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Croplands support global food security and human nutrition, representing the largest 21 

nitrogen flows globally. Elevated atmospheric carbon dioxide (CO2) level is a key driver 22 

of climate change with multiple impacts on food security, environmental and human 23 

health. However, our understanding of how the cropland nitrogen cycle will respond to 24 

elevated CO2, so far is not well developed. We demonstrate that elevated CO2 alone would 25 

induce a synergistic intensification of the nitrogen and carbon cycles, promote nitrogen 26 

use efficiency by 19% (14-26%) and biological nitrogen fixation by 55% (28-85%) in 27 

global croplands. This would lead to increased crop nitrogen harvest (+12 Tg), 28 

substantially lower fertilizer input requirements (-34 Tg) and an overall decline in 29 

reactive nitrogen loss (-46 Tg) annually under future elevated CO2 scenarios by 2050. The 30 

impact of elevated atmospheric CO2 on altered cropland nitrogen cycle would amount to 31 

672 billion US dollars benefit in terms of avoiding damages to human and ecosystem 32 

health. Regionally, the largest alteration would materialize in China, India, North 33 

America, and Europe. To improve the policy design for food security and sustainable 34 

development, it would be paramount to integrate the effect of rising CO2 on nitrogen cycle 35 

into state-of-the-art Earth System Models. 36 

 37 

Cropland is the major ecosystem supporting food security and human health with the largest 38 

nitrogen flux on Earth1,2. Climate change, associated with a continued rise in greenhouse gas 39 

emissions, could increase the vulnerability of croplands and threaten global food security3. 40 

Atmospheric levels of CO2 have increased by 47% since the Industrial Revolution, reaching an 41 

unprecedented level in at least two million years and continuing to exceed 600~1000 ppm by 42 

the end of the 21st century4. As the primary greenhouse gas, CO2 also acts as a gaseous fertilizer 43 

stimulating plant photosynthesis and productivity, and elevated CO2 (eCO2, also known as CO2 44 

fertilization, CO2 enrichment) accordingly enhances carbon (C) sequestration in the terrestrial 45 

biosphere5,6. Meanwhile, nitrogen (N) is a vital element to constitute protein in flora and fauna, 46 

and the capability of carbon sequestration in the biosphere is largely limited by N availability7. 47 

In contrast to extensive studies on the response of C cycle (i.e., net primary productivity, soil 48 
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organic C) to climate change8,9, much less emphasis has been placed so far on the response of 49 

the N cycle to climate change. Yet, the N cycle will critically determine the potential C sinks 50 

or sources in croplands under elevated CO2 levels, hence it is vital that the coupling relationship 51 

between the two crucial biogeochemical cycles, N & C, are better understood10. Furthermore, 52 

excessive reactive N (Nr, all N forms other than dinitrogen – N2) use in agriculture has led to 53 

adverse impacts on ecosystem and human health, ranging from eutrophication, acidification, 54 

air pollution (PM2.5) and biodiversity loss11,12. Forecast changes in future precipitation regimes 55 

are expected to exacerbate Nr runoff and intensify regional eutrophication13. Whether the 56 

effects of other aspects of climate change, including that of elevated atmospheric CO2 levels 57 

on Nr emissions, have not been well quantified to date.  58 

 59 

The climate impact on cropland driven by warming and extreme climate has been highlighted, 60 

whereas CO2 fertilization with its interaction effect is rarely considered in future projection14,15. 61 

Historic data and experiments reveal that CO2 fertilization offsets some negative climate 62 

impacts on crop production6,16. Future high levels of atmospheric CO2 might increase the 63 

optimal temperature of photosynthesis and suppress evapotranspiration with lower stomatal 64 

conductance, likely interacting with warming and drought to induce cascade effects6. The 65 

emerging evidence of large-scale declines in N availability in terrestrial ecosystems17 and 66 

human dietary protein18 underlines the rising CO2 is the main driver of global changes for N 67 

cycle. Field manipulation experiments simulating responses to elevated CO2 levels provide the 68 

most useful tools for studying the effects of eCO2 as a single climate change driver on features 69 

of the N cycle. Currently, a holistic quantification of N cycle responses to future elevated CO2 70 

in global croplands is missing. Responses of the N cycle to elevated CO2 are likely 71 

heterogeneous and regionally variable, thus corresponding changes in food production and 72 

impacts on environmental and human health may affect regional development and expand 73 

inequalities between countries19,20. Filling this knowledge gap is essential to constrain Earth 74 

System Models (ESM) which are widely applied for the simulation and projection of potential 75 

policy interventions and to inform policy-making for global sustainable development4,21. 76 

 77 

Here we assess the responses of key N and C cycle variables to eCO2 in croplands based on a 78 

global dataset of eCO2 experiments. Then we project future cropland N budgets at a spatial 79 

resolution of 0.5 by 0.5 degree under multiple scenarios utilizing the Coupled Human and 80 

Natural Systems (CHANS) model22,23. Finally, we undertake an impact assessment to achieve 81 

a quantitative monetized valuation of eCO2 impacts on the ecosystem and human health.  82 

 83 

Responses of C and N dynamics to eCO2 84 

We present a global atlas of eCO2 simulation experiments in croplands comprising FACE (Free-85 

Air CO2 Enrichment), OTC (Open-Top Chamber), and GC (Greenhouse & Growth Chamber) 86 

sites (Fig. 1A). In total, 1003 response ratios were generated for various crop types, including 87 

wheat, rice, maize, soybean, and others. Elevated atmospheric CO2 levels promote crop yield 88 

by 21% (95% CI 18% to 25%) relative to ambient CO2 level (Fig. 1B), values that are consistent 89 

across different manipulation methods and regardless if values are derived from field and 90 

chamber studies (Extended Data Fig. 1C). The response sensitivity of yield to CO2 fertilization 91 

varies with crop type and magnitude of manipulation (ΔCO2) (Extended Data Fig. 1A, 92 

Extended Data Fig. 2A). Mean annual temperature and mean annual precipitation also 93 

moderate the response ratios for the specific type of crop. Soil respiration, mainly CO2 94 

emissions from plant roots and soil fauna, increased by 25% (19% to 31%), which is much 95 

higher than the increase in soil organic C (SOC) of 6% (2% to 9%) (Fig. 1B). The relatively 96 

small change in SOC may be attributed to the large soil C stock. Overall, the simulations show 97 

an accelerating C cycling trend in global croplands under CO2 enrichment conditions, likely a 98 

result of stimulated plant productivity (crop yield), gaseous C losses to the atmosphere (soil 99 
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respiration), and C sequestration in soil (SOC). 100 

 101 

The higher C availability could provide substrates for microorganism activities closely 102 

associated with N cycling i.e., N-fixing bacteria and denitrifiers24. Rates of biological N 103 

fixation (BNF) are significantly raised by 55% (28% to 85%) (Fig. 1B), suggesting 104 

strengthened capability of symbiotic and free-living N fixation microbes to transform N2 to 105 

inorganic N available for crops in cropland25. N mineralization is promoted by 22% (6% to 106 

