significant (p < 0.05) if the confidence intervals did not 477 

overlap with zero. Negative values indicate a reduction in the amount of N losses due to the 478 

treatment whereas positive values indicate an increase in losses. Blue numbers show the exact 479 

mean value of change, with the sample size in brackets. 480 

  481 
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 482 

Figure S5 | Effects of organic amendment on Nr loss from croplands. 483 

The figure shows the effects of organic amendment on the amount of N loss via different 484 

pathways (presented as a percentage change). The results are presented as the mean and 95% 485 

confidence intervals of all pooled data (shown as ‘overall’), and according to organic 486 

amendment types (biochar, manure or straw), as compared with a reference without amendment. 487 

Effects were significant (p < 0.05) if the confidence intervals did not overlap with zero. 488 

Negative values indicate a reduction in the amount of N losses due to the treatment whereas 489 

positive values indicate an increase in losses. Blue numbers show the exact mean value of 490 

change, with the sample size in brackets. 491 

 492 

493 
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 494 

Figure S6 | Effects of legume rotation on Nr loss from croplands.  495 

The figure shows the effects of the incorporation of a legume in a rotation on the amount of N 496 

loss via different pathways (presented as a percentage change). The results are presented as the 497 

mean and 95% confidence intervals of all pooled data of incorporating a legume into a rotation, 498 

as compared with a rotation without a legume. Only crop rotations of at least two years are 499 

included, where one year of the rotation was planted with a legume crop, relative to a non-500 

legume crop; other crops grown in the rotation were the same between the treatment and the 501 

control. Effects were significant (p < 0.05) if the confidence intervals did not overlap with zero. 502 

Negative values indicate a reduction in the amount of N losses due to the treatment whereas 503 

positive values indicate an increase in losses. Blue numbers show the exact mean value of 504 

change, with the sample size in brackets. 505 

 506 

 507 

Figure S7 | Effects of the buffer zone on Nr loss from croplands.  508 

The figure shows the effects of buffer zone on the amount of N loss via different pathways 509 

(presented as a percentage change). The results are presented as the mean and 95% confidence 510 

intervals of all pooled data of the use of buffer zone, as compared with a reference without a 511 

buffer zone. From the database, the buffer zone was either 4 m3 or 150 m3, with the following 512 

types: grass strips (different species), tree strips, grass barrier, Leucaena hedge. Effects were 513 

significant (p < 0.05) if the confidence intervals did not overlap with zero. Negative values 514 

indicate a reduction in the amount of N losses due to the treatment whereas positive values 515 

indicate an increase in losses. Blue numbers show the exact mean value of change, with the 516 

sample size in brackets. 517 

 518 
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 519 

Figure S8 | Effects of right rate of N fertilizer application (reduction) on Nr loss from 520 

croplands. 521 

The figure shows the effects of reduction in fertilizer N input on the amount of N loss via 522 

different pathways (presented as a percentage change). The results are presented as the mean 523 

and 95% confidence intervals of all pooled data (shown as ‘overall’), and according to the 524 

percentage of N input reduction (0-24, 25-49, 50-74, or 75-100%), as compared with the highest 525 

fertilizer input rate used in a study. Effects were significant (p < 0.05) if the confidence intervals 526 

did not overlap with zero. Negative values indicate a reduction in the amount of N losses due 527 

to the treatment whereas positive values indicate an increase in losses. Blue numbers show the 528 

exact mean value of change, with the sample size in brackets. 529 

 530 
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 531 

Figure S9 | Effects of the fertilizer type on Nr loss from croplands 532 

The figure shows the effects of fertilizer type on the amount of N loss via different pathways 533 

(presented as a percentage change). The results are presented as the mean and 95% confidence 534 

intervals of all pooled data (shown as ‘overall’), and according to the fertilizer type (NH4
+ or 535 

NO3
- based, urea phosphate, or manure), as compared with urea as a reference. The method of 536 

N application was the same for the treatment and the control. Effects were significant (p < 0.05) 537 

if the confidence intervals did not overlap with zero. Negative values indicate a reduction in the 538 

amount of N losses due to the treatment whereas positive values indicate an increase in losses. 539 

Blue numbers show the exact mean value of change, with the sample size in brackets. 540 
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 542 

Figure S10 | Effects of the N fertilizer time in terms of split application of N fertilizers on 543 

