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Abstract

Future socio-economic and climate changes can profoundly impact water resources, food production, bioenergy generation, and

land use, leading to a broad range of societal problems. In this study, we performed future projections by using a land integrated

model, MIROC-INTEG-LAND, that considers land surface physics, ecosystems, water management, crop growth, and land use,

under various socio-economic scenarios (Shared Socio-economic Pathways, SSPs). Under the sustainability scenario (SSP1),

demands for food and bioenergy are kept low, so that the increase in cropland areas for food and bioenergy are suppressed.

On the contrary, in the middle of the road and regional rivalry scenarios (SSP2 and SSP3), cropland areas are projected to

increase due to high demand for food and bioenergy. The expansion of cropland areas is projected to increase the water demand

for irrigation and CO2 emissions due to land use change. MIROC-INTEG-LAND simulations indicate that the impacts of the

CO2 fertilization effect and climate change on crop yields are comparable, with the latter being greater than the former under

climate scenarios with high greenhouse gas concentrations. We also show that the CO2 fertilization effects and climate change

play important roles in changes in food cropland area, water demand for irrigation, and CO2 emissions due to land use change.

Our results underscore the importance of considering Earth-human system interactions when developing future socio-economic

scenarios and studying climate change impacts.
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Key Points: 22 

• Impacts of socio-economic and climate changes on water, food, bioenergy, land use and 23 

ecosystems were analyzed using an integrated global land surface model. 24 
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• Cropland is projected to expand due to increased food demand and reduced crop yields 25 

caused by climate change, leading to an increased water demand and CO2 emissions due 26 

to land use change. 27 

• The CO2 fertilization effects and climate change are projected to have considerable 28 

impacts on cropland area, water demand, and ecosystem production in future Earth-29 

human systems. 30 

 31 

Abstract (fewer than 250 words, now 216 words) 32 

Future socio-economic and climate changes can profoundly impact water resources, food 33 

production, bioenergy generation, and land use, leading to a broad range of societal problems. In 34 

this study, we performed future projections by using a land integrated model, MIROC-INTEG-35 

LAND, that considers land surface physics, ecosystems, water management, crop growth, and 36 

land use, under various socio-economic scenarios (Shared Socio-economic Pathways, SSPs).  37 

Under the sustainability scenario (SSP1), demands for food and bioenergy are kept low, so that 38 

the increase in cropland areas for food and bioenergy are suppressed. On the contrary, in the 39 

middle of the road and regional rivalry scenarios (SSP2 and SSP3), cropland areas are projected 40 

to increase due to high demand for food and bioenergy. The expansion of cropland areas is 41 

projected to increase the water demand for irrigation and CO2 emissions due to land use change. 42 

MIROC-INTEG-LAND simulations indicate that the impacts of the CO2 fertilization effect and 43 

climate change on crop yields are comparable, with the latter being greater than the former under 44 

climate scenarios with high greenhouse gas concentrations. We also show that the CO2 45 

fertilization effects and climate change play important roles in changes in food cropland area, 46 

water demand for irrigation, and CO2 emissions due to land use change. Our results underscore 47 

the importance of considering Earth-human system interactions when developing future socio-48 

economic scenarios and studying climate change impacts.  49 

 50 

Plain Language Summary 51 

Future changes in society and climate will have a marked impact on water, food, energy, and 52 

ecosystems, which can lead to a variety of problems in human society. In previous studies, these 53 
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issues have typically been investigated on a sector-by-sector basis because natural processes are 54 

typically simplified in models that deal with human processes, and human processes are 55 

simplified in models that deal with natural processes. We performed future projections using a 56 

land integrated model, MIROC-INTEG-LAND, which combines models of global land surface 57 

physics, ecosystems, water management, crop growth, and land use. Our numerical simulations 58 

showed that future changes in socio-economic conditions and climate are projected to impact 59 

crop yields, resulting in substantial changes in future cropland area. The increase in cropland 60 

area is projected to increase the water demand for irrigation and CO2 emissions due to land use 61 

