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Croplands support global food security and human nutrition, representing the largest
nitrogen flows globally. Elevated atmospheric carbon dioxide (CO3) level is a key driver
of climate change with multiple impacts on food security, environmental and human
health. However, our understanding of how the cropland nitrogen cycle will respond to
elevated CQOz2, so far is not well developed. We demonstrate that elevated CO2 alone would
induce a synergistic intensification of the nitrogen and carbon cycles, promote nitrogen
use efficiency by 19% (14-26%) and biological nitrogen fixation by 55% (28-85%) in
global croplands. This would lead to increased crop nitrogen harvest (+12 Tg),
substantially lower fertilizer input requirements (-34 Tg) and an overall decline in
reactive nitrogen loss (-46 Tg) annually under future elevated CO:2 scenarios by 2050. The
impact of elevated atmospheric CO:2 on altered cropland nitrogen cycle would amount to
672 billion US dollars benefit in terms of avoiding damages to human and ecosystem
health. Regionally, the largest alteration would materialize in China, India, North
America, and Europe. To improve the policy design for food security and sustainable
development, it would be paramount to integrate the effect of rising CO2 on nitrogen cycle
into state-of-the-art Earth System Models.

Cropland is the major ecosystem supporting food security and human health with the largest
nitrogen flux on Earth!. Climate change, associated with a continued rise in greenhouse gas
emissions, could increase the vulnerability of croplands and threaten global food security’.
Atmospheric levels of CO2 have increased by 47% since the Industrial Revolution, reaching an
unprecedented level in at least two million years and continuing to exceed 600~1000 ppm by
the end of the 21% century*. As the primary greenhouse gas, CO» also acts as a gaseous fertilizer
stimulating plant photosynthesis and productivity, and elevated CO (eCOx, also known as CO»
fertilization, CO» enrichment) accordingly enhances carbon (C) sequestration in the terrestrial
biosphere®®. Meanwhile, nitrogen (N) is a vital element to constitute protein in flora and fauna,
and the capability of carbon sequestration in the biosphere is largely limited by N availability’.
In contrast to extensive studies on the response of C cycle (i.e., net primary productivity, soil
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organic C) to climate change®’, much less emphasis has been placed so far on the response of
the N cycle to climate change. Yet, the N cycle will critically determine the potential C sinks
or sources in croplands under elevated CO> levels, hence it is vital that the coupling relationship
between the two crucial biogeochemical cycles, N & C, are better understood!®. Furthermore,
excessive reactive N (N, all N forms other than dinitrogen — N») use in agriculture has led to
adverse impacts on ecosystem and human health, ranging from eutrophication, acidification,
air pollution (PM. 5) and biodiversity loss'"!2. Forecast changes in future precipitation regimes
are expected to exacerbate N; runoff and intensify regional eutrophication'>. Whether the
effects of other aspects of climate change, including that of elevated atmospheric CO; levels
on N; emissions, have not been well quantified to date.

The climate impact on cropland driven by warming and extreme climate has been highlighted,
whereas CO» fertilization with its interaction effect is rarely considered in future projection'*!>,
Historic data and experiments reveal that CO; fertilization offsets some negative climate
impacts on crop production®!'®. Future high levels of atmospheric CO2 might increase the
optimal temperature of photosynthesis and suppress evapotranspiration with lower stomatal
conductance, likely interacting with warming and drought to induce cascade effects®. The
emerging evidence of large-scale declines in N availability in terrestrial ecosystems'’ and
human dietary protein'® underlines the rising COz is the main driver of global changes for N
cycle. Field manipulation experiments simulating responses to elevated CO; levels provide the
most useful tools for studying the effects of eCO» as a single climate change driver on features
of the N cycle. Currently, a holistic quantification of N cycle responses to future elevated CO>
in global croplands is missing. Responses of the N cycle to elevated CO» are likely
heterogeneous and regionally variable, thus corresponding changes in food production and
impacts on environmental and human health may affect regional development and expand
inequalities between countries'®?. Filling this knowledge gap is essential to constrain Earth
System Models (ESM) which are widely applied for the simulation and projection of potential
policy interventions and to inform policy-making for global sustainable development®?!,

Here we assess the responses of key N and C cycle variables to eCO; in croplands based on a
global dataset of eCO; experiments. Then we project future cropland N budgets at a spatial
resolution of 0.5 by 0.5 degree under multiple scenarios utilizing the Coupled Human and
Natural Systems (CHANS) model?*?. Finally, we undertake an impact assessment to achieve
a quantitative monetized valuation of eCO2 impacts on the ecosystem and human health.

Responses of C and N dynamics to eCO2

We present a global atlas of eCO; simulation experiments in croplands comprising FACE (Free-
Air CO2 Enrichment), OTC (Open-Top Chamber), and GC (Greenhouse & Growth Chamber)
sites (Fig. 1A). In total, 1003 response ratios were generated for various crop types, including
wheat, rice, maize, soybean, and others. Elevated atmospheric CO> levels promote crop yield
by 21% (95% CI 18% to 25%) relative to ambient CO; level (Fig. 1B), values that are consistent
across different manipulation methods and regardless if values are derived from field and
chamber studies (Extended Data Fig. 1C). The response sensitivity of yield to CO; fertilization
varies with crop type and magnitude of manipulation (ACO2) (Extended Data Fig. 1A,
Extended Data Fig. 2A). Mean annual temperature and mean annual precipitation also
moderate the response ratios for the specific type of crop. Soil respiration, mainly CO»
emissions from plant roots and soil fauna, increased by 25% (19% to 31%), which is much
higher than the increase in soil organic C (SOC) of 6% (2% to 9%) (Fig. 1B). The relatively
small change in SOC may be attributed to the large soil C stock. Overall, the simulations show
an accelerating C cycling trend in global croplands under CO> enrichment conditions, likely a
result of stimulated plant productivity (crop yield), gaseous C losses to the atmosphere (soil
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respiration), and C sequestration in soil (SOC).