44%), in correspondence with stimulated soil respiration. Soil nitrous oxide (N2O) emissions 107 

increase by 29% (5% to 65%), mainly as a consequence of enhanced denitrification (+24%, 4% 108 

to 57%)26. Meanwhile, e CO2 can facilitate N uptake by plants, leading to 19% (14% to 26%) 109 

higher N use efficiency (NUE) in croplands. Higher NUE implies lower Nr loss, including 110 

reduced N leaching and runoff to water bodies (NO3
-, -45%, -76% to -13%), as well as 111 

decreased emissions to air of ammonia (NH3) (-21%; -41% to -1%) and nitrogen oxides (NOx) 112 

(-33%, -50% to -9%).  113 

 114 

Foliar C:N ratio increased by 19% (15% to 24%) (Fig. 1B). The soil C:N ratio shows a non-115 

significant response to eCO2, probably due to the large soil C and N pool. In contrast, N content 116 

decreased in grain (-7%: -9% to -5%), leaf (-15%, -18% to -10%) and stem (-10%, -18% to -117 

2%) (Fig. 1B). The decrease in N content could be attributable to the dilution of N in plant 118 

tissues due to increased C assimilation and lower investment in Rubisco for photosynthesis27,28. 119 

Long-term observations indicate a general trend of reduced N availability in forest and 120 

grassland ecosystems, driven by eCO2 since the early 20th century17. Similar to the N deficiency 121 

in unmanaged ecosystems, declining N content in crop harvest of grain, leaf, and stem in 122 

croplands is a result of eCO2. Although additional mineral fertilizer application usually 123 

complements N inputs and creates an N-rich environment in agricultural systems, the 124 

preference for N allocation to roots rather than to leaves for acquiring higher N uptake under 125 

eCO2 in plants results in a lower leaf Nr content29. 126 

 127 

Overall, elevated atmospheric CO2 levels induce synergetic intensification of both C and N 128 

cycles in global croplands. Increased C availability under CO2 enrichment is projected to 129 

stimulate the intensification of the N cycle, while enhanced N cycling could in turn alleviate N 130 

limitations for C assimilation in global cropland systems. Elevated atmospheric CO2 levels 131 

have recently been found to enhance N cycling through higher N return from litterfall, e.g. 132 

stimulating consistent tree growth in Tibetan Plateau forests based on observations over a ten-133 

year period 30. Our simulations further revealed that the synergistic intensification occurs 134 

between the N and C cycles in croplands under eCO2 level at global scale, and indicated that 135 

the thus enhanced N cycle would sustain CO2 fertilization effects on crop yield. 136 

 137 

Spatial changes in N budgets under eCO2 138 

We estimate changes in global N budgets for cropland utilizing the CHANS model, integrating 139 

the responses of N parameters to elevated CO2 levels to derive annual N flows22 (see 140 

supplementary material). We designed a set of baseline scenarios (no climate change, fixed 141 

CO2 levels) and eCO2 scenarios for a near future period (2030-2050), based on Shared Socio-142 

economic Pathways (SSPs) and Representative Concentration Pathways (RCPs) (Extended 143 

Data Fig. 3). Future atmospheric CO2 levels in the eCO2 scenarios are derived from CMIP5 144 

models, for three eCO2 sub-scenarios (SSP1-RCP1.9 “sustainable society”, SSP2-4.5 145 

“business-as-usual”, and SSP4-RCP6.0 “stratified society”), relative to three baseline scenarios 146 

(SSP1, SSP2, and SSP4)31. At global scale, eCO2 will decrease total N input (-27 Tg N), 147 

increase N harvest (+12 Tg N), and reduce N surplus (Nr loss & N2, -39 Tg N) per year under 148 

the eCO2 SSP2-4.5 scenario (“business-as-usual” scenario) relative to a no-climate-change 149 

scenario by 2050 (Fig. 2, Fig 3). 150 
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 151 

The positive effects of CO2 fertilization on yield outweigh the negative effects on grain Nr 152 

content, ultimately resulting in a net increase of Nr harvested in future eCO2 scenarios. Under 153 

the eCO2 SSP2-4.5 scenario, a significant increase in Nr harvested will occur in East and South 154 

Asia, the Great Lakes region in North America, and southeast Latin America (Fig. 2). These 155 

regions are also hotspots for crop production and population density, hence the increasing yield 156 

and associated Nr harvest can bring immediate food security benefits, especially for low-157 

income countries with considerable famine issues32. 158 

 159 

Global aggregated NUE is modelled to increase from 47% to 57% by 2050 under the SSP2-4.5 160 

scenario (Fig. 2), albeit with regional heterogeneity. The increase in NUE is projected to exceed 161 

20% in the United States, south and east Latin America, Europe, and western Africa, much 162 

higher than the minimum increase in NUE of less than 5% in Central America, the Caribbean, 163 

most Asia, and eastern Africa. Although the positive response of NUE to eCO2 can be 164 

moderated by mean annual precipitation, the spatial variation of changes in NUE is closely 165 

related to background NUE, marked by a higher relative increase in high-NUE regions, which 166 

may increase regional inequality33. Improved NUE predominantly drives the substantial 167 

reductions of total Nr input and losses. 168 

 169 

Total Nr inputs are projected to decline, dominated by lower fertilizer (-34 Tg N) and manure 170 

input (-5 Tg N), and reduced atmospheric Nr deposition (-3 Tg N); except that BNF will 171 

increase drastically by 15 Tg N per year under eCO2 SSP2-4.5 scenario in 2050 (Fig. 3). 172 

Reductions in Nr inputs will be largest in East and South Asia (India and Eastern China), with 173 

moderate reductions modelled for other highly intensified agricultural regions, including 174 

central and western Europe (Germany, Czech Republic, France, Italy), central and eastern 175 

United States and southern Canada, Argentina, and coastal South Australia (Fig. 2). The 176 

increased BNF results from stimulated microbial N-fixing quantity given the enhanced C 177 

availability in cropland. The reduced Nr deposition is largely attributable to the lower NH3 and 178 

NOx emissions from croplands under eCO2, for the Nr deposition mainly derives from these 179 

Nr emissions34. The producers would probably reduce the use of anthropogenic Nr input for 180 

adaptation to the local soil nutrient condition depending on the changing NUE and other natural 181 

Nr input sources35,36. The reduction in mineral fertilizer and manure application would as well 182 

result in reduced costs for agricultural production in most regions. In contrast, some regions in 183 

Brazil, central Africa (Cameroon, Nigeria), and Southeast Asia (Philippines, Laos) would 184 

require a slight increase in Nr inputs, as increased BNF, manure application, and atmospheric 185 

deposition would outweigh the decrease in mineral fertilizer application in these regions 186 