change. Our projections demonstrate the interconnections between the impacts of socioeconomic 62 

and climate change on water, food, bioenergy, land use, and ecosystems, indicating the 63 

importance of making projections with models that describe the interactions between Earth and 64 

human systems. 65 

 66 

1 Introduction 67 

Future changes in socio-economic factors and climate will have a major impact on human 68 

societies and natural ecosystems. It has been reported that the various climate impacts that occur 69 

in a wide range of sectors interact with each other (Arent et al. 2014, Smajgl et al. 2016, Albrecht 70 

et al. 2018, Liu et al. 2018, Simpson et al. 2019, Yokohata et al. 2019, Naidoo et al. 2021). For 71 

example, an increase in surface air temperatures and a decrease in rainfall due to climate change 72 

can decrease available water resources (Cisneros et al. 2014, Schewe et al. 2014, Rodell et al. 73 

2018, Ferguson et al. 2018, Pokhrel et al. 2021, Satoh et al. 2021). Changes in climate and water 74 

resources can reduce crop yields and affect food supply, trade, distribution, and prices, impacting 75 

food availability (Schmidhuber and Tubiello 2007, Porter et al. 2014, Reisinger et al. 2014, 76 

Niang et al. 2014, West 2014, Challinor et al. 2017, Mbow et al. 2019, Hasegawa et al. 2021). It 77 

has also been demonstrated that the degradation of food security can cause health issues, such as 78 

undernutrition and forced migration (Kniveton et al. 2012, Hsiang et al. 2013, Adger et al. 2014, 79 

Smith et al. 2014, Mbow et al. 2019, Niles et al. 2021). 80 

In studying issues related to the interactions between Earth and human systems, land use 81 

change caused by human activities is an important contributing factor to be considered (van 82 

Vuuren et al. 2012, Rounsevell et al. 2014, Lawrence et al. 2016, Popp et al. 2017, Jia et al. 83 
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2019, Yokohata et al. 2020). For example, meeting the increased food demand accompanying 84 

future population growth will require an increase in crop yield and/or expansion in cropland area, 85 

leading to shifts in land use (Foley et al. 2011, Weinzettel et al. 2013; Alexander et al. 2018). 86 

Likewise, mitigating climate change by using bioenergy crops instead of fossil fuels requires vast 87 

areas of land for cultivating bioenergy crops (Smith et al. 2013, Humpenöder et al. 2015, Popp et 88 

al. 2017, Alexander et al. 2018, Pete Smith et al. 2019, Muscat et al. 20209). Such expansion of 89 

cropland area for food and bioenergy production can result in biodiversity loss (Immerzeel et al. 90 

2014, Kehoe et al. 2017, Molotoks et al. 2018, Ohashi et al. 2019, Wu et al. 2019, Zabel et al. 91 

2019), among a range of other impacts. In addition, conversion of forest to cropland can lead to 92 

reduction in net carbon absorption by ecosystems (Brovkin et al. 2013, Lawrence et al. 2016, 93 

Friedlingstein et al. 2020, Ito and Hajima 2020, Ito et al. 2020), leading to accelerated global 94 

warming. 95 

Studies based on integrated assessment and land use models have shown that there are 96 

large uncertainties in future projections of land use changes, and the results of projections differ 97 

markedly depending on the structure and assumptions of the models, and the interpretation of 98 

future socio-economic storylines (Popp et al. 2017, Alexander et al. 2017). Factors such as 99 

population, Gross Domestic Product (GDP), consumption trends, agricultural productivity, and 100 

land use regulation are important determinants of future land use change (Stehfest et al. 2019). 101 

Future climate change can also affect agricultural productivity, cropland land area, price, trade, 102 

and consumption (Nelson et al. 2014, Wibe et al. 2015, Meijl et al. 2018). Further, the 103 

implementation of climate mitigation measures such as bioenergy crop production to achieve the 104 

