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Abstract

Increasing demand for food is driving a worldwide trend of agricultural input intensification.
However, there is no comprehensive knowledge about the interrelations between potential yield
gains and environmental trade-offs that would enable the identification of regions where
input-driven intensification could achieve higher yields, yet with minimal environmental
impacts. We explore ways of enhancing global yields, while avoiding significant nitrogen (N)
emissions (N.) by exploring a range of N and irrigation management scenarios. The simulated
responses of yields and N. to increased N inputs (Ni,) and irrigation show high spatial
variations due to differences in current agricultural inputs and agro-climatic conditions.
Nitrogen use efficiency (NUE) of yield gains is negatively correlated with incremental N, due
to N, additions. Avoiding further intensification in regions where high fractions of climatic
yield potentials, >80%, are already achieved is key to maintain good NUE. Depending on the
intensification scenarios, relative increases in N, could be reduced by 0.3—29.6% of the baseline
Ne with this intensification strategy as compared to indiscriminate further intensification, at the
cost of a loss of yield increases by 0.2—16.7% of the baseline yields. In addition, irrigation water

requirements and Ni, would dramatically decrease by considering this intensification strategy.
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1. Introduction

With a continuously growing global population, shifts to more animal-based diets, and possibly
increasing competition in agricultural land use between food and biofuel crops, food
production has to increase substantially'~. It was estimated that global food production needs to
be doubled by 2050 if no changes occur on the demand side*. There are in principle two
different strategies to increasing food production: expansion of croplands and intensification’.
For the first option, however, suitable land resources are very limited and their conversion to
cropland is increasingly constrained by other land-use purposes. In many places, croplands are
actually shrinking due to encroachment by urban development®’. The option of cropland
expansion is only feasible in underdeveloped areas and often at high environmental and climate
change costs such as greenhouse gas emissions and biodiversity loss from forest clearing®. For
the majority of countries and regions, intensification of crop production on existing croplands is
the only way to meet the increasing food demand. Concerning limited resources and severe
environmental impacts, modern agriculture is facing tremendous challenges’. A major task
faced by scientists, farmers, and policy makers is to find ways to increase global food
production while keeping the environmental costs at a tolerable level'*!>.

Since the Green Revolution in the 1960s, crop yields have been increased, in particular through
the breeding of more productive crop varieties'* and the intensification of land management
with increasing fertilizer inputs and irrigation'>. However, input intensification has also put

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

The mismatch between inputs and outputs not only decreased resource use efficiency'®'?, but
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also caused serious environmental problems®’?*. In particular, increasing inputs of nitrogen (N)

fertilizers have led to high N emissions to the environment®*~

, causing severe eutrophication
and drinking water quality deterioration®’, as well as air pollution by N,O and NH; emissions?®.
Hence, there is an ever more pressing need to develop pathways towards input intensification
without further compromising environmental health and quality™*!!2*3,

Given that the yields of major crops have recently been stagnated or even decreased in many
regions of the world, where high agricultural inputs were applied*'*, it seems that the benefits
of additional inputs, particularly fertilizers, are saturating in these regions, suggesting that
further input intensification will not help to increase yields. However, the scope for improved
efficiency varies among different cropping systems®>. It is essential to identify regions where a
high yield return can still be obtained at low environmental impacts and to explore how input
intensification can be achieved in these regions most efficiently. Previous studies have shown a
high potential to further increase crop production through agricultural intensification, and
concluded that this is key to increasing global food production to meet the demand®**!.
However, these studies have been limited in several aspects, including: a) focusing on one type
of input only, either N7 or irrigation®®; b) no explicit consideration of environmental
impacts**’; and c¢) simply using N surpluses to indicate environmental impacts of N pollution
without explicitly quantifying different forms of N emissions*'.