(Extended Data Fig. 4).  187 

 188 

Manure recycling to croplands is expected to increase with the evolution of new farming 189 

methods and better integration of livestock and crop systems in the future37. To capture this, 190 

we added two supplementary scenarios as variants of the eCO2 SSP2-4.5 scenario, improving 191 

the global manure Nr recycling ratio to 35% (manure recycle scenario 1) and 40% (manure 192 

recycle scenario 2) by 2050, respectively, relative to 30% in the base year 2020. This increased 193 

manure recycling to croplands would further decrease the need for synthetic fertilizer 194 

application overall. By 2050, Nr input from manure increases to 55 Tg N (from 51 Tg N), while 195 

fertilizer application declines from 141 Tg N to 98 Tg N under manure recycle scenario 1. 196 

Manure input increases to 75 Tg N, while fertilizer declines to 79 Tg N under manure recycle 197 

scenario 2 (Extended Data Fig. 5).  198 

 199 

Nr emissions are projected to decrease globally, suggesting net positive effects on 200 

environmental and human health38. Our results show substantial reductions of N losses in East 201 
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and South Asia, central eastern North America, south and eastern Latin America, followed by 202 

west and central Europe, sub-Saharan Africa, Southeast Asia and coastal South Australia under 203 

the eCO2 SSP2-4.5 scenario (Fig. 2). Nr losses to the environment are modelled to be reduced 204 

through emissions of NH3 (-12 Tg N), N2O (-2 Tg N), NOx (-0.9 Tg N), and leaching and runoff 205 

of NO3
- to water bodies (-32 Tg N), while non-reactive N2 emissions would increase by 7 Tg 206 

N due to enhanced denitrification processes in croplands (Fig. 3). The decrease of atmospheric 207 

NH3 emissions mainly occurs in India and East China, the Great Lakes region in the United 208 

States, and East Argentina (Extended Data Fig. 6). N2O emissions, in contrast, would increase 209 

in Central America, South and East Africa, South and East Asia, while decreasing in South 210 

Latin America and other regions. This regional difference can be attributed to interactions 211 

between increased emission factors of N2O and reduced total Nr input to croplands under eCO2. 212 

NOx emissions are projected to slightly decline at global scale. NO3
--N leaching and runoff to 213 

ground and surface water bodies is estimated to significantly decline, in particular in the river 214 

basins of India, China, Southeast Asia, Canada, and the United States.  215 

 216 

Multiple scenario analysis and impact assessment 217 

The ensemble average and the variations of N budgets in croplands under different future 218 

scenarios over 2020-2050 were estimated using Monte Carlo simulations with the CHANS 219 

model (Fig. 4). The time series of all baseline scenarios show consistently increasing N budgets 220 

in the near to mid-term, attributable to the continuous growth in food demand by 20502. For 221 

instance, Nr harvested will increase from 192±5 Tg N in 2020 to 253±20 Tg N in 2050 under 222 

the baseline SSP2 scenario. The baseline N budgets of SSP2, representing a “business-as-usual” 223 

scenario, is higher than that of SSP1 representative of the “sustainable society” scenario, but 224 

similar to that of the SSP4 scenario, illustrating a “stratified society” scenario. All future eCO2 225 

scenarios show consistent N cycling responses to elevated atmospheric CO2, with the more 226 

sustainability-focused scenarios resulting in lower budgets and their changes due to eCO2. 227 

Mineral fertilizer application decline from baseline SSP1 scenario (115±10 to 128±30 Tg N) 228 

to eCO2 SSP1-1.9 scenario (87±8 to 97±25 Tg N), while fertilizer application decreases from 229 

SSP4 scenario (129±11 to 142±32 Tg N) to eCO2 SSP4-6.0 scenario (99±9 to 108±28 Tg N) 230 

over 2030-2050 (Fig. 4). The NO3
- loss to water bodies will also reduce under eCO2 scenarios, 231 

with smaller reductions in eCO2 SSP1-1.9 scenario (26-30 Tg N) relative to that in eCO2 SSP4-232 

6.0 scenario (29-33 Tg N) over 2030-2050. 233 

 234 

The impact assessment of eCO2 as a single climate change driver on the global croplands in 235 

the absence of other concurrent climate change resulted in 672 billion US dollars benefit under 236 

eCO2 SSP2-4.5 scenario in 2050, in terms of ecosystem benefit, human health benefit, yield 237 

increase, fertilizer saving, and climate impact (Fig. 5). China, India, North America, and 238 

Europe can gain the highest benefit, with the majority from ecosystem benefit and the sum 239 

accounting for 65% of the total benefits. The SSA (Sub-Saharan Africa) will get 20.6 billion 240 

US dollars from yield benefit. And the yield benefit is also significant for Brazil, China, India, 241 

and other Asian countries. The majority of eCO2 impacts will lead to positive benefits, except 242 

that climate impact will cost 4.0, 4.4, and 0.3 billion US dollars in China, India and other OECD 243 

(organization for economic cooperation and development) countries. Ecosystem benefit 244 

accounts for the largest proportions of the total benefit (359 billion US dollars), followed by 245 

human health benefit (128 billion US dollars) and yield benefit (124 billion US dollars) globally. 246 

Therefore, elevated CO2 as a single climate change factor can bring more benefit rather than 247 

damage to the ecosystem and humans. There is a caveat that other climate impacts are not 248 

accounted for in the monetized assessment, including changes in air temperature and 249 

precipitation, and extreme weather4. These consequences will damage the ecosystem and 250 

human health in the long term13,15, leading to extra damage costs39, which are not counted and 251 

also beyond the scope of this paper. We only focus on the direct costs and benefits of eCO2 on 252 
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the cropland N cycle and their impacts on the food benefit, environment and human health in 253 

this study. 254 

 255 

Future perspective 256 

While global ambitions to achieve NetZero+ are under way, these are unlikely to be achieved 257 

by 2050. Atmospheric CO2 levels are likely to continue to increase for the foreseeable future4. 258 

This indicates that the changes in N cycles in global croplands as a response to eCO2 are equally 259 

likely to become reality. Scientists, policymakers, farmers and other stakeholders will need to 260 

work together to adapt to these changes and design new approaches for agriculture management 261 

practices under elevated CO2 levels40. We have to recognize and respond to these changes, 262 

especially increases in BNF, while the reduction of Nr inputs to croplands needs to be managed 263 

to avoid excessive Nr use41. In the context of the overall reduction of Nr input needs under 264 

eCO2, the integrated management of Nr inputs between individual components becomes vitally 265 

important. The expected N Cycle changes provide a unique opportunity to reduce Nr inputs 266 

from mineral fertilizers, while increasing the reuse of manure and other organic Nr forms, such 267 

as straw recycling42,43. New crop varieties which are better adapted to higher CO2 levels could 268 

be developed to further increase NUE and reduce Nr losses to the environment44,45. However, 269 

the decline of Nr concentrations in grain may adversely affect the supply of protein in human 270 

diets18. Thus, considerations of changes in future dietary recommendations may need to be 271 

adjusted to balance human nutritional requirements with grain protein supply46.  272 