Paris goals can impact food consumption and increase the population at risk of hunger by raising 105 

food prices (Fujimori et al. 2019, Hasegawa et al. 2015, 2018, 2020, 2021). 106 

In the above studies investigating the impact of future socio-economic and climate 107 

changes on the agriculture sector, simulation results of crop yields are used mainly without 108 

considering CO2 fertilization effects (Nelson et al. 2014, Wibe et al. 2015, Meijl et al. 2018, 109 

Hasegawa et al. 2018, 2020, 2021), primarily because there are large uncertainties associated 110 

with the latter (Wang et al. 2012, Boote et al. 2013). On the other hand, the latest crop modeling 111 

studies show that it is difficult to make realistic projections of crop yields without considering 112 

the CO2 fertilization effects (Muller et al. 2021), and studies using results using both ‘with’ and 113 
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‘without’ CO2 simulations interchangeably can potentially lead to misinterpretation of future 114 

projections (Toreti et al. 2020). 115 

In this study, we perform future projections by using MIROC-INTEG-LAND (MIROC 116 

INTEgrated LAND surface model, Yokohata et al. 2020), which couples the latest global models 117 

of land surface physics, water resources, crop growth, land use, and terrestrial ecosystems. In 118 

previous studies, these impact assessments have been conducted separately on a sectoral basis 119 

rather than by integrating natural and human components (Collins et al. 2015, Thornton et al. 120 

2017, Muller-Hansen et al. 2017, Calvin and Bond-Lamberty 2018, Robinson et al. 2018, 121 

Alexander et al. 2018, Monier et al. 2018, Tachiiri et al. 2021). MIROC-INTEG-LAND provides 122 

a consistent, integrated modeling framework to examine these interconnections related to future 123 

impacts. Taking advantage of this feature, we analyzed the impacts of climate change and CO2 124 

fertilization effects on crop growth, land use, water resources, and ecosystem production. In 125 

addition, in order to investigate the sources of uncertainties in the future land use projections, we 126 

compared the simulations of food and bioenergy cropland area simulated by MIROC-INTEG-127 

LAND and those obtained using the integrated assessment model AIM/Hub (Fujimori et al. 128 

2017), both of which have the same food and bioenergy demands. 129 

In the reminder of this manuscript, section 2 provides an outline of MIROC-INTEG-130 

LAND. Section 3 explains the setting of socio-economic and climate scenarios. Section 4 shows 131 

the results of future projections estimated by MIROC-INTEG-LAND, focusing on the 132 

interactions between climate, water resources, crops, land use, and ecosystems. Section 4 also 133 

investigates the impact of climate change and CO2 fertilization effects on crop yield, cropland 134 

area, irrigation water, and ecosystems, and discusses the reasons for the differences between 135 

MIROC-INTEG-LAND and AIM/Hub. Finally, Section 5 summarizes our findings and 136 

important future work. 137 

  138 
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2 Model Description 139 

Figure 1 shows the overall framework of the integrated land surface model MIROC-140 

INTEG-LAND. The model was evaluated against observations made in our previous study 141 

(Yokohata et al. 2020). Since MIROC-INTEG-LAND is based on the land surface component of 142 

a global climate model MIROC (Model for Interdisciplinary Research on Climate version: 143 

Watanabe et al., 2010), future climate scenarios are prescribed as the boundary conditions 144 

(details in Section 3.2). In terms of socio-economic scenarios, GDP, the demands induced by 145 

food (including feed) and bioenergy crop production, pasture area development, and timber 146 

extraction (Terrestrial Land-use Model, Yokohata et al. 2020) are prescribed in the land use sub-147 

model, TeLMO. The demands for domestic and industrial water abstraction are prescribed in the 148 

water management sub-model, HiGWMAT (Pokhrel et al. 2015). In the crop growth sub-model, 149 

PRYSBI2 (Sakurai et al. 2014), future technological developments factors that increase crop 150 

yields are described as a function of GDP. For the data related to these socio-economic 151 

scenarios, the results estimated by the integrated assessment model AIM/Hub (formerly 152 

AIM/CGE) (Fujimori, Hasegawa et al. 2017) are used. 153 

 154 

Figure 1. Structure of the global land integrated model MIROC INTEGrated LAND (MIROC-155 