The higher C availability could provide substrates for microorganism activities closely
associated with N cycling i.e., N-fixing bacteria and denitrifiers®*. Rates of biological N
fixation (BNF) are significantly raised by 55% (28% to 85%) (Fig. 1B), suggesting
strengthened capability of symbiotic and free-living N fixation microbes to transform N> to
inorganic N available for crops in cropland®. N mineralization is promoted by 22% (6% to
44%), in correspondence with stimulated soil respiration. Soil nitrous oxide (N2O) emissions
increase by 29% (5% to 65%), mainly as a consequence of enhanced denitrification (+24%, 4%
to 57%)*°. Meanwhile, e CO> can facilitate N uptake by plants, leading to 19% (14% to 26%)
higher N use efficiency (NUE) in croplands. Higher NUE implies lower N; loss, including
reduced N leaching and runoff to water bodies (NO3", -45%, -76% to -13%), as well as
decreased emissions to air of ammonia (NH3) (-21%; -41% to -1%) and nitrogen oxides (NOx)
(-33%, -50% to -9%).

Foliar C:N ratio increased by 19% (15% to 24%) (Fig. 1B). The soil C:N ratio shows a non-
significant response to eCO», probably due to the large soil C and N pool. In contrast, N content
decreased in grain (-7%: -9% to -5%), leaf (-15%, -18% to -10%) and stem (-10%, -18% to -
2%) (Fig. 1B). The decrease in N content could be attributable to the dilution of N in plant
tissues due to increased C assimilation and lower investment in Rubisco for photosynthesis?’-%,
Long-term observations indicate a general trend of reduced N availability in forest and
grassland ecosystems, driven by eCO» since the early 20" century!”. Similar to the N deficiency
in unmanaged ecosystems, declining N content in crop harvest of grain, leaf, and stem in
croplands is a result of eCO;. Although additional mineral fertilizer application usually
complements N inputs and creates an N-rich environment in agricultural systems, the
preference for N allocation to roots rather than to leaves for acquiring higher N uptake under
eCO; in plants results in a lower leaf N; content?’.

Overall, elevated atmospheric CO; levels induce synergetic intensification of both C and N
cycles in global croplands. Increased C availability under CO2 enrichment is projected to
stimulate the intensification of the N cycle, while enhanced N cycling could in turn alleviate N
limitations for C assimilation in global cropland systems. Elevated atmospheric CO; levels
have recently been found to enhance N cycling through higher N return from litterfall, e.g.
stimulating consistent tree growth in Tibetan Plateau forests based on observations over a ten-
year period *°. Our simulations further revealed that the synergistic intensification occurs
between the N and C cycles in croplands under eCO- level at global scale, and indicated that
the thus enhanced N cycle would sustain CO; fertilization effects on crop yield.

Spatial changes in N budgets under eCO2

We estimate changes in global N budgets for cropland utilizing the CHANS model, integrating
the responses of N parameters to elevated CO, levels to derive annual N flows?* (see
supplementary material). We designed a set of baseline scenarios (no climate change, fixed
CO3 levels) and eCO» scenarios for a near future period (2030-2050), based on Shared Socio-
economic Pathways (SSPs) and Representative Concentration Pathways (RCPs) (Extended
Data Fig. 3). Future atmospheric CO; levels in the eCO; scenarios are derived from CMIP5
models, for three eCO> sub-scenarios (SSP1-RCP1.9 “sustainable society”, SSP2-4.5
“business-as-usual”, and SSP4-RCP6.0 “stratified society”), relative to three baseline scenarios
(SSP1, SSP2, and SSP4)*!. At global scale, eCO, will decrease total N input (-27 Tg N),
increase N harvest (+12 Tg N), and reduce N surplus (N; loss & N, -39 Tg N) per year under
the eCO, SSP2-4.5 scenario (“business-as-usual” scenario) relative to a no-climate-change
scenario by 2050 (Fig. 2, Fig 3).
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The positive effects of CO; fertilization on yield outweigh the negative effects on grain N;
content, ultimately resulting in a net increase of N harvested in future eCO> scenarios. Under
the eCO> SSP2-4.5 scenario, a significant increase in N; harvested will occur in East and South
Asia, the Great Lakes region in North America, and southeast Latin America (Fig. 2). These
regions are also hotspots for crop production and population density, hence the increasing yield
and associated N; harvest can bring immediate food security benefits, especially for low-
income countries with considerable famine issues*>.

Global aggregated NUE is modelled to increase from 47% to 57% by 2050 under the SSP2-4.5
scenario (Fig. 2), albeit with regional heterogeneity. The increase in NUE is projected to exceed
20% in the United States, south and east Latin America, Europe, and western Africa, much
higher than the minimum increase in NUE of less than 5% in Central America, the Caribbean,
most Asia, and eastern Africa. Although the positive response of NUE to eCO2 can be
moderated by mean annual precipitation, the spatial variation of changes in NUE is closely
related to background NUE, marked by a higher relative increase in high-NUE regions, which
may increase regional inequality®’. Improved NUE predominantly drives the substantial
reductions of total N; input and losses.