 273 

However, the complexities associated with global warming and altered precipitation regimes, 274 

which will likely accompany elevated atmospheric CO2 levels, and related impacts, will require 275 

integrated assessment approaches based on state-of-the-art complexity science methods in 276 

order to fully analyze and ultimately understand the response mechanisms of the N cycle to 277 

future climate change. This will be an essential step towards designing effective and efficient 278 

climate policy47–49. Adaptation of farming systems to higher crop yields and improved NUE 279 

will need to go hand in hand with measures to manage extreme climate impacts in order to 280 

reduce the uncertainties in future global crop production16. Our analyses suggest that we have 281 

the potential to supply more food to alleviate hunger and safeguard food security with less 282 

pollution under climate change conditions. However, the final impact of the complex 283 

interactions between the C and N cycles is not yet fully quantifiable and this potential is not 284 

robust. Whether the potential benefits to crop production and cropland NUE due to elevated 285 

CO2 levels could offset some of the negative impacts of other climate change requires more 286 

attention and in-depth analyses. Our results highlight the importance of fully quantifying trade-287 

offs and co-benefits between climate change factors which researchers and policy-makers alike 288 

must navigate in meeting climate change mitigation and sustainable development goals. A 289 

comprehensive and robust understanding of the response mechanisms of the N cycle to climate 290 

change will be a key requirement to constrain Earth System Models and inform the agricultural 291 

management and policy development in order to design future agricultural systems in the 292 

context of climate change50. Such robust, climate-resilient agricultural systems with reduced 293 

impacts on human and environmental health, while safeguarding food security, are vital for 294 

feeding a growing world population in a changing climate51. 295 

 296 

Materials and Methods 297 

Database and global synthesis 298 

A global database of elevated CO2 simulation experiments was established through data 299 

extraction from site-based eCO2 manipulation studies and data compilation from other data 300 

sources (Table S1). Elevated CO2 manipulation studies mainly include FACE (free-air CO2 301 
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enrichment), OTC (open-top chamber), and GC (growth chamber) experiments across the 302 

globe. The selection criteria of qualified studies mainly comprises: 1) elevated atmospheric 303 

CO2 level was simulated in the manipulation experiments with eCO2 group and control group 304 

(ambient CO2); 2) variables related to N cycle or C cycle were monitored on a regular basis 305 

in both eCO2 group and control group, and the values of the variables could be extracted from 306 

the study; 3) the studies were published in peer-reviewed journals included in authoritative 307 

databases such as Web of Science, Google Scholar, Scopus, and so on. A Cross search of 308 

publications was conducted in the meantime. The systematic literature search contained but 309 

was not limited to the following key terms: {(elevated CO2/ rising CO2/ CO2 fertilization) 310 

OR (FACE/ OTC/ GC)} AND {(nitrogen fixation/ BNF/ nitrogen use efficiency/ NUE/ 311 

denitrification/ NH3/ ammonia/ N2O/ nitrous oxide/ nitrogen leaching/ nitrogen runoff/ 312 

nitrogen mineralization/ nitrification/ nitrogen cycle) OR (yield/ SOC/ soil organic carbon/ 313 

soil respiration/ Rs/ nitrogen content/ C:N ratio/ carbon cycle)}. We collected the main four 314 

categories of information from the studies, including paper information (author, year, title, 315 

journal, etc.), site information (latitude, longitude, climate, soil texture, country, etc.), study 316 

information (experimental duration, manipulation method, manipulation magnitude, etc.), and 317 

variable information (response ratio, sample size, etc.). The terminology used in the study can 318 

be found in the Supplementary Text.  319 

Data of variables were extracted from the text, tables, and figures in the published 320 

papers. WebPlotDigitizer was used to extract data from figures 321 

(https://apps.automeris.io/wpd/). Meanwhile, data from other sources were compiled into our 322 

database to supplement the missing information in some publications, i.e., climate data, soil 323 

texture, climate zones. Climate data of study sites (i.e., mean annual temperature, mean 324 

annual precipitation, maximum temperature, and minimum temperature) was obtained from 325 

the WorldClim (https://worldclim.org/data/index.html#). Soil texture was from the Global 326 

Land Data Assimilation System (GLDAS) by NASA (https://ldas.gsfc.nasa.gov/gldas/soils). 327 

Assignment of climate zone was based on Köppen-Geiger climate classification52. 328 

Meta-analysis was conducted to assess the response ratio (RR) of N and C cycling 329 

variables under eCO2 relative to ambient CO2 level. The response ratio of individual 330 

observation in natural logarithm (lnR) was calculated as53: 331 

x
x

aCO2

eCO2lnR ln=                        (Equation 1) 332 

Where xeCO2 and xaCO2 are the means of parameters at elevated CO2 level and ambient 333 

CO2 level, respectively.  334 

The weight of individual observations was calculated based on the experimental 335 

replications as54: 336 

nn
nn

aCO2eCO2

aCO2eCO2Weight
+

×
=                    (Equation 2) 337 

where neCO2 and naCO2 are numbers of the replications at elevated CO2 level and ambient 338 

CO2 level, respectively.  339 

The mean response ratio (RR) and 95% confidence intervals were generated following a 340 

randomization resampling procedure by bootstrapping (4,999 iterations). The results were 341 

reported as percentage changes for easy demonstration: 342 
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RR% = (eRR-1)×100%                   (Equation 3) 343 

The response ratio was considered significant (P<0.05) if the 95% confidence intervals 344 

did not overlap with zero. 345 

Subgroup analysis and meta-regression were adopted to explore the moderators and 346 

spatial heterogeneity of response patterns. The RRs were divided into different subgroups by 347 

crop group (i.e., wheat, soybean, oilseeds, barley, cotton), manipulation methods (i.e., FACE, 348 

OTC, GC), or climate zones (i.e., cold, temperate, arid, tropical) for meta-analysis. The 349 

significant between-group heterogeneity (Qb) (P<0.05) denotes significant difference among 350 

subgroups. Meta-regressions were used to test whether the potential moderators can affect the 351 

response pattern across locations, including manipulation magnitude (ΔCO2), mean annual 352 

temperature (MAT), and mean annual precipitation (MAP).  353 

The statistical analysis was done with the software MetaWin55 and metafor package56 in 354 

R platform (version 4.1.3). 355 

 356 

Global cropland nitrogen budget 357 

The accounting of cropland N budget is to identify N input (𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖), N harvest 358 