INTEG-LAND, Yokohata et al. 2020). Colored boxes represent sub-models, and arrows indicate 156 
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variables that are exchanged. The names of the sub-models are also indicated in bold. The boxes 157 

“Climate scenario” and “Socio-economic scenario” represent input data to the model. Modified 158 

from Figure 1 in Yokohata et al. 2020. 159 

 160 

Agricultural water demand was simulated in the water management sub-model 161 

HiGWMAT (Pokhrel et al. 2015), withdrawn from rivers, reservoirs, and groundwater, and 162 

added to the soil during the irrigation period. River flow regulation by dams is simulated using a 163 

reservoir operation scheme in the HiGWMAT model. In irrigated grid cells, soil moisture and 164 

evaporation amount in the land surface model MATSIRO (Minimal Advanced Treatments of 165 

Surface Interaction and Runoff, Takata et al. 2003, Nitta et al. 2014) are updated using an 166 

irrigation scheme, and the calculated soil moisture and temperature are given to the crop growth 167 

model PRYSBI2 (Sakurai et al. 2014). In PRYSBI2, five types of crops (spring and winter 168 

wheat, rice, soybeans, and maize) are simulated over the global land area at a latitude/longitude 169 

resolution of 1°. Key parameters that determine crop yield, such as the total number of heat units 170 

until harvest (calculated based on degree days) and technological development factors, are 171 

determined in each grid by using a statistical method (Sakurai et al. 2014) using historical global 172 

yield data (Iizumi et al. 2014). The CO2 fertilization effect in PRYSBI2 is formulated by using 173 

the Farquhar model (Farquhar et al. 1980), and parameters of photosynthesis are calibrated 174 

according to the observations (Sakurai et al. 2014, Yokohata et al. 2020). The decrease in crop 175 

yields due to changes in temperature and water stress is calculated using PRYSBI2. 176 

Crop yield simulated by PRYSBI2 is utilized by the land use model TeLMO (Yokohata 177 

et al. 2020). In TeLMO, the areas of cropland for food and bioenergy production, pastureland, 178 

and natural and managed forest are calculated on a global 0.5° grid. In TeLMO, the food 179 

cropland model has a cropland down-scaling module, which estimates an agricultural suitability 180 

index based on the crop yields obtained from PRYSBI2, 30-second resolution slope data, GDP of 181 

17 regions around the world estimated by AIM/Hub, and food crop price (solved in TeLMO). In 182 

TeLMO, the area ratio of food cropland in the grid cell is more likely to be large if the 183 

agricultural suitability index of a grid cell is large. The agricultural suitability index is 184 

formulated based on the satellite observations of cropland area (Friedl et al. 2010). The food 185 

cropland model in TeLMO also has an international trade module, which estimates prices in 17 186 
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regions around the world by solving a general equilibrium model in two sectors; the agricultural 187 

and the non-agricultural sectors (Ejiri 2008). 188 

An important feature of TeLMO is that the detailed spatial distribution of crop yield and 189 

cropland distribution are considered when allocating the food cropland area. Specifically, crop 190 

yield and cropland area in each grid cell are used to estimate the balance of the food supply and 191 

demand over 17 global regions using the general equilibrium model. Typically, integrated 192 

assessment models use the average crop yield for each region to calculate the cropland area 193 

required for each region; consequently, it has been demonstrated that the spatial distribution of 194 

crop yields cannot be fully reflected in the estimates of cropland area (Alexander et al. 2018). 195 

This issue is addressed in TeLMO by considering the spatial distribution of crop yield and 196 

cropland area for each grid cell. In the TeLMO food cropland model, adjustment parameters are 197 

obtained and used so that the cropland area in the base year (2005) matches satellite observations 198 

(Hurtt et al. 2020). 199 

In the TeLMO bioenergy cropland model, the agricultural suitability index is formulated 200 

in a similar manner to the food cropland model. The price of bioenergy crops is adopted from the 201 

results of AIM/Hub. For the bioenergy crop yields, we used the yields of second-generation 202 

bioenergy crops (switchgrass, miscanthus) estimated by Kato and Yamagata (2014) using the 203 