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

global agronomic model PEPIC*, Python-based Environmental Policy Integrated Climate

(EPIC), to explore the benefits and trade-offs of further global agricultural input intensification
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in terms of increased crop yields and associated N emissions (N¢). We used food production
units (FPUs) as a spatial unit. The FPUs are based on river basins and economic regions as
introduced by Cai and Rosegrant® and modified by Kummu et al.** Focusing on N inputs (Niy)
and irrigation water (Irr), we considered four input intensification scenarios representing low,
high and max levels of intensification (two scenarios for the low level) in addition to a baseline
scenario with no additional intensification. Three major cereal crops (maize, rice, and wheat)
were included in the analysis. In addition to looking into the differences in yields (AY),
differences in N. (ANe), and differences in input requirements (AN;, and Alrr) between the
intensification and the baseline scenarios, we explored the relationships between AY and AN.
in response to ANj, to identify the priority regions for intensification. We also assessed the N
use efficiency (NUE) of yield gains as AY/AN;, and N emission intensity of new inputs as
AN/ANiy.

2. Materials and methods

2.1.Simulation model and input data

The PEPIC model* was used to simulate crop growth at a daily time step and the associated
nutrient dynamics globally at a spatial resolution of 30 arc minutes (about 50 km at the equator).
PEPIC has been used for investigating global crop—water relations of maize** and assessing
global N and phosphorus (P) emissions from the cultivation of major crops'>?. In addition, it
also shows comparable performance in representing yield variability at country level along
with 13 other global crop models participating in the Agricultural Model Intercomparison and

Improvement Project (AgMIP)***¢. Inputs for PEPIC include longitude, latitude, elevation,
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slope, soil properties (e.g. layer depth, pH, bulk density, organic carbon content), climate data
(precipitation, temperature, solar radiation, relative humidity, wind speed), land cover, and crop
management information. Land cover data are derived from the MIRCA2000 datasets, which
provide rainfed and irrigated cultivation areas for 26 crops*’. As for management data, planting
date, harvesting date, fertilizer, and irrigation are required. Planting and harvesting dates were
obtained from the Center for Sustainability and the Global Environment (SAGE)®.
Crop-specific fertilizer and manure application data for the baseline simulation (including N
and P) were downloaded from the EarthStat dataset (http://www.earthstat.org/), which were
based on Mueller et al.* and West et al.”* Information on model performance and other input
data is provided in the Supporting Information.

2.2. Management practices and intensification scenarios

In this study, we considered four intensification scenarios—Najs, Noaslrrig, Nsolrrsp and
NmaxItTmax—in addition to the baseline scenario (Table 1). A sufficient amount of P was applied
automatically in each scenario to eliminate the effects of P deficit on plant growth following
Folberth et al.’' Nj, in the baseline (Nin.base) Was determined by the minimum value between
actual Nin (Nina) and automatic Nin (Nin-auo), Where N application is based on crop N
requirements, for the baseline yield simulation. Here, Nin.. was based on the EarthStat dataset,
while Nin-auto Was estimated by PEPIC with automatic N fertilization without N limitation at a
trigger value of 10% N stress®® under the baseline irrigation cropland condition based on the
MIRCAZ2000 dataset. Such setting excluded the impacts of over N application on N. in some

26,53

regions™”°, since this study focused on the effects of input additions. The automatic N
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fertilization used here can determine the proper amount of Nj, at right time based on soil N
concentration and crop N requirements®*. It deserves to note that the automatic N fertilization
may lead to optimistic bias on NUE simulated and that actual management practices are often
less targeted (e.g. timing). Irrigation was applied automatically without water limitation for the
irrigated cultivation at a trigger value of 10% water stress™. Increased N, and conversion of
rainfed to irrigated cropland relative to the baseline were considered as intensification scenarios
in this study. For Nj,, we first used PEPIC to determine the maximum Ni, (Nin-max) by using the
automatic fertilization schedule setting different N, caps considering all croplands with full
irrigation. We found that when Ni, cap was set to 400 kg N per ha, maximum crop yields (Ymax)
could be achieved for the three crops (Table S1). Therefore, actual Ni, estimated from this
condition was used as maximum Ni,. Here, Ymax was estimated by forcing the model with
sufficient water and N fertilizer without changing the response curves of yields to N and water.
This definition of Ymax is consistent with Lassaletta et al.'®>%, Mueller et al.’’, and Mogollén et

al.’®, but different from the definition of van Ittersum et al.>

, that also considered changes in the
response curves. Combination of this fertilizer and full irrigation was applied in the NmaxIrTmax
scenario. Then, the difference between Nip-max and Nin base, 1.€. ANin-max, Was calculated for each
grid cell.