(𝑁𝑁ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖), N surplus (𝑁𝑁𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑠𝑠𝑖𝑖𝑎𝑎), and NUE, on the foundation of the N mass balance 359 

principle. The calculation formulas are shown as follows: 360 

∑∑ ∑ +=
k

surplus

i j

harvestinput NNN
11 1

                 (Equation 4) 361 

iinput

i

N

N
NUE

,

,harvest

i =                            (Equation 5) 362 

iotheridepimaniBNFiferi NNNNNN ,,,,,,input ++++=          (Equation 6) 363 

iwaterigasisurplus NNN ,,, +=                       (Equation 7) 364 

where 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 contains five components, i.e., synthetic fertilizer (𝑁𝑁𝑓𝑓𝑎𝑎𝑎𝑎,𝑖𝑖), BNF (𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵,𝑖𝑖), 365 

manure (𝑁𝑁𝑚𝑚𝑎𝑎𝑖𝑖,𝑖𝑖), deposition (𝑁𝑁𝑑𝑑𝑎𝑎𝑖𝑖,𝑖𝑖), and other inputs (𝑁𝑁other,i); 𝑁𝑁ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖 refers to harvested 366 

crops consisting of grain and straw; 𝑁𝑁𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑠𝑠𝑖𝑖𝑎𝑎 contains three components, i.e., gaseous N loss 367 

(NH3, N2O, NOx, N2) (𝑁𝑁𝑔𝑔𝑎𝑎𝑎𝑎,𝑖𝑖) and N loss to water (leaching to groundwater & runoff to 368 

surface water, NO3
-) (𝑁𝑁𝑤𝑤𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎,𝑖𝑖).  369 

The input factor (𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖) and emission factor (𝐹𝐹𝑎𝑎𝑚𝑚𝑖𝑖𝑖𝑖,𝑖𝑖) is defined as: 370 

iinput

icomponentinput

iinput
N

N
F

,

,

,

⋅=                         (Equation 8) 371 

isurplus

icomponentemit

iemit
N

N
F

,

,

,

⋅=                          (Equation 9) 372 

where 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖,𝑖𝑖 could be any component of 𝑁𝑁𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖, that is, 𝑁𝑁𝑓𝑓𝑎𝑎𝑎𝑎,𝑖𝑖, 𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵,𝑖𝑖, 373 𝑁𝑁𝑚𝑚𝑎𝑎𝑖𝑖,𝑖𝑖, 𝑁𝑁𝑑𝑑𝑎𝑎𝑖𝑖,𝑖𝑖; 𝑁𝑁𝑎𝑎𝑚𝑚𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖,𝑖𝑖 could be any component of 𝑁𝑁𝑎𝑎𝑖𝑖𝑎𝑎𝑖𝑖𝑠𝑠𝑖𝑖𝑎𝑎,𝑖𝑖, such as 𝑁𝑁𝑔𝑔𝑎𝑎𝑎𝑎,𝑖𝑖 and 374 𝑁𝑁𝑤𝑤𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎,𝑖𝑖. 375 

The reactive N (𝑁𝑁𝑎𝑎,𝑖𝑖) flows include NH3 flows (𝑁𝑁𝐵𝐵𝑁𝑁3,𝑖𝑖), N2O flows (𝑁𝑁𝐵𝐵2𝑂𝑂,𝑖𝑖), NOx flows 376 

(𝑁𝑁𝐵𝐵𝑂𝑂𝑁𝑁,𝑖𝑖), and N loss to water (𝑁𝑁𝑤𝑤𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎,𝑖𝑖): 377 
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iwateriNOiONiNHir NNNNN
x ,,,,, 23
+++=               (Equation 10) 378 

The present and future global cropland N budgets at 0.5 by 0.5 degree resolution are 379 

generated based on the Integrated Model to Assess the Global Environment (IMAGE)36,57 and 380 

the Coupled Human And Natural System (CHANS)22 models. IMAGE is an ecological-381 

environmental model simulating environmental consequences of human activities via 382 

integrating society, biosphere, and climate system in one framework 383 

(https://www.pbl.nl/en/image/about-image). CHANS is a process-based model that simulates 384 

N-flow within 14 subsystems (i.e., cropland, grassland, forest, atmosphere, surface water and 385 

groundwater)22. Here gridded data of global cropland budget (0.5 by 0.5 degree) in the base 386 

year 2020 was exported from the IMAGE model, and then input to the CHANS model for 387 

validation and optimization with the historical data at the country-level embedded in the 388 

CHANS model, for minimizing the uncertainties of global cropland N budget (Fig. S1). 389 

Future crop harvests from 2030 to 2050 at 10-yr intervals are constrained by the future 390 

prediction data from Food and Agriculture Organization (FAO) Global perspective study58, 391 

which mainly projects future crop yield and harvest area based on food demand depending on 392 

population, gross domestic production, and urbanization rates. 393 

 394 

Scenario and CHANS model simulation 395 

Aiming to estimate the changes of N budget under future elevated CO2 levels, we 396 

designed the baseline scenario (no climate change) and eCO2 scenario, respectively, each 397 

containing three sub-scenarios with different Shared Socio-economic Pathways (SSPs) 398 

(Extended Data Fig. 3). The baseline scenario hypotheses no climate change will occur in the 399 

future and the atmospheric CO2 levels will not continue to rise and will stay at a fixed level 400 

since 2020. The eCO2 scenario hypotheses only elevated atmospheric CO2 as a single factor 401 

of climate change will be anticipated and eCO2 be taken into account in our modelling 402 

simulating of future trend, without consideration of associated warming and changing 403 

precipitation; future atmospheric CO2 levels were applied from Representative Concentration 404 

Pathways (RCPs) including RCP1.9, RCP4.5, and RCP6.0. As the climate change factor was 405 

set in the baseline and eCO2 scenarios, SSPs provide storylines and narratives about the 406 

social-economic aspect for future projection. SSP1, SSP2, and SSP4 were adopted in our 407 

study, corresponding to Sustainable society, Business as usual, and Stratified society in the 408 

Global Perspective studies by FAO58. Thus, the baseline scenario with no climate change has 409 

three sub-scenarios including SSP1, SSP2, and SSP4, meaning different socio-economic 410 

pathways have been considered in modelling to influence the population and GDPs, leading 411 

to changes in harvest crops demand and supply, fertilizer use demand, and NUEs. 412 

Accordingly, the eCO2 scenarios have sub-scenarios of SSP1-RCP1.9, SSP2-4.5, and SSP4-413 

RCP6.0, considering both social-economic pathways and eCO2 as a single indicator of 414 

climate change for modelling. 415 

We conducted CHANS model simulation for N budgeting based on the above scenarios. 416 