Total N; inputs are projected to decline, dominated by lower fertilizer (-34 Tg N) and manure
input (-5 Tg N), and reduced atmospheric N; deposition (-3 Tg N); except that BNF will
increase drastically by 15 Tg N per year under eCO2 SSP2-4.5 scenario in 2050 (Fig. 3).
Reductions in N; inputs will be largest in East and South Asia (India and Eastern China), with
moderate reductions modelled for other highly intensified agricultural regions, including
central and western Europe (Germany, Czech Republic, France, Italy), central and eastern
United States and southern Canada, Argentina, and coastal South Australia (Fig. 2). The
increased BNF results from stimulated microbial N-fixing quantity given the enhanced C
availability in cropland. The reduced N deposition is largely attributable to the lower NH; and
NOx emissions from croplands under eCO», for the Nr deposition mainly derives from these
Nr emissions®*. The producers would probably reduce the use of anthropogenic Nr input for
adaptation to the local soil nutrient condition depending on the changing NUE and other natural
Nr input sources*>*, The reduction in mineral fertilizer and manure application would as well
result in reduced costs for agricultural production in most regions. In contrast, some regions in
Brazil, central Africa (Cameroon, Nigeria), and Southeast Asia (Philippines, Laos) would
require a slight increase in N; inputs, as increased BNF, manure application, and atmospheric
deposition would outweigh the decrease in mineral fertilizer application in these regions
(Extended Data Fig. 4).

Manure recycling to croplands is expected to increase with the evolution of new farming
methods and better integration of livestock and crop systems in the future®’. To capture this,
we added two supplementary scenarios as variants of the eCO> SSP2-4.5 scenario, improving
the global manure N; recycling ratio to 35% (manure recycle scenario 1) and 40% (manure
recycle scenario 2) by 2050, respectively, relative to 30% in the base year 2020. This increased
manure recycling to croplands would further decrease the need for synthetic fertilizer
application overall. By 2050, N; input from manure increases to 55 Tg N (from 51 Tg N), while
fertilizer application declines from 141 Tg N to 98 Tg N under manure recycle scenario 1.
Manure input increases to 75 Tg N, while fertilizer declines to 79 Tg N under manure recycle
scenario 2 (Extended Data Fig. 5).

N: emissions are projected to decrease globally, suggesting net positive effects on
environmental and human health®. Our results show substantial reductions of N losses in East
4
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and South Asia, central eastern North America, south and eastern Latin America, followed by
west and central Europe, sub-Saharan Africa, Southeast Asia and coastal South Australia under
the eCO> SSP2-4.5 scenario (Fig. 2). N; losses to the environment are modelled to be reduced
through emissions of NH3 (-12 Tg N), N>O (-2 Tg N), NOx (-0.9 Tg N), and leaching and runoff
of NOs™ to water bodies (-32 Tg N), while non-reactive N> emissions would increase by 7 Tg
N due to enhanced denitrification processes in croplands (Fig. 3). The decrease of atmospheric
NHj3 emissions mainly occurs in India and East China, the Great Lakes region in the United
States, and East Argentina (Extended Data Fig. 6). N2O emissions, in contrast, would increase
in Central America, South and East Africa, South and East Asia, while decreasing in South
Latin America and other regions. This regional difference can be attributed to interactions
between increased emission factors of N>O and reduced total N; input to croplands under eCO..
NOx emissions are projected to slightly decline at global scale. NO3™-N leaching and runoff to
ground and surface water bodies is estimated to significantly decline, in particular in the river
basins of India, China, Southeast Asia, Canada, and the United States.

Multiple scenario analysis and impact assessment

The ensemble average and the variations of N budgets in croplands under different future
scenarios over 2020-2050 were estimated using Monte Carlo simulations with the CHANS
model (Fig. 4). The time series of all baseline scenarios show consistently increasing N budgets
in the near to mid-term, attributable to the continuous growth in food demand by 20502. For
instance, N; harvested will increase from 19245 Tg N in 2020 to 253+20 Tg N in 2050 under
the baseline SSP2 scenario. The baseline N budgets of SSP2, representing a “business-as-usual”
scenario, is higher than that of SSP1 representative of the “sustainable society” scenario, but
similar to that of the SSP4 scenario, illustrating a “stratified society” scenario. All future eCO>
scenarios show consistent N cycling responses to elevated atmospheric CO2, with the more
sustainability-focused scenarios resulting in lower budgets and their changes due to eCOx.
Mineral fertilizer application decline from baseline SSP1 scenario (11510 to 128+£30 Tg N)
to eCO2 SSP1-1.9 scenario (87+8 to 97+25 Tg N), while fertilizer application decreases from
SSP4 scenario (129411 to 142+32 Tg N) to eCO2 SSP4-6.0 scenario (99+9 to 108+28 Tg N)
over 2030-2050 (Fig. 4). The NOs3™ loss to water bodies will also reduce under eCO; scenarios,
with smaller reductions in eCO2 SSP1-1.9 scenario (26-30 Tg N) relative to that in eCO, SSP4-
6.0 scenario (29-33 Tg N) over 2030-2050.

The impact assessment of eCO> as a single climate change driver on the global croplands in
the absence of other concurrent climate change resulted in 672 billion US dollars benefit under
eCO2 SSP2-4.5 scenario in 2050, in terms of ecosystem benefit, human health benefit, yield
increase, fertilizer saving, and climate impact (Fig. 5). China, India, North America, and
Europe can gain the highest benefit, with the majority from ecosystem benefit and the sum
accounting for 65% of the total benefits. The SSA (Sub-Saharan Africa) will get 20.6 billion
US dollars from yield benefit. And the yield benefit is also significant for Brazil, China, India,
and other Asian countries. The majority of eCO; impacts will lead to positive benefits, except
that climate impact will cost 4.0, 4.4, and 0.3 billion US dollars in China, India and other OECD
(organization for economic cooperation and development) countries. Ecosystem benefit
accounts for the largest proportions of the total benefit (359 billion US dollars), followed by
human health benefit (128 billion US dollars) and yield benefit (124 billion US dollars) globally.
Therefore, elevated CO> as a single climate change factor can bring more benefit rather than
damage to the ecosystem and humans. There is a caveat that other climate impacts are not
accounted for in the monetized assessment, including changes in air temperature and
precipitation, and extreme weather®. These consequences will damage the ecosystem and
human health in the long term'>!°, leading to extra damage costs*®, which are not counted and
also beyond the scope of this paper. We only focus on the direct costs and benefits of eCO, on
5
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the cropland N cycle and their impacts on the food benefit, environment and human health in
this study.