Insert Table 1 here
In Nas, Nin was increased by 25% of ANin-max relative to the baseline, while in Naslrrio, 10% of

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

Nin. In Nsolrrso, 30% of the rainfed land was converted to irrigated land in addition to a 50% of
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ANin-max increase in Nj,. These levels of intensification were based on Mueller et al.*!, who
found that jointly increasing N, by 30% and irrigated lands by 25% would reach productivity
levels that represent 75% of the attainable yields of the year 2000. Therefore, we considered an
increasing intensification level with an ascending order of baseline, Nas, Naslrrio, Nsolrrsg, and
NmaxItTmax. Although global constant percentage values of ANin-max and rainfed land were used
here to increase Ni, and irrigation, the actual increases in Ni, and irrigation were different due to
the large differences in Nj, and rainfed land area under the baseline condition (Figs. S1 and S2)
and the input requirements under the NmaxIrrmax Scenario. It should be noted that it may not be
practical to set the high- and/or max-level input intensification scenarios everywhere across the
world. This holds particularly for many poor countries in Africa, as they are currently in lack of
infrastructure and/or enough water and fertilizer to reach such intensified agricultural input
requirements. However, the scenarios considered here reflect general mechanisms and
challenges under the agricultural intensification. Thus, they provide useful information on
exploring sustainable pathways towards future agricultural development. They can also be used
in land use socio-economic models to prioritize agricultural subsidies and better agricultural
practices for increasing Ni, or N recycling in regions where yields are severely limited by this
nutrient.

2.3. Definition of target variables and data analysis

Four model outputs were considered in the analysis, i.e. irrigation water (Irr [mm]), N inputs
(Nin [kg N per ha)), yields (Y [t per ha]), and N emissions (N, [kg N per ha]). In this study, Ne

refers to total N emissions, including N emissions to the aquatic and atmospheric environments,
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estimated by Eq. 2 in the Supporting Information. Crop growth was simulated separately under
rainfed and irrigated conditions. Therefore, there are two response curves of yields and Ne to
Nin for irrigated and rainfed cultivations. The combined outputs of each variable were
calculated using the area-weighted average of irrigated and rainfed outputs based on the
MIRCAZ2000 dataset of crop-specific fractions of irrigated and rainfed land for each crop in
each grid cell’. The combined results were aggregated to FPUs, continental, and global levels.
Subsequently, the differences of each variable between the intensification scenarios and the
baseline were calculated, i.e. differences in Irr (Alrr), differences in Ni, (ANiy), differences in Y
(AY), and differences in N (AN¢). For FPUs with AY < 0.05 t per ha, outputs under the
intensification scenarios were treated as the same values of the baseline to exclude possible
errors due to minor responses. After this treatment, Alrr, AN, AY, and AN, were re-evaluated.
The NUE of yield gains, defined as ratio AY/ANi,, and N emission intensity of new inputs,
defined as ratio AN¢/AN;,, were calculated to explore the responses of yields and N, to Ni,
additions under different intensification scenarios.

We constructed frontier lines of cumulative AY to cumulative AN, by intensifying the FPUs one
by one. We first focused on the FPUs with low N emission intensity of new inputs and high
NUE of yield gains and then on the FPUs with high N emission intensity of new inputs and low
NUE of yield gains. It means that we logically intensified the FPUs with an ascending order of
N emission intensity of new inputs and a descending order of NUE of yield gains. In addition to
intensifying all FPUs to high/max levels, we investigated the impacts of stopping

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

yield target was already achieved in an FPU under scenarios of baseline, N»s, Naslrrio, Nsolrrso

scenarios, we stopped further intensification in that FPU.

3. Results

3.1.Yield benefits

The simulated responses of crop yields to increased Nj, and irrigation showed high spatial

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

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

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

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

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

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

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

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

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

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

responded mainly to increased Ni, and less to intensified irrigation. Increased N, were found to

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

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

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

high yields, significant increases in the inputs of these resources were required (Table 2), with

10
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Alrr between 0 and 250% of baseline irrigation water and ANj, between 12 and 138% of

baseline Ni,, depending on scenarios and crops.