The base year is 2020 and the future trend from 2030 to 2050 will be projected. In the 417 

baseline scenarios, mainly the social-economic indexes of population, GDP, and urbanization 418 

are considered to project future food production; but no climate change effects are considered 419 

in modelling given the fixed CO2 level since 2020. The model outputs of future cropland N 420 

budgets were validated and constrained by the FAO future prediction in 2030-205058. In the 421 
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eCO2 scenarios, in addition to the social-economic indexes, we simulate rising CO2 levels by 422 

integrating the response ratios of N cycling parameters to the CHANS model and optimizing 423 

parameterization with results of our global synthesis of site-based observations. The historical 424 

atmospheric CO2 levels were reconstructed from CMIP6 historical data and future 425 

atmospheric CO2 levels were generated under SSP-RCPs31. 426 

The effects of eCO2 on crop yield and grain content for various crop items were 427 

incorporated into the crop production dataset of future prediction in 2030-2050 from FAO58. 428 

The crop production by country is summed up as follows: 429 

( )∑ ××=
i

icropicropicrop

base AreaGrainNYieldN
1 ,,,harvest          (Equation 11) 430 

( ) ( )( )∑ ×+××+×=
i

icropGrainNicropyieldicrop

eCO
AreaRRGrainNRRYieldN

1 ,,,harvest %1%12  431 

(Equation 12) 432 

where 𝑁𝑁ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎  and 𝑁𝑁ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑎𝑎𝑒𝑒𝑂𝑂2  indicate N harvests in the country under the baseline 433 

scenario and the eCO2 scenario, respectively; 𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑐𝑐𝑎𝑎𝑐𝑐𝑖𝑖,𝑖𝑖 is the yield of the specific crop 434 

item, and the crop i indicates the specific crop item; 𝐺𝐺𝐺𝐺𝐺𝐺𝑌𝑌𝐺𝐺𝑁𝑁𝑐𝑐𝑎𝑎𝑐𝑐𝑖𝑖,𝑖𝑖 is the N content in the 435 

grain; 𝐴𝐴𝐺𝐺𝑌𝑌𝐺𝐺𝑐𝑐𝑎𝑎𝑐𝑐𝑖𝑖,𝑖𝑖 refers to the harvest area of the crop item; 𝑅𝑅𝑅𝑅%𝑦𝑦𝑖𝑖𝑎𝑎𝑠𝑠𝑑𝑑 and 𝑅𝑅𝑅𝑅%𝐺𝐺𝑎𝑎𝑎𝑎𝑖𝑖𝑖𝑖𝐵𝐵 436 

denote the response ratios of yield and grain N content to eCO2, respectively. The responses 437 

of yield and grain N content are moderated with the regional ΔCO2, MAT and MAP, and 438 

constrained by maximum yield potential, and the upper and lower limit of 95% confidential 439 

intervals from the meta-analysis. 440 

 441 

The effects of eCO2 on N cycling parameters (𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖, 𝑁𝑁𝐵𝐵𝐵𝐵𝐵𝐵,𝑖𝑖, 𝑁𝑁𝑓𝑓𝑎𝑎𝑎𝑎,𝑖𝑖, 𝑁𝑁𝐵𝐵𝑁𝑁3,𝑖𝑖, 𝑁𝑁𝑤𝑤𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎,𝑖𝑖, 442 

etc.) were scaled up to modify the NUE, input factor (𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖) or emission factor (𝐹𝐹𝑎𝑎𝑚𝑚𝑖𝑖𝑖𝑖,𝑖𝑖) in 443 

the CHANS model. The NUE under the elevated CO2 is calculated as 𝑁𝑁𝑁𝑁𝑁𝑁𝑖𝑖𝑎𝑎𝑒𝑒𝑂𝑂2 as: 444 

( )iNUEi

eCO
RRNUENUE ,i %12 +×=                   (Equation 13) 445 

where 𝑅𝑅𝑅𝑅%𝐵𝐵𝑁𝑁𝑁𝑁 denote the response ratios in percentage change for NUE. 446 

 447 

The factors coupled with eCO2 effects are calculated as 𝐹𝐹𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖,𝑖𝑖𝑎𝑎𝑒𝑒𝑂𝑂2  and 𝐹𝐹𝑎𝑎𝑚𝑚𝑖𝑖𝑖𝑖,𝑖𝑖𝑎𝑎𝑒𝑒𝑂𝑂2  as: 448 

( )icomponentinput

iinput

icomponentinputeCO

iinput RR
N

N
F ,

,

,

, %12

⋅
⋅ +×=             (Equation 14) 449 

( )icomponentemit

isurplus

icomponentemiteCO

iemit RR
N

N
F ,

,

,

, %12

⋅
⋅ +×=              (Equation 15) 450 

where 𝑅𝑅𝑅𝑅%𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖 and 𝑅𝑅𝑅𝑅%𝑎𝑎𝑚𝑚𝑖𝑖𝑖𝑖 𝑐𝑐𝑐𝑐𝑚𝑚𝑖𝑖𝑐𝑐𝑖𝑖𝑎𝑎𝑖𝑖𝑖𝑖 denote the response ratios in 451 

percentage change for N input factor and emission factor, respectively. 452 

 453 

CHANS model simulation to predict future cropland N budget is performed with the 454 

gridded dataset of global cropland N budget, depending on the regional patterns and 455 

geographical heterogeneity. Responses of NUE modulated by the local MAP within the 456 

confidential intervals in the meta-analysis are allocated as 𝑅𝑅𝑅𝑅%𝐵𝐵𝑁𝑁𝑁𝑁,𝑖𝑖 to the gridded data 457 

(Extended Data Fig. 2). Responses of BNF in different climate zones are allocated to the 458 
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gridded data (Fig. S4). Changes in response factors of deposition depend on the summed NH3 459 

and NOx emissions. Responses factors of NH3 and N2O are moderated with ΔCO2 and then 460 

incorporated into the model. As the NOx emission from the cropland is minimum and the 461 

metadata of NOx in cropland is lacking, we use response ratios of NOx in the terrestrial 462 

ecosystem for substitution. Responses of NO3
- are allocated as 𝑅𝑅𝑅𝑅%𝑤𝑤𝑎𝑎𝑖𝑖𝑎𝑎𝑎𝑎,𝑖𝑖.  463 

Here anthropogenic N input acts as a flexible component of input, with the assumption 464 

that the use of fertilizer will adapt to the changing soil fertility. The scenario period over 465 

2020-2050 is middle to long term, farmers will adjust the amount of fertilizer with the 466 

evolvement of soil nutrient condition depending on altered NUE and natural N input (i.e., 467 

BNF, deposition). In the basic eCO2 scenarios above, the changes are mainly allocated to the 468 

input factors of synthetic fertilizer (𝑁𝑁𝑓𝑓𝑎𝑎𝑎𝑎,𝑖𝑖) and the input factors of manure stay constant. 469 

However, future use of organic fertilizer –manure (𝑁𝑁𝑚𝑚𝑎𝑎𝑖𝑖,𝑖𝑖)– will probably increase with the 470 

development of agriculture. Thereby we design two supplementary scenarios based on eCO2 471 