Future perspective

While global ambitions to achieve NetZero+ are under way, these are unlikely to be achieved
by 2050. Atmospheric CO: levels are likely to continue to increase for the foreseeable future®.
This indicates that the changes in N cycles in global croplands as a response to eCO» are equally
likely to become reality. Scientists, policymakers, farmers and other stakeholders will need to
work together to adapt to these changes and design new approaches for agriculture management
practices under elevated CO» levels*. We have to recognize and respond to these changes,
especially increases in BNF, while the reduction of N; inputs to croplands needs to be managed
to avoid excessive N; use*!. In the context of the overall reduction of N; input needs under
eCOao, the integrated management of N; inputs between individual components becomes vitally
important. The expected N Cycle changes provide a unique opportunity to reduce N inputs
from mineral fertilizers, while increasing the reuse of manure and other organic N; forms, such
as straw recycling*>*. New crop varieties which are better adapted to higher CO> levels could
be developed to further increase NUE and reduce N; losses to the environment***. However,
the decline of N concentrations in grain may adversely affect the supply of protein in human
diets'®. Thus, considerations of changes in future dietary recommendations may need to be
adjusted to balance human nutritional requirements with grain protein supply*S.

However, the complexities associated with global warming and altered precipitation regimes,
which will likely accompany elevated atmospheric CO; levels, and related impacts, will require
integrated assessment approaches based on state-of-the-art complexity science methods in
order to fully analyze and ultimately understand the response mechanisms of the N cycle to
future climate change. This will be an essential step towards designing effective and efficient
climate policy*’ . Adaptation of farming systems to higher crop yields and improved NUE
will need to go hand in hand with measures to manage extreme climate impacts in order to
reduce the uncertainties in future global crop production'®. Our analyses suggest that we have
the potential to supply more food to alleviate hunger and safeguard food security with less
pollution under climate change conditions. However, the final impact of the complex
interactions between the C and N cycles is not yet fully quantifiable and this potential is not
robust. Whether the potential benefits to crop production and cropland NUE due to elevated
COgz levels could offset some of the negative impacts of other climate change requires more
attention and in-depth analyses. Our results highlight the importance of fully quantifying trade-
offs and co-benefits between climate change factors which researchers and policy-makers alike
must navigate in meeting climate change mitigation and sustainable development goals. A
comprehensive and robust understanding of the response mechanisms of the N cycle to climate
change will be a key requirement to constrain Earth System Models and inform the agricultural
management and policy development in order to design future agricultural systems in the
context of climate change®. Such robust, climate-resilient agricultural systems with reduced
impacts on human and environmental health, while safeguarding food security, are vital for
feeding a growing world population in a changing climate’'.

Materials and Methods
Database and global synthesis

A global database of elevated CO; simulation experiments was established through data
extraction from site-based eCO> manipulation studies and data compilation from other data
sources (Table S1). Elevated CO2 manipulation studies mainly include FACE (free-air CO>
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enrichment), OTC (open-top chamber), and GC (growth chamber) experiments across the
globe. The selection criteria of qualified studies mainly comprises: 1) elevated atmospheric
CO2 level was simulated in the manipulation experiments with eCO; group and control group
(ambient CO»); 2) variables related to N cycle or C cycle were monitored on a regular basis
in both eCO; group and control group, and the values of the variables could be extracted from
the study; 3) the studies were published in peer-reviewed journals included in authoritative
databases such as Web of Science, Google Scholar, Scopus, and so on. A Cross search of
publications was conducted in the meantime. The systematic literature search contained but
was not limited to the following key terms: {(elevated CO2/ rising CO2/ CO2 fertilization)
OR (FACE/ OTC/ GC)} AND {(nitrogen fixation/ BNF/ nitrogen use efficiency/ NUE/
denitrification/ NH3/ ammonia/ N20/ nitrous oxide/ nitrogen leaching/ nitrogen runoff/
nitrogen mineralization/ nitrification/ nitrogen cycle) OR (yield/ SOC/ soil organic carbon/
soil respiration/ Rs/ nitrogen content/ C:N ratio/ carbon cycle)}. We collected the main four
categories of information from the studies, including paper information (author, year, title,
journal, etc.), site information (latitude, longitude, climate, soil texture, country, etc.), study
information (experimental duration, manipulation method, manipulation magnitude, etc.), and
variable information (response ratio, sample size, etc.). The terminology used in the study can
be found in the Supplementary Text.

Data of variables were extracted from the text, tables, and figures in the published
papers. WebPlotDigitizer was used to extract data from figures
(https://apps.automeris.io/wpd/). Meanwhile, data from other sources were compiled into our
database to supplement the missing information in some publications, i.e., climate data, soil
texture, climate zones. Climate data of study sites (i.e., mean annual temperature, mean
annual precipitation, maximum temperature, and minimum temperature) was obtained from
the WorldClim (https://worldclim.org/data/index.html#). Soil texture was from the Global
Land Data Assimilation System (GLDAS) by NASA (https://Idas.gsfc.nasa.gov/gldas/soils).
Assignment of climate zone was based on Kdppen-Geiger climate classification’?.

Meta-analysis was conducted to assess the response ratio (RR) of N and C cycling
variables under eCO; relative to ambient CO» level. The response ratio of individual
observation in natural logarithm (/nR) was calculated as™:

InR = In Xecoz (Equation 1)

Xaco2
Where x.co2 and x.co2 are the means of parameters at elevated CO> level and ambient
COz level, respectively.
The weight of individual observations was calculated based on the experimental
replications as>*:

Weight = Necor ™ Nucor (Equation 2)
Necor T Naco:

where n.coz and n.co2 are numbers of the replications at elevated CO; level and ambient
COz level, respectively.