Insert Fig. 1 here

Insert Table 2 here

3.2.Nitrogen emissions

The simulations predicted that yield benefits from Ni, and irrigation intensification would result

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

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

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

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

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

were also some differences. Large AN, were predicted in Southeast Asia for all three crops and

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

significantly in these regions in response to N, and irrigation additions. While increasing Ni,

always increased N, increased irrigation could reduce N. in some regions relative to the

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

more N.

Insert Fig. 2 here

3.3.Relationship between yield increases and nitrogen emissions

The NUE of yield gains, expressed in terms of the ratio AY/AN;i,, and the N emission intensity

of new inputs, expressed as the ratio ANe/ANi,, present opposite spatial distribution patterns at

11
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the FPUs level (Figs. S5 and S6). The Southeast Asia and the northern parts of South America

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

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

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

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

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

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

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

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

Nas and Noslrryo. The negative relationships shown in Fig. 3 indicate that there is a win—win

situation with higher yields and low N, if further input intensification concentrates on regions

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

the smallest additional Ne.

Insert Fig. 3 here

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

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

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

Naslrrio, Nsolrrzo and Nmaxlrrmax (Fig. 3). This means that significant Ne can be avoided by

stopping further increases in Nj, and irrigation applications in such FPUs. This condition was

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

under rice cultivation already reaches 80% of Ymax in the baseline scenario (Table S4). For

12
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wheat and maize, the respective percentages were 35% and 26%. The regions showing low

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

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

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

wheat.

3.4. Frontier lines for intensifying croplands on a global scale

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

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

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

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

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

decreases, while AN, increases. This is particularly notable for scenarios Nsolrrsp and NmaxIITmax.

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

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

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

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

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

Insert Fig. 4 here

An important strategy for limiting AN, with minimal compromises on yield increases is to

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

we here define as a threshold of 80% (Fig. 4). With this condition, simulated AN, were reduced
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from 6.4-40.4 kg N per ha to 6.2-20.2 kg N per ha (this reduction representing 0.3-29.6% of
the baseline N.) for maize; from 5.4-28.7 kg N per ha to 3.7-10.7 kg N per ha (the reduction
representing 2.2-24.3% of the baseline N.) for rice; and from 5.1-27.7 kg N per ha to 4.9-18.1
kg N per ha (the reduction representing 0.4-22.3% of the baseline N¢) for wheat, depending on
the scenarios. Expected AY were reduced by only 0.0-0.9 t per ha (corresponding to 0.2—-16.7%
of the baseline yields) for maize; 0.1-0.4 t per ha (corresponding to 1.8-8.8% of the baseline
yields) for rice; and 0.0-0.3 t per ha (corresponding to 0.2-9.8% of the baseline yields) for
wheat (Tables 2 and 3). Furthermore, the results also show that much less N and irrigation water
resources are required to achieve the same increases in yield with a strategy in which further
intensification is limited to cropland where the yield gap is still comparatively large than with
indiscriminate further intensification. In addition to restricting intensification to FPUs with
yield levels of <80% Ymax, we performed the analogous analysis setting the restriction
fractions at 70%, 75%, 85%, 90%, and 95% of Ymax (Fig. S8). Similar trends for AY and AN,
were found for these fractions as with the fraction of 80%. However, the trade-offs between Y
achievements and increases in N, varied by using the different yield target levels.
Insert Table 3 here

4. Discussion

To detail the different responses of yields and N, to Ni, and water additions, the response curves
of yields and N. to Ni, under irrigated and rainfed cultivations are displayed for eight
continental-climate regions in Fig. 5. The climate classification is based on the Kdppen-Geiger

climate map®. We observed very different responses in different regions, consistent with the
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EPIC simulations from Balkovi¢ et al.®' The differences between the irrigated and rainfed
cultivations are particularly high in the arid regions, where the irrigation water requirements are
generally high. These response curves from PEPIC highlight the large spatial variability of
yield benefits and N, trade-offs under intensification scenarios on a global scale. Comparison of
the PEPIC response curves with those from other crop models would help to estimate the
uncertainty on our results arising from the use of a single model.
Insert Fig. 5 here