SSP2-4.5 scenario (with the same climate change setting) (Extended Data Fig. 3). We 472 

improve the global mean of manure recycling ratio to 35% (manure recycle scenario 1) and 473 

40% (manure recycle scenario 2) by 2050 relative to the manure recycling ratio of 30% in 474 

base year 2020, aiming to assess the possible changes in synthetic fertilizer under higher 475 

manure recycling in the future. 476 

 477 

Impact assessment 478 

The potential impacts of elevated CO2 (𝑀𝑀𝑎𝑎𝑒𝑒𝑂𝑂2) as a single climate change factor in 479 

global cropland constitutes of ecosystem impact (𝐵𝐵𝑎𝑎𝑐𝑐𝑐𝑐), human health impact (𝐵𝐵ℎ𝑖𝑖𝑚𝑚𝑎𝑎𝑖𝑖), yield 480 

change (𝐵𝐵𝑦𝑦𝑖𝑖𝑎𝑎𝑠𝑠𝑑𝑑), fertilizer saving (𝐵𝐵𝑓𝑓𝑎𝑎𝑎𝑎), and climate impact (𝑀𝑀𝑐𝑐𝑠𝑠𝑖𝑖𝑚𝑚𝑎𝑎𝑖𝑖𝑎𝑎) as the following 481 

equation: 482 

( )∑ ++++=
i

atecferyieldhumanecoCO IIIIII
1 lime 2

          (Equation 16) 483 

The comprehensive monetary impact analysis of elevated CO2 is conducted at the 484 

national scale and then scaled up to regional and global cropland by categorizing country 485 

groups. 486 

The ecosystem impact is defined as the changed damage cost of Nr effects on the 487 

ecosystem service. The ecosystem impact for country/ region i (𝐵𝐵𝑎𝑎𝑐𝑐𝑐𝑐,𝑖𝑖) can be calculated as: 488 

EU

i

EU

i
EUecoirieco

PPP

PPP

WTP

WTP
dNI ×××∆= ,,,            (Equation 17) 489 

where ∆𝑁𝑁𝑎𝑎,𝑖𝑖 is the changes of Nr including NH3 flows, N2O flows, NOx flows, and N 490 

loss to water for country or area i; 𝑌𝑌𝑎𝑎𝑐𝑐𝑐𝑐,𝑁𝑁𝑁𝑁 stands for the estimated ecosystem damage cost 491 

of Nr emission in the European Union (EU) based on the European N Assessment59; 𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖 492 

and 𝑊𝑊𝑊𝑊𝑊𝑊𝑁𝑁𝑁𝑁 denote the values of the willingness to pay for ecosystem service in the country/ 493 

area i and the EU, respectively; 𝑊𝑊𝑊𝑊𝑊𝑊𝑖𝑖,𝑗𝑗  and 𝑊𝑊𝑊𝑊𝑊𝑊𝑁𝑁𝑁𝑁,𝑗𝑗 denote the purchasing power parity of 494 

the country/ area i and the EU. Here we apply the ecosystem damage cost of Nr emission in 495 

EU to other countries after corrections using willingness to pay and purchasing power parity, 496 

aiming to attain the comparable ecosystem benefit across the globe60. Several cost and benefit 497 

studies concerning the effects of Nr on the ecosystem have been conducted in Europe and the 498 

United States, and there is a paucity of available data in other areas or countries60,61. 499 
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The human health impact is defined as the changed health damage due to varied Nr 500 

emissions under elevated CO2 levels. The monetary estimate of human health is as follows: 501 

ihumanirihuman dNI ,,, ×∆=                     (Equation 18) 502 

where ∆𝑁𝑁𝑎𝑎,𝑖𝑖 is the changes of Nr for country or area i; 𝑌𝑌ℎ𝑖𝑖𝑚𝑚𝑎𝑎𝑖𝑖,𝑖𝑖 stands for the human 503 

health damage cost of Nr emission for country/area i, which is calculated based on the metric 504 

of N-share to PM2.5 pollution12, i.e. the contribution of Nr compounds to the total PM2.5 505 

concentration determined by modeling with and without Nr emission. 506 

The monetary evaluation of yield change can be calculated as the changed crop revenues 507 

from crop harvest using the following equation: 508 

iyield

eCO

iharvestiyield pNI ,,,
2 ×∆=                   (Equation 19) 509 

where ∆𝑁𝑁ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖,𝑖𝑖𝑎𝑎𝑒𝑒𝑂𝑂2  is the changes in N harvest under elevated CO2 scenario relative to 510 

baseline scenario for country or area i; 𝑝𝑝𝑦𝑦𝑖𝑖𝑎𝑎𝑠𝑠𝑑𝑑,𝑖𝑖 is the crop price in the specific country or 511 

area i, in US dollars per kg N. 512 

 513 

The fertilizer saving refers to the saved investment of N fertilizer to croplands due to 514 

reductions in synthetic fertilizer input under elevated CO2 scenarios as: 515 

                      (Equation 20) 516 

where ∆𝑁𝑁𝑓𝑓𝑎𝑎𝑎𝑎,𝑖𝑖 is the changes in N fertilizer input under elevated CO2 scenario relative 517 

to baseline scenario for country or area i; 𝑝𝑝𝑓𝑓𝑎𝑎𝑎𝑎  is the N fertilizer price, in US dollars per kg 518 

N. 519 

The climate impact can be positive or negative for different countries and regions, 520 

resulting in either benefit or damage costs in certain countries and regions. The potent 521 

greenhouse gas N2O makes a contribution to global warming implying a negative climate 522 

impact. Whereas, NOx and NH3 are vital precursors of aerosols, which would reflect long-523 

wave solar radiation and have a strong cooling impact on the climate system62. Thereby the 524 

cost-benefit analysis of climate impact is conducted as follows: 525 

                  (Equation 21) 526 

where ∆𝑁𝑁𝑎𝑎,𝑖𝑖 is the changes of Nr for country or area i; 𝑚𝑚𝑐𝑐𝑠𝑠𝑖𝑖𝑚𝑚𝑎𝑎𝑖𝑖𝑎𝑎,𝑖𝑖 stands for the unit 527 

climate damage or benefit of Nr emission for country/area i, in US dollars per kg N. 528 

 529 

Uncertainty analysis 530 

Uncertainty analysis of the cropland N budget was conducted by running the Monte 531 

Carlo simulations with the CHANS model by 1,000 iterations. Monte Carlo simulation is a 532 

statistical test method to simulate the real situation by random resampling. In the CHANS 533 

model of the N budget, the uncertainty sources and uncertainty ranges of input parameters are 534 

identified according to the data distribution and characteristics. Basically, the coefficients of 535 

variation (CV) were used to represent the relative uncertainty ranges of cropland N budget 536 

data, and the standard deviations (SD) were used to represent the relative uncertainty ranges 537 

of climate change impact under elevated CO2 (Table S2). After 1,000 iterations of CHANS 538 

feriferifer pNI ×∆= ,,

iateciratec mNI ,lim,lim ×∆=
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model simulations, the average and the variations of N budgets can be calculated from 539 

projection ensembles. 540 
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 702 