The mean response ratio (RR) and 95% confidence intervals were generated following a
randomization resampling procedure by bootstrapping (4,999 iterations). The results were
reported as percentage changes for easy demonstration:

7
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RR% = (e®R-1)x100% (Equation 3)

The response ratio was considered significant (P<0.05) if the 95% confidence intervals
did not overlap with zero.

Subgroup analysis and meta-regression were adopted to explore the moderators and
spatial heterogeneity of response patterns. The RRs were divided into different subgroups by
crop group (i.e., wheat, soybean, oilseeds, barley, cotton), manipulation methods (i.e., FACE,
OTC, GC), or climate zones (i.e., cold, temperate, arid, tropical) for meta-analysis. The
significant between-group heterogeneity (Qp) (P<0.05) denotes significant difference among
subgroups. Meta-regressions were used to test whether the potential moderators can affect the
response pattern across locations, including manipulation magnitude (4CO2), mean annual
temperature (MAT), and mean annual precipitation (MAP).

The statistical analysis was done with the software MetaWin>® and metafor package®® in
R platform (version 4.1.3).

Global cropland nitrogen budget
The accounting of cropland N budget is to identify N input (Njppy,¢), N harvest

(Nharvest)> N surplus (Ngy,p1us), and NUE, on the foundation of the N mass balance
principle. The calculation formulas are shown as follows:

Zi N input ZfN harvest +ZfN surplus (Equation 4)
NUE, = Noarvets (Equation 5)

input i
Nisputi =N i ¥ N ¥ Noani ¥ Nagpi + Nogpers (Equation 6)
Npnisi = N gasi T Nwaer (Equation 7)

where Nipg,y contains five components, i.e., synthetic fertilizer (Ngey.;), BNF (Ngyr,),
manure (Npgn,i), deposition (Ngep ;), and other inputs (Nother,i); Nharvese Tefers to harvested
crops consisting of grain and straw; Ng,,p1,s contains three components, i.e., gaseous N loss
(NH3, N20, NOx, N2) (Ngqs,i) and N loss to water (leaching to groundwater & runoff to
surface water, NO3") (Ny,qter i)-

The input factor (Fippye,;) and emission factor (Fpp¢ ;) is defined as:

N,

_ input-component i .
i = N (Equation 8)
input i
Nemit~cm11p0nent i 1
F = SO (Equation 9)
emit,i N

surplus i
where Nipput component,i could be any component of Niypye, thatis, Neeri, Npnri
Nman,is Ndep,i; Nemit component,i could be any component of Nsurplus,ia such as Ngas,i and

N water,i*

The reactive N (N, ;) flows include NH3 flows (Nyys3 ;), N2O flows (N0 ;), NOx flows
(Nnox,i)> and N loss to water (Nygteri):
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N,, =Ny +Nyo,+ Ny, +N (Equation 10)

water i

The present and future global cropland N budgets at 0.5 by 0.5 degree resolution are
generated based on the Integrated Model to Assess the Global Environment (IMAGE)*%7 and
the Coupled Human And Natural System (CHANS)?? models. IMAGE is an ecological-
environmental model simulating environmental consequences of human activities via
integrating society, biosphere, and climate system in one framework
(https://www.pbl.nl/en/image/about-image). CHANS is a process-based model that simulates
N-flow within 14 subsystems (i.e., cropland, grassland, forest, atmosphere, surface water and
groundwater)??. Here gridded data of global cropland budget (0.5 by 0.5 degree) in the base
year 2020 was exported from the IMAGE model, and then input to the CHANS model for
validation and optimization with the historical data at the country-level embedded in the
CHANS model, for minimizing the uncertainties of global cropland N budget (Fig. S1).
Future crop harvests from 2030 to 2050 at 10-yr intervals are constrained by the future
prediction data from Food and Agriculture Organization (FAO) Global perspective study®,
which mainly projects future crop yield and harvest area based on food demand depending on
population, gross domestic production, and urbanization rates.

Scenario and CHANS model simulation

Aiming to estimate the changes of N budget under future elevated CO- levels, we
designed the baseline scenario (no climate change) and eCOz scenario, respectively, each
containing three sub-scenarios with different Shared Socio-economic Pathways (SSPs)
(Extended Data Fig. 3). The baseline scenario hypotheses no climate change will occur in the
future and the atmospheric CO: levels will not continue to rise and will stay at a fixed level
since 2020. The eCO> scenario hypotheses only elevated atmospheric CO» as a single factor
of climate change will be anticipated and eCO2 be taken into account in our modelling
simulating of future trend, without consideration of associated warming and changing
precipitation; future atmospheric CO; levels were applied from Representative Concentration
Pathways (RCPs) including RCP1.9, RCP4.5, and RCP6.0. As the climate change factor was
set in the baseline and eCO; scenarios, SSPs provide storylines and narratives about the
social-economic aspect for future projection. SSP1, SSP2, and SSP4 were adopted in our
study, corresponding to Sustainable society, Business as usual, and Stratified society in the
Global Perspective studies by FAO. Thus, the baseline scenario with no climate change has
three sub-scenarios including SSP1, SSP2, and SSP4, meaning different socio-economic
pathways have been considered in modelling to influence the population and GDPs, leading
to changes in harvest crops demand and supply, fertilizer use demand, and NUEs.
Accordingly, the eCO; scenarios have sub-scenarios of SSP1-RCP1.9, SSP2-4.5, and SSP4-
RCP6.0, considering both social-economic pathways and eCO; as a single indicator of
climate change for modelling.