The high spatial heterogeneity of the responses of yields and N, to increased Ni, and irrigation
inputs is mainly explained by differences in these inputs between under the baseline scenario
and under the NmaxIrrmax scenario. Regions with a high level of baseline Ni, (Fig. S1) generally
respond with low NUE of yield gains but high N emission intensity of new inputs to further
intensification. This is in agreement with previous studies. When Nj, is already high, the yield
benefits of additional Ni, are low'®, while the potential of N. tends to be high'*. Maximum N
requirements for achieving Ymax presented high variation (Fig. S1) and were mainly
determined by climate condition, particularly the potential heat units (Fig. S9), as both of them
show quite similar spatial distribution. Such patterns of maximum Nj, also partially explain the
heterogeneity of yield responses to Ni,. Compared to Ni,, most regions showed relatively low
AY in response to more irrigation in all three crops, with significant variations across regions
(Fig. S10), which is true as most cultivation regions of these three crops were not found limited
by irrigation*’. Especially, yield response is more sensitive to Ni, additions than to irrigation in

Africa and South America, where the baseline Ni, was generally very low. The different
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responses of yields to irrigation additions are mainly due to different fractions of irrigated lands
to total cultivated lands (Fig. S2) and the differences in irrigation requirements under different
scenarios, e.g. the baseline management as shown in Fig. S11. A low irrigation requirement
indicates that growing season precipitation is generally sufficient for crop growth (Fig. S12),
and so there are low benefits from increased irrigation. On the other hand, there is only limited
opportunity to further increasing yields by taking additional land under irrigation where a large
fraction of the cropland is already under irrigation. On land where yields are already close to
what can be achieved with the maximum N and irrigation water inputs, further increasing the
intensity can produce only minor benefits, while the environmental impacts and the
consumption of resources become more significant. Such regions need to be identified and
excluded from further intensification.

Based on our simulations, it was not possible to double the production of the three crops on the
current cropland area even if there was no limit on N fertilizer application and irrigation,
especially in rice production (Table 2). Similar findings were reported by Mueller et al.*’, who
estimated production potentials close to 100% of maximum attainable yields through nutrients
and irrigation management. Therefore, other measures need to be considered to further increase
yields, such as breeding more productive varieties®’, change of cropping intensities®, and better
allocation on a global scale of crops to cultivated land*’, among others. Combining these
measures with better N and irrigation management can be expected to further increase Ymax
and strengthen the responses of yields to Ni, and irrigation in currently high yield regions, as

1‘58

elaborated in Mogollon et al.”® Besides, for a better agricultural development, extensification,
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which focuses on reducing external inputs, could also be considered in the already intensified
regions to alleviate environmental impacts with minor yield reduction®. Nevertheless, here we
focused on the three major food crops. It is worth noting that other types of crops (particularly
fruits and vegetable) may hold the potential to double the production®. For instance, apple
yields in China could increase from 16.5 t per ha to 37 t per ha through better management®.
Hence, a comprehensive assessment including different management options and incorporating
more crops should be conducted in further research.

Agricultural inputs cannot be increased without limit and they are also associated with
significant environmental impacts. While there is sufficient N in the atmosphere for practically
unlimited industrial production of mineral N fertilizer, the energy required for it is likely to set
an upper limit. Already about 2% of the world’s energy use is for the production of reactive N’
Moreover, there is still a long way to go for many developing countries, mainly in Africa, to
afford and distribute enough nutrients for their croplands. In comparison to N fertilizer,
freshwater is a much more limited resource® and its spatiotemporal distribution is already very
uneven for natural reasons®. That is why we set lower levels of irrigated land expansion. While
we found that by expanding the irrigated areas, maize and wheat yields could be increased
substantially in the western USA and western and central Asia (Fig. S10), the available water
resources there set a rather low upper limit to this option’. Further expansion of irrigation
agriculture hence bears the risk of worsening this problem. Therefore, it will be vital to increase

71,72

the efficiency of irrigation and fertilizer'® applications. As shown here, one strategy to

achieve this is to concentrate intensification efforts in regions with currently low yields and
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high yield potentials, while avoiding further intensification in regions where yields are already
very high. This strategy could simultaneously conserve agricultural resources and also
substantially reduce additional N pollution.