SSP scenarios in Mori et al. (2018), and selected the higher yield value of the two crops for each 204 

grid. 205 

TeLMO considers only bioenergy crop production as a climate mitigation measure. 206 

TeLMO calculates the decrease in forest area (deforestation) by considering timber demand, but 207 

does not consider afforestation or carbon capture and storage (CCS) as climate mitigation 208 

options. The development of forest management, afforestation, and CCS schemes are thus 209 

important areas of future work for model improvement. 210 

The terrestrial ecosystem model VISIT (Vegetation Integrative SImulator for Trace 211 

gases, Ito & Inatomi 2012, Ito et al. 2018) uses the area ratio of the food and bioenergy crops, 212 

pasture, and forest (and transition matrix between them) calculated by TeLMO. In this way, the 213 

net CO2 emissions associated with changes in land use can be estimated from the changes in the 214 

carbon balance (Ito 2019). In the VISIT model, plant photosynthesis is a function of ambient 215 
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CO2 concentration, solar radiation, temperature, and soil moisture. Elevated CO2 concentrations 216 

promote the fertilization effect, but the strength of this effect varies with climatic conditions. 217 

 218 

3 Experimental Settings 219 

3.1 Socio-economic scenarios 220 

In this study, combinations of multiple socio-economic and climate scenarios are used to 221 

project future changes in water resources, crops, land use, and ecosystems by MIROC-INTEG-222 

LAND. We considered the following three socio-economic scenarios that are based on the SSP 223 

framework (O’Neil et al. 2017, Riahi et al. 2017). 224 

SSP1: Sustainability – Taking the green road 225 

SSP2: Middle of the road 226 

SSP3: Regional rivalry – A rocky road 227 

Supplementary Table S1 summarizes the characteristics of each SSP as it applies to the estimates 228 

obtained using MIROC-INTEG-LAND. The characteristics of each socio-economic scenario are 229 

explained in Section 3.3. 230 

 231 

3.2 Climate scenarios 232 

In this study, daily bias-corrected climate model outputs from four models provided by 233 

the Inter-Sectoral Impact Model Inter-comparison Project (ISIMIP, Hempel et al. 2013) are used 234 

to drive the land surface physical process model (MATSIRO), crop growth model (PRYSBI2), 235 

and terrestrial ecosystem model (VISIT). MATSIRO requires surface air temperature, 236 

precipitation, wind speed, specific humidity, solar radiation, and surface pressure at 3-hourly 237 

timesteps; the daily data are converted to 3-hour values based on the method proposed by Debele 238 

et al. 2007 and Willet et al. 2007. The five climate models are GFDL-ES2M (Dunne et al., 239 

2012), HadGEM2-ES (Jones et al., 2011), IPSL-CM5A-LR (Dufresne et al., 2012), Nor-ESM 240 

(Bentsen et al., 2012), and MIROC-ESM-CHEM (Watanabe et al., 2011). For each model, four 241 

Representative Concentration Pathways (RCP2.6, 4.5, 6.0, 8.5, from 2006 to 2100) are used. 242 
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 243 

3.3 Combination of socio-economic and climate scenarios 244 

Future projection experiments by MIROC-INTEG-LAND are conducted based on the 245 

three socio-economic scenarios (SSP1-3) and four climate scenarios (RCP2.6, 4.5, 6.0, 8.5). As 246 

explained above, MIROC-INTEG-LAND uses the results of the integrated assessment model 247 

AIM/Hub as input, but in the calculations of AIM/Hub, the scenarios SSP1-RCP6.0 and SSP1-248 

RCP8.5, SSP2-RCP8. 5, SSP3-RCP8.5 are not available. This is because the greenhouse gas 249 