We conducted CHANS model simulation for N budgeting based on the above scenarios.
The base year is 2020 and the future trend from 2030 to 2050 will be projected. In the
baseline scenarios, mainly the social-economic indexes of population, GDP, and urbanization
are considered to project future food production; but no climate change effects are considered
in modelling given the fixed CO> level since 2020. The model outputs of future cropland N
budgets were validated and constrained by the FAO future prediction in 2030-2050%. In the
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eCO2 scenarios, in addition to the social-economic indexes, we simulate rising CO» levels by
integrating the response ratios of N cycling parameters to the CHANS model and optimizing
parameterization with results of our global synthesis of site-based observations. The historical
atmospheric CO» levels were reconstructed from CMIP6 historical data and future
atmospheric CO; levels were generated under SSP-RCPs>!,

The effects of eCO» on crop yield and grain content for various crop items were
incorporated into the crop production dataset of future prediction in 2030-2050 from FAO.
The crop production by country is summed up as follows:

N]fme _ Z;(Yleld x GrainN X Areacmp’i) (Equation 11)

arvest crop,i crop,i

N =" (Yield

arvest crop,i

X (1 + RR% 114 )x GrainN,

crop,i

X (1 + RR%GrainN )X Areacrop,i)

(Equation 12)

where NP&se . and NFS9Z .. indicate N harvests in the country under the baseline
scenario and the eCOz scenario, respectively; Yield oy is the yield of the specific crop
item, and the crop i indicates the specific crop item; GrainN,,,y,; is the N content in the
grain, Ared,,p,; refers to the harvest area of the crop item; RR%y;e1¢ and RR%grqinn
denote the response ratios of yield and grain N content to eCO», respectively. The responses
of yield and grain N content are moderated with the regional 4CO,, MAT and MAP, and
constrained by maximum yield potential, and the upper and lower limit of 95% confidential
intervals from the meta-analysis.

The effects of eCO2 on N cycling parameters (NUE;, Ngnp,is Nreri» Nyus,i> Nwater,is
etc.) were scaled up to modify the NUE, input factor (Fippye,;) or emission factor (Fep,e,;) in
the CHANS model. The NUE under the elevated CO is calculated as NUEF¢°? as:

NUE:* = NUE, x (1+ RR% . ;) (Equation 13)

where RR%yyg denote the response ratios in percentage change for NUE.

eC02

The factors coupled with eCO; effects are calculated as Fiypaz; and Fomol; as:

FeCOZ — input-component ,i % (l + RR% ) (Equatlon 14)

input i input-component i
input i

N, _
FeC02 — emit-component i X(1+RR%

emit,i

(Equation 15)

emit-component i )
surplus i

where RR%input component @d RR%emit component denote the response ratios in
percentage change for N input factor and emission factor, respectively.

CHANS model simulation to predict future cropland N budget is performed with the
gridded dataset of global cropland N budget, depending on the regional patterns and
geographical heterogeneity. Responses of NUE modulated by the local MAP within the
confidential intervals in the meta-analysis are allocated as RR%yyg; to the gridded data
(Extended Data Fig. 2). Responses of BNF in different climate zones are allocated to the
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gridded data (Fig. S4). Changes in response factors of deposition depend on the summed NHj3
and NOy emissions. Responses factors of NH3 and N>O are moderated with ACO» and then
incorporated into the model. As the NOx emission from the cropland is minimum and the
metadata of NOy in cropland is lacking, we use response ratios of NOx in the terrestrial
ecosystem for substitution. Responses of NO3™ are allocated as RR%,yqteri-

Here anthropogenic N input acts as a flexible component of input, with the assumption
that the use of fertilizer will adapt to the changing soil fertility. The scenario period over
2020-2050 1s middle to long term, farmers will adjust the amount of fertilizer with the
evolvement of soil nutrient condition depending on altered NUE and natural N input (i.e.,
BNF, deposition). In the basic eCO; scenarios above, the changes are mainly allocated to the
input factors of synthetic fertilizer (N, ;) and the input factors of manure stay constant.
However, future use of organic fertilizer -manure (N4, ;)— Will probably increase with the
development of agriculture. Thereby we design two supplementary scenarios based on eCO»
SSP2-4.5 scenario (with the same climate change setting) (Extended Data Fig. 3). We
improve the global mean of manure recycling ratio to 35% (manure recycle scenario 1) and
40% (manure recycle scenario 2) by 2050 relative to the manure recycling ratio of 30% in
base year 2020, aiming to assess the possible changes in synthetic fertilizer under higher
manure recycling in the future.

Impact assessment

The potential impacts of elevated CO2 (M,¢(>) as a single climate change factor in
global cropland constitutes of ecosystem impact (B,.,), human health impact (Bpyman), yield
change (By;e14), fertilizer saving (By,,), and climate impact (Mc;imqte) as the following
equation:

]eC02 = Z; (Ieco + ]human + Iyield + Iﬁar + Iclimate) (Equation 16)

The comprehensive monetary impact analysis of elevated COz is conducted at the
national scale and then scaled up to regional and global cropland by categorizing country
groups.

The ecosystem impact is defined as the changed damage cost of Nr effects on the
ecosystem service. The ecosystem impact for country/ region i (B, ;) can be calculated as:

WITP.  PPP

=AN .xd X L% L Equation 17
r,i eco,EU WTPEU PP&U ( q )

1

eco,i

where AN, ; is the changes of Nr including NHj flows, N2O flows, NOx flows, and N
loss to water for country or area i; dec, gy Stands for the estimated ecosystem damage cost
of Nr emission in the European Union (EU) based on the European N Assessment™; WTP;
and WTPgy denote the values of the willingness to pay for ecosystem service in the country/
area i and the EU, respectively; PPP;; and PPPg; ; denote the purchasing power parity of
the country/ area i and the EU. Here we apply the ecosystem damage cost of Nr emission in
EU to other countries after corrections using willingness to pay and purchasing power parity,
aiming to attain the comparable ecosystem benefit across the globe®. Several cost and benefit
studies concerning the effects of Nr on the ecosystem have been conducted in Europe and the
United States, and there is a paucity of available data in other areas or countries®*°!,
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The human health impact is defined as the changed health damage due to varied Nr
emissions under elevated CO; levels. The monetary estimate of human health is as follows:

1

human i = ANr,i X d (Equation 18)

human,i

where AN, ; is the changes of Nr for country or area i#; dpyman; stands for the human
health damage cost of Nr emission for country/area i, which is calculated based on the metric
of N-share to PMz s pollution'?, i.e. the contribution of Nr compounds to the total PMa s
concentration determined by modeling with and without Nr emission.