Fig. 1 Effects of elevated CO2 levels (eCO2) on nitrogen and carbon cycles in global 703 

croplands. (A) Maps displaying the distribution of experimental sites simulating elevated 704 

atmospheric CO2 levels, by different manipulation methods (FACE, Free-Air CO2 705 

Enrichment; OTC, Open-Top Chamber; GC, Greenhouse & Growth Chamber), and by 706 

various crop types. The global cropland area fractions are shown as 0-1. (B) Relative effects 707 

of elevated CO2 levels on main variables of nitrogen and carbon cycling versus ambient 708 

atmospheric CO2 levels. Scatter plots in color represent response ratios of observations from 709 

the meta database, and the diamonds with error bars indicate mean values of response ratios 710 

with a 95% confidence interval based on the meta-analysis. The value of response ratio is 711 

significant if the 95% confidence interval does not overlap zero. SOC, soil organic carbon; 712 

Grain [N], grain N content; Leaf [N], leaf N content; Stem [N], stem N content; BNF, 713 

biological N fixation; NUE, N use efficiency.714 
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 715 

Fig. 2 N budgets of global cropland and their changes between baseline scenario (no 716 

climate change) and elevated CO2 scenario (SSP2-4.5) in 2050. N input in baseline 717 

scenario (A), eCO2 scenario (B), and ΔN input (C); N harvest in baseline scenario (D), eCO2 718 

scenario (E), and ΔN harvest (F); N surplus (Nr loss & N2) in baseline scenario (G), eCO2 719 

scenario (H), and ΔN surplus (I); N use efficiency in baseline scenario (J), eCO2 scenario 720 

(K), and ΔN harvest (L). Values in the legend reflect the average annual N budget from 721 

cropland within a grid cell (0.5 by 0.5 degree). Base map is applied without endorsement 722 

from Natural Earth (https://www.naturalearthdata.com/).  723 
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 724 

Fig. 3 N flows in global croplands under elevated CO2 scenario (SSP2-4.5) by 2050. (A) 725 

N input and N output constitute the major N flows, represented by blue and yellow arrows, 726 

respectively. Values of N flows in dark grey denote flows in the baseline scenario with no 727 

climate change, while the red flows denote changes in flows under elevated CO2 scenario 728 

(SSP2-4.5) relative to the baseline scenario. The numbers are future values derived from our 729 

simulations in Tg N per year by 2050. (B) Historical and future atmospheric CO2 levels in the 730 

baseline scenario and elevated CO2 scenario during 1950-2050.731 
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 732 

Fig. 4 Time series of N budget in global cropland over 2020-2050 under future 733 

scenarios. Solid lines represent total N input (A), N harvest (B), N surplus (Nr loss & N2) 734 

(C), BNF (biological N fixation) (D), deposition (E), fertilizer (F), NO3
- (G), NH3 (H), N2O 735 

(I), from global cropland per year under baseline scenarios and elevated CO2 scenarios. 736 

Shading represents standard deviation.  737 
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 738 

Fig. 5 Impact assessment of elevated atmospheric CO2 levels as a single climate change 739 

factor under SSP2-4.5 scenario relative to baseline scenario with no climate change in 740 

2050. The positive values indicate benefit and negative values indicate damage cost. FSU, 741 

Former Soviet Union; MENA, Middle East and North Africa; OECD, organization for 742 

economic cooperation and development; SSA, Sub-Saharan Africa.  743 
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 744 

Extended Data Fig. 1 Effects of elevated CO2 levels on crop yield and grain N content in 745 

croplands. (A) Crop yield by crop groups; (B) Grain N content by crop groups; (C) Crop 746 

yield by manipulation methods, including FACE (Free-air CO2 Enrichment Experiment), 747 

OTC (Open-top Chamber), and GC (Growth Chamber). The error bars of the mean value 748 

indicate 95% confidence interval, and the value is significant if the 95% confidence interval 749 

does not overlap zero. The numbers in the parenthesis denote the number of observations in 750 

the meta-analysis.  751 
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 752 

Extended Data Fig. 2 Meta-regressions between response ratios (RR) of variables and 753 

environmental factors. (A) crop yield versus ∆CO2 (elevated CO2 level relative to ambient 754 

CO2); (B) NUE versus MAP (mean annual precipitation at the study site); (C) N2O versus 755 

∆CO2. Unit ppm denotes parts per million.  756 
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 757 

Extended Data Fig. 3 Scenario design of the study. (A) Simplified narratives of the 758 

scenarios. (B) Historical and future atmospheric CO2 levels in the baseline scenario and 759 

elevated CO2 scenario during 1950-2100.  760 
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 761 

Extended Data Fig. 4 N input of global cropland and their changes under elevated CO2 762 

scenario (SSP2-4.5) relative to baseline scenario (no climate change) in 2050. Biological 763 

N fixation (BNF) in baseline scenario (A), eCO2 scenario (B), and ΔBNF (C); Fertilizer in 764 

baseline scenario (D), eCO2 scenario (E), and ΔFertilizer (F); Manure in baseline scenario 765 

(G), eCO2 scenario (H), and ΔManure (I); Deposition in baseline scenario (J), eCO2 scenario 766 

(K), and ΔDeposition (L). Values in the legend reflect the average annual N budget from 767 

cropland within a grid cell (0.5 by 0.5 degree). Base map is applied without endorsement 768 

from Natural Earth (https://www.naturalearthdata.com/).769 
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 770 

Extended Data Fig. 5 Manure and fertilizer input of global croplands and their changes 771 

under supplementary scenario by 2050. (A-F) manure recycle scenario 1 (improving 772 

manure recycling ratio to 35%) (G-L) manure recycle scenario 2 (improving manure 773 

recycling ratio to 40%). Values in the legend reflect the average annual N budget from 774 

cropland within a grid cell (0.5 by 0.5 degree).775 
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 776 

Extended Data Fig. 6 Reactive N loss of global cropland and their changes under 777 

elevated CO2 scenario (SSP2-4.5) relative to baseline scenario (no climate change) in 778 

2050. NH3 in baseline scenario (A), eCO2 scenario (B), and ΔNH3 (C); N2O in baseline 779 

scenario (D), eCO2 scenario (E), and ΔN2O (F); NOx in baseline scenario (G), eCO2 scenario 780 

(H), and ΔNOx (I); N leaching and runoff in baseline scenario (J), eCO2 scenario (K), and ΔN 781 

leaching and runoff (L). Values in the legend reflect the average annual N budget from 782 

cropland within a grid cell (0.5 by 0.5 degree). 783 
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