Mueller et al.*! also explored trade-offs between excess N (differences between N, and N in
crop harvest) and crop production using frontier lines. The difference between our results and
their study is that we used frontier lines to explore the benefits of avoiding further “useless’
intensification in regions where yields are already close to their maximum levels, i.e. 70-95%
of Ymax (Fig. 4 and Fig. S8). The AN, may be reduced if setting a low yield target. But then the
increases in yields will also be lower. Thus, it is important to find a level at which these effects
are in a desirable balance. However, setting such a target level is subject to local and regional
policies, social and economic trade-offs, access to N fertilizers, capacity to improve
agronomical practices, as well as consideration of regional environmental vulnerabilities. Due
to significant variations of agricultural performance among different countries in terms of
trade-offs between yield achievements and environmental impacts because of different natural
conditions (e.g. climate and soil) and agronomic practices (e.g. different NUE), much more
efforts should be made to determine a reasonable yield target level on local scale’””. Due to
enormous disparities in capacity and socioeconomic conditions among different countries, it
may not be possible to intensify agricultural inputs to such a reasonable yield target level in the
short term in economically week regions, e.g. many poor countries in Africa. Therefore, in
addition to setting a critical target level, it is also important to make sure that the high yield

improvements without significant environmental costs could be practically achieved for these
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regions. Answering this question requires detailed socio-economic information and complex
economic models to address benefits and trade-offs between agricultural intensification and
food trade-dependence™”*. This is beyond the focus of the current study, but it certainly
deserves an in-depth investigation.

Our previous analysis showed that the PEPIC model realistically captured large-scale Ne due to
N inputs, but with high uncertainties from model parameters®. In this study, we document the
variable responses of yields and Ne to Niy, and water additions in different regions across the
world. More detailed follow up studies to significantly reduce uncertainties should focus on
evaluating the PEPIC response against data from field experiments with nutrient and water

treatments’*”>

, and on comparing PEPIC response curves with other crop models, such as
planned in AgMIP’®. We did not consider the impacts of climate change and adaptation
strategies’’, which are also important factors affecting future food security, although their
uncertainties are also high®™>’®". As the purpose of this study is to investigate the yield
potentials of input intensification, associated environmental trade-offs, and their regional
differences, we only considered four intensification scenarios (representing low, high, and
maximum levels) in order to reduce the computation time. A full range of N and irrigation
intensification scenarios would help to identify the optimal intensification level. Overcoming
the limitations specified above was beyond the scope of this study and will be subject to future
research.

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

nitrogen inputs, crop yield responses, nitrogen emission responses, and percentage of potential
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yields achieved under difference scenarios. Details on irrigated land, potential heat units,
irrigation water requirements, and growing season precipitation under baseline. Details on
yield-nitrogen responses, water use efficiency, nitrogen use efficiency at the continental level.
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Figure 1. Differences in crops yields [t per ha] between N»s and baseline (a, ¢, ¢), as well as
between Nsolrrso and baseline (b, d, f). Note: eight continent-climate regions in panel b are
used to detail the responses of yields and nitrogen emissions to nitrogen inputs under irrigated
and rainfed cultivations. Maps of different food production units were obtained from Kummu
et al.* AF: Africa, AS: Asia, EU: Europe, NA: North America, OC: Oceania, SA: South

America.
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Figure 2. Differences in nitrogen (N) emissions [kg N per ha] between N,s and baseline (a, c,
e), as well as between Nsolrrso and baseline (b, d, f). Maps of different food production units

were obtained from Kummu et al.*
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Figure 3. Relationships between nitrogen (N) use efficiency (NUE) of yield gains [kg grain
per kg N] and N emission intensity of new inputs [-] under different intensification scenarios
at the food production units (FPUs) level. Ymax is estimated yields by PEPIC under the
NmaxItTmax scenario. The FPUs with the smallest areas (for a total of 2% of global total
cropland areas of each crop) are not shown. Size represents cropland area for each FPU.
Colors represent the fractions to which Ymax have been achieved. For a given intensification
scenario, the colors show the situation of its previous scenario with an intensification order of
baseline, Nas, Noslrrio, Nsolrrsp and Nmaxlrrmax scenarios. That is to say, for instance, colors in
N»s give the achieved Ymax fractions of the baseline scenario. Equations represent the linear
relationship between NUE of yield gains and N emission intensity of new inputs (points with
negative N emission intensity of new inputs are not included for regression analysis). R? is the