The monetary evaluation of yield change can be calculated as the changed crop revenues
from crop harvest using the following equation:

s = AN, XD s (Equation 19)

yield ,i harvest i

where ANgSP2 . is the changes in N harvest under elevated CO> scenario relative to

baseline scenario for country or area i; pyieiq,; 18 the crop price in the specific country or
area i, in US dollars per kg N.

The fertilizer saving refers to the saved investment of N fertilizer to croplands due to
reductions in synthetic fertilizer input under elevated CO> scenarios as:

1

Ser,i

=AN i X P er (Equation 20)

where ANg,.,.; is the changes in N fertilizer input under elevated CO scenario relative
to baseline scenario for country or area i; pr., is the N fertilizer price, in US dollars per kg
N.

The climate impact can be positive or negative for different countries and regions,
resulting in either benefit or damage costs in certain countries and regions. The potent
greenhouse gas NoO makes a contribution to global warming implying a negative climate
impact. Whereas, NOx and NHj are vital precursors of aerosols, which would reflect long-
wave solar radiation and have a strong cooling impact on the climate system®?. Thereby the
cost-benefit analysis of climate impact is conducted as follows:

1

climate

=AN,; xm (Equation 21)

climate,i

where AN, ; is the changes of Nr for country or area i; Mgymqre,; Stands for the unit
climate damage or benefit of Nr emission for country/area i, in US dollars per kg N.

Uncertainty analysis

Uncertainty analysis of the cropland N budget was conducted by running the Monte
Carlo simulations with the CHANS model by 1,000 iterations. Monte Carlo simulation is a
statistical test method to simulate the real situation by random resampling. In the CHANS
model of the N budget, the uncertainty sources and uncertainty ranges of input parameters are
identified according to the data distribution and characteristics. Basically, the coefficients of
variation (CV) were used to represent the relative uncertainty ranges of cropland N budget
data, and the standard deviations (SD) were used to represent the relative uncertainty ranges
of climate change impact under elevated CO; (Table S2). After 1,000 iterations of CHANS

12
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model simulations, the average and the variations of N budgets can be calculated from
projection ensembles.
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Fig. 1 Effects of elevated COz2 levels (eCOz2) on nitrogen and carbon cycles in global
croplands. (A) Maps displaying the distribution of experimental sites simulating elevated
atmospheric COz levels, by different manipulation methods (FACE, Free-Air CO;
Enrichment; OTC, Open-Top Chamber; GC, Greenhouse & Growth Chamber), and by
various crop types. The global cropland area fractions are shown as 0-1. (B) Relative effects
of elevated CO; levels on main variables of nitrogen and carbon cycling versus ambient
atmospheric CO» levels. Scatter plots in color represent response ratios of observations from
the meta database, and the diamonds with error bars indicate mean values of response ratios
with a 95% confidence interval based on the meta-analysis. The value of response ratio is
significant if the 95% confidence interval does not overlap zero. SOC, soil organic carbon;
Grain [N], grain N content; Leaf [N], leaf N content; Stem [N], stem N content; BNF,
biological N fixation; NUE, N use efficiency.
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Fig. 2 N budgets of global cropland and their changes between baseline scenario (no
climate change) and elevated CO: scenario (SSP2-4.5) in 2050. N input in baseline
scenario (A), eCOz scenario (B), and AN input (C); N harvest in baseline scenario (D), eCO>
scenario (E), and AN harvest (F); N surplus (N; loss & N) in baseline scenario (G), eCO2
scenario (H), and 4N surplus (I); N use efficiency in baseline scenario (J), eCO2 scenario
(K), and AN harvest (L). Values in the legend reflect the average annual N budget from
cropland within a grid cell (0.5 by 0.5 degree). Base map is applied without endorsement
from Natural Earth (https://www.naturalearthdata.com/).
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Fig. 3 N flows in global croplands under elevated CO: scenario (SSP2-4.5) by 2050. (A)
N input and N output constitute the major N flows, represented by blue and yellow arrows,
respectively. Values of N flows in dark grey denote flows in the baseline scenario with no
climate change, while the red flows denote changes in flows under elevated CO, scenario
(SSP2-4.5) relative to the baseline scenario. The numbers are future values derived from our
simulations in Tg N per year by 2050. (B) Historical and future atmospheric CO; levels in the
baseline scenario and elevated CO; scenario during 1950-2050.
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733 Fig. 4 Time series of N budget in global cropland over 2020-2050 under future

734  scenarios. Solid lines represent total N input (A), N harvest (B), N surplus (N; loss & N»)
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737  Shading represents standard deviation.
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Fig. 5 Impact assessment of elevated atmospheric CO: levels as a single climate change
factor under SSP2-4.5 scenario relative to baseline scenario with no climate change in
2050. The positive values indicate benefit and negative values indicate damage cost. FSU,
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745  Extended Data Fig. 1 Effects of elevated COxz levels on crop yield and grain N content in
746  croplands. (A) Crop yield by crop groups; (B) Grain N content by crop groups; (C) Crop
747  yield by manipulation methods, including FACE (Free-air CO2 Enrichment Experiment),