Nr loss from croplands.  544 

The figure shows the effects of split application of fertilizer on the amount of N loss via different 545 

pathways (presented as a percentage change). The results are presented as the mean and 95% 546 

confidence intervals of all pooled data (shown as ‘overall’), and according to total fertilizer N 547 

addition split into 2, 3 or 4 doses, as compared with a reference where all N is added in one 548 

dose. Effects were significant (p < 0.05) if the confidence intervals did not overlap with zero. 549 

Negative values indicate a reduction in the amount of N losses due to the treatment whereas 550 

positive values indicate an increase in losses. Blue numbers show the exact mean value of 551 

change, with the sample size in brackets. 552 

  553 
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 554 

 555 

Figure S11 | Effects of N fertilizer place, in terms of deep placement on Nr loss from 556 

croplands. 557 

The figure shows the effects of deep placement of fertilizer on the amount of N loss via different 558 

pathways (presented as a percentage change). The results are presented as the mean and 95% 559 

confidence intervals of all pooled data of deep placement of fertilizer, as compared with 560 

topdressing of the same fertilizer type. Effects were significant (p < 0.05) if the confidence 561 

intervals did not overlap with zero. Negative values indicate a reduction in the amount of N 562 

losses due to the treatment whereas positive values indicate an increase in losses. Blue numbers 563 

show the exact mean value of change, with the sample size in brackets. 564 

 565 

 566 

Figure S12 | Effects of high NUE cultivar on Nr loss from croplands.   567 

The figure shows the effects of using high NUE cultivar on the amount of N loss via different 568 

pathways (presented as a percentage change). The results are presented as the mean and 95% 569 

confidence intervals of all pooled data of using high NUE cultivar, as compared with a low 570 

NUE cultivar. Effects were significant (p < 0.05) if the confidence intervals did not overlap 571 

with zero. Negative values indicate a reduction in the amount of N losses due to the treatment 572 

whereas positive values indicate an increase in losses. Blue numbers show the exact mean value 573 

of change, with the sample size in brackets. 574 

 575 
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 576 

Figure S13 | Effects of reduced irrigation or drip irrigation on Nr loss from croplands.   577 

The figure shows the effects of irrigation management on the amount of N loss via different 578 

pathways (presented as a percentage change). The results are presented as the mean and 95% 579 

confidence intervals of all pooled data (shown as ‘overall’), and according to reduced irrigation 580 

(shown as ‘reduced’) or the use of drip irrigation (shown as ‘drip’), as compared with the local 581 

irrigation practice. Effects were significant (p < 0.05) if the confidence intervals did not overlap 582 

with zero. Negative values indicate a reduction in the amount of N losses due to the treatment 583 

whereas positive values indicate an increase in losses. Blue numbers show the exact mean value 584 

of change, with the sample size in brackets. 585 
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 587 

 588 

Figure S14 | Effects of no-tillage on Nr loss from croplands.  589 

The figure shows the effects of no-tillage on the amount of N loss via different pathways 590 

(presented as a percentage change). The results are presented as the mean and 95% confidence 591 

intervals of all pooled data of no-tillage, as compared with conventional tillage. Effects were 592 

significant (p < 0.05) if the confidence intervals did not overlap with zero. Negative values 593 

indicate a reduction in the amount of N losses due to the treatment whereas positive values 594 

indicate an increase in losses. Blue numbers show the exact mean value of change, with the 595 

sample size in brackets. 596 

 597 
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 598 

Figure S15 | Steps of uncertainty analysis using Monte Carlo simulation 599 
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 601 

Figure S16 | Uncertainty contribution of cropland N budgets by regions 602 

(a) the regional uncertainty contribution (%) to the global cropland inputs of fertilizer, manure, BNF, irrigation and deposition. (b) the regional 603 

uncertainty contribution (%) to the global cropland N surplus, including NH3, N2O, NOx, N2, NO3-1(leaching and runoff). FSU, Former Soviet 604 

Union; MENA, Middle-East and North Africa; OECD, the Organization for Economic Co-operation and Development, SSA, Sub-Saharan Africa. 605 
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 607 

Figure S17 | Impacts N mitigation measures on N use/loss across different countries  608 

(a) EFF by N2O; (b) Fertilizer rate by leaching; (c) EEF by yield; (d) Fertilizer rate by yield. 609 

EEF refers to enhanced efficiency fertilizers. The mitigation response is not significant across 610 

countries suggested that the N mitigation measures generally have a consistent effect in 611 

different global regions. Only some typical examples are shown here. The overall analysis can 612 

be found in Table S6. 613 
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