coefficient of determination of equation.
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Figure 4. Percentage increases in global average crop yields and nitrogen (N) emissions under
different intensification scenarios without (w/0) considering 80% of maximum yields (Ymax)
achieved (a, c, ) and with (w/) considering 80% of Ymax achieved (b, d, f). Considering 80%
of Ymax achieved means that the food production units (FPUs) with 80% of Ymax achieved
under a given intensification scenario adopt the first scenario of baseline, Nas, Noslrrio and
Nsolrrsp, which has already achieved 80% of Ymax. Points in each curve are derived by
intensifying FPUs one-by-one with an ascending order of N emission intensity of new inputs
and then a descending order of N use efficiency of yield gains on the basis of Fig. 3. For
better visualization, every 10 points between the first and last points are plotted for each curve.

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

for different scenarios.
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Figure 5. Response curves of crop yields (a-h) and nitrogen (N) emissions (i-p) to N inputs
(Nin) under irrigated (IR, solid lines) and rainfed (RF, dashed lines) cultivations in different
continental-climate regions. Irrm: irrigation water requirements of maize; Irry: irrigation water
requirements of rice; Irr,: irrigation water requirements of wheat. A map of the
continental-climate regions can be found in Fig. 1b. AF: Africa, AS: Asia, EU: Europe, NA:
North America, OC: Oceania, SA: South America. The response curves are derived from
simulations with automatic N fertilization by setting different Ni, caps: 25, 50, ... 400, 450,
500, and 1000 kg N ha yr'. Actual Ni, is lower than Nj, cap when a high-level cap is used.

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

and irrigation (Irr) areas.

Scenario N inputs Irrigation
areas

baseline  Nin-base Air

Nos Ninbase T 0.25%XANinmax ~ Air

NZSIrrlO Nin-base + 025 ><ANin-max Air +0. IOXArf
NSOIrrBO Nin-base +0.50x ANin-max Air +0. 3 OXArf

NmaxdTmax  Nin-max Full irrigation

Nin-base = MiN(Nin-a, Nin-auto); Nin-a: actual N inputs based on the EarthStat dataset; Nin-auto: Optimal N inputs
derived from PEPIC simulations considering baseline irrigation land condition based on the
MIRCA2000 dataset; Nin-max: optimal N inputs derived from PEPIC simulations considering croplands
with full irrigation; ANin-max = Nin-max — Nin-base; Air and Ays: baseline areas for irrigation and rainfed

cultivations.

Table 2. Global average irrigation water (Irr) [mm], nitrogen inputs (Nin) [kg N per ha], crop
yields (Y) [t per ha], and nitrogen emissions (N¢) [kg N per ha] under baseline and different

intensification scenarios by intensifying all croplands.

Nos
Noslrrio

Nsolrrso

maize rice wheat
Irr Nin Y Ne Irr Nin Y Ne Irr Nin Y Ne
baseline 50.2 93.2 5.5 68.3 413 86.8 4.5 74.2 447 70.7 2.7 43.4
50.2 111.0 6.0 747 413 97.5 4.8 79.5 44.7 92.1 3.1 48.5
62.0 111.5 6.1 73.9 421 97.5 4.8 79.3 55.4 923 3.2 48.0
86.8 132.8 6.8 81.0 439 1089 5.1 85.4 78.0 1142 3.6 52.7
NmadlTmax ~ 173.0  193.0 8.2 108.6 50.1 136.0 54 1029 1567 1682 4.6 71.1

Table 3. Global average irrigation water (Irr) [mm], nitrogen inputs (Niy) [kg N per ha], crop
yields (Y) [t per ha], and nitrogen emissions (N¢) [kg N per ha] under different intensification

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

Nos
Noslrrig

Nisolrrso

maize rice wheat
Irr Nin Y Ne Irr Nin Y Ne Irr Nin Y Ne
50.2 110.6 6.0 745 413 94.4 4.7 779 447 917 3.1 48.3
61.5 111.1 6.1 739 418 94.4 4.7 77.9 549 918 32 48.0
79.7 129.0 6.7 80.0 427 1002 49 81.1 752 1120 3.6 52.7
Nmalttmax  117.6 150.7 7.3 88.4 448 106.8 5.0 849 131.0 1465 43 61.5
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