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

749  indicate 95% confidence interval, and the value is significant if the 95% confidence interval
750  does not overlap zero. The numbers in the parenthesis denote the number of observations in
751  the meta-analysis.
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Extended Data Fig. 2 Meta-regressions between response ratios (RR) of variables and
environmental factors. (A) crop yield versus ACO» (elevated COz level relative to ambient
COy); (B) NUE versus MAP (mean annual precipitation at the study site); (C) N2O versus
ACOsz. Unit ppm denotes parts per million.
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Manure recycle scenario 1

Manure recycle scenario 2

as a variant of eCO; SSP2-4.5 scenario, improving the global manure Nr
recycling ratio to 35% by 2050 relative to 30% in the base year 2020

as a variant of eCO; SSP2-4.5 scenario, improving the global manure Nr
recycling ratio to 40% by 2050 relative to 30% in the base year 2020
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Extended Data Fig. 3 Scenario design of the study. (A) Simplified narratives of the
scenarios. (B) Historical and future atmospheric CO> levels in the baseline scenario and
elevated CO; scenario during 1950-2100.
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Extended Data Fig. 4 N input of global cropland and their changes under elevated CO:
scenario (SSP2-4.5) relative to baseline scenario (no climate change) in 2050. Biological
N fixation (BNF) in baseline scenario (A), eCO;z scenario (B), and ABNF (C); Fertilizer in
baseline scenario (D), eCOz scenario (E), and AFertilizer (F); Manure in baseline scenario
(G), eCO2 scenario (H), and AManure (I); Deposition in baseline scenario (J), eCO2 scenario
(K), and 4Deposition (L). Values in the legend reflect the average annual N budget from
cropland within a grid cell (0.5 by 0.5 degree). Base map is applied without endorsement
from Natural Earth (https://www.naturalearthdata.com/).
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771 Extended Data Fig. 5 Manure and fertilizer input of global croplands and their changes
772 under supplementary scenario by 2050. (A-F) manure recycle scenario 1 (improving

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

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

775  cropland within a grid cell (0.5 by 0.5 degree).
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Extended Data Fig. 6 Reactive N loss of global cropland and their changes under
elevated CO: scenario (SSP2-4.5) relative to baseline scenario (no climate change) in
2050. NH3 in baseline scenario (A), eCOz scenario (B), and ANH3 (C); N2O in baseline
scenario (D), eCOz scenario (E), and AN>O (F); NOx in baseline scenario (G), eCO2 scenario
(H), and ANOx (I); N leaching and runoff in baseline scenario (J), eCO> scenario (K), and AN
leaching and runoff (L). Values in the legend reflect the average annual N budget from
cropland within a grid cell (0.5 by 0.5 degree).

27



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e SIECO2.pdf


https://assets.researchsquare.com/files/rs-2439666/v1/92cf91fd3e1cfeeeb292811e.pdf

	Responses of C and N dynamics to eCO2
	Spatial changes in N budgets under eCO2
	Multiple scenario analysis and impact assessment
	Future perspective
	Materials and Methods
	Database and global synthesis
	Global cropland nitrogen budget
	Scenario and CHANS model simulation
	Impact assessment
	Uncertainty analysis

	References
	Fig. 1 Effects of elevated CO2 levels (eCO2) on nitrogen and carbon cycles in global croplands. (A) Maps displaying the distribution of experimental sites simulating elevated atmospheric CO2 levels, by different manipulation methods (FACE, Free-Air CO...
	Fig. 2 N budgets of global cropland and their changes between baseline scenario (no climate change) and elevated CO2 scenario (SSP2-4.5) in 2050. N input in baseline scenario (A), eCO2 scenario (B), and ΔN input (C); N harvest in baseline scenario (D)...
	Fig. 3 N flows in global croplands under elevated CO2 scenario (SSP2-4.5) by 2050. (A) N input and N output constitute the major N flows, represented by blue and yellow arrows, respectively. Values of N flows in dark grey denote flows in the baseline ...
	Fig. 4 Time series of N budget in global cropland over 2020-2050 under future scenarios. Solid lines represent total N input (A), N harvest (B), N surplus (Nr loss & N2) (C), BNF (biological N fixation) (D), deposition (E), fertilizer (F), NO3- (G), N...
	Fig. 5 Impact assessment of elevated atmospheric CO2 levels as a single climate change factor under SSP2-4.5 scenario relative to baseline scenario with no climate change in 2050. The positive values indicate benefit and negative values indicate damag...
	Extended Data Fig. 1 Effects of elevated CO2 levels on crop yield and grain N content in croplands. (A) Crop yield by crop groups; (B) Grain N content by crop groups; (C) Crop yield by manipulation methods, including FACE (Free-air CO2 Enrichment Expe...
	Extended Data Fig. 2 Meta-regressions between response ratios (RR) of variables and environmental factors. (A) crop yield versus (CO2 (elevated CO2 level relative to ambient CO2); (B) NUE versus MAP (mean annual precipitation at the study site); (C) N...
	Extended Data Fig. 3 Scenario design of the study. (A) Simplified narratives of the scenarios. (B) Historical and future atmospheric CO2 levels in the baseline scenario and elevated CO2 scenario during 1950-2100.
	Extended Data Fig. 4 N input of global cropland and their changes under elevated CO2 scenario (SSP2-4.5) relative to baseline scenario (no climate change) in 2050. Biological N fixation (BNF) in baseline scenario (A), eCO2 scenario (B), and ΔBNF (C); ...
	Extended Data Fig. 5 Manure and fertilizer input of global croplands and their changes under supplementary scenario by 2050. (A-F) manure recycle scenario 1 (improving manure recycling ratio to 35%) (G-L) manure recycle scenario 2 (improving manure re...
	Extended Data Fig. 6 Reactive N loss of global cropland and their changes under elevated CO2 scenario (SSP2-4.5) relative to baseline scenario (no climate change) in 2050. NH3 in baseline scenario (A), eCO2 scenario (B), and ΔNH3 (C); N2O in baseline ...