(GHG) concentrations in the AIM/Hub baseline scenario are lower than RCP6.0 for SSP1 and 250 

lower than RCP8.5 for SSP2 and SSP3. Therefore, in future projection simulations, the SSP1-251 

baseline results estimated by AIM/Hub are used for SSP1-RCP6.0, those of the SSP2-baseline 252 

for SSP2-RCP8.5, and those of the SSP3-baseline for SSP3-RCP8.5. It should be noted that there 253 

is an unavoidable inconsistency between the input value estimated by AIM/Hub and other 254 

estimates for SSP1-RCP6.0, SSP2-RCP8.5, and SSP3-RCP8.5. This inconsistency arises because 255 

there is no bias-corrected climate scenario equivalent to the SSP1-, SSP2-, and SSP3-baselines in 256 

AIM/Hub. These inconsistencies are resolved when MIROC-INTEG-LAND is coupled with an 257 

Earth System Models (ESMs) (Yokohata et al. in preparation) by calculating these climate 258 

scenarios using the ESM component. 259 

Figure 2 shows the time series of socio-economic scenarios, calculated by the integrated 260 

assessment model AIM/Hub. Population depends solely on SSPs (KC & Lutz 2017). In SSP1, 261 

which is a sustainability scenario, population growth is suppressed and the population decreases 262 

after 2050. Under SSP3, the population continues to grow, reaching around 13 billion by 2100. 263 

On the other hand, GDP increases significantly in SSP1 and SSP2, but not substantially in SSP3 264 

(Dellink et al. 2017). GDP is hardly dependent on climate scenarios, partly because it does not 265 

consider the effects of climate change. 266 

Future changes in food demand show a small increase in SSP1 and a large increase in 267 

SSP3, with SSP2 in between. Changes in food demand are not dependent on climate scenarios. 268 

On the other hand, future increases in the demand for bioenergy crops depend on both socio-269 

economic and climate scenarios. The demand for bioenergy crops is generally low for SSP1, as 270 

in the case of food demand. In SSP2, the demand for bioenergy crops under the RCP2.6, 4.5, 6.0 271 
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scenarios is large, larger than that in SSP1. The demand for bioenergy crops under RCP4.5, 6.0 272 

in SSP3 is even greater than that in SSP2. 273 

 274 

 275 

Figure 2. Time sequence of the sum of the global population (1st row), GDP (2nd row), food crop 276 

demand (3rd row), and bioenergy crop demand (4th row) under the SSP1 (left), SSP2 (middle), 277 

and SSP3 (right) scenarios used as inputs to MIROC-INTEG-LAND. Population does not 278 
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depend solely on representative concentration pathways (RCPs), so it is shown in black. The line 279 

colors show the results obtained for the RCP2.6 (blue), RCP4.5 (green), RCP6.0 (yellow), and 280 

RCP8.5 (red) scenarios. See Section 3.3 for details on SSP-RCP combinations. Time sequences 281 

are calculated using AIM/Hub. 282 

 283 

4 Results 284 

4.1 Changes in climate conditions 285 

MIROC-INTEG-LAND uses atmospheric variables, such as surface air temperature and 286 

precipitation, as inputs for the model, and calculates the land surface variables, such as soil 287 

moisture/temperature, and river flows, in the model. As shown in Figure S1, the variations in 288 

surface air temperature rise and precipitation differ depending on the GHG concentration 289 

scenarios. In the RCP8.5 scenario, where the surface air temperature rises the most, precipitation 290 

increases, but average global soil moisture decreases. This is because evapotranspiration 291 

increases globally as the surface air temperature rises. In addition, the future drought months in a 292 

year are projected to increase as temperatures rise (Figure S2). Here, we defined the drought 293 

months as the months when river flows are less than 20% of historical values. Figure S2 shows 294 

that the number of drought months increases with the magnitude of climate change. In general, 295 

future climate warming is projected to promote drying of the land surface in the climate model 296 

ensemble used in this study. 297 

 298 

4.2 Changes in crop yields 299 

Figure 3 shows future changes in crop yields. The land-use model TeLMO uses the 300 

maximum yield of the five crops in each grid cell for the projection of cropland area (Yokohata 301 

et al. 2020). Figure 3 shows the time series for the maximum yields of the five crops in each grid 302 

cell averaged over the cropland area in the base year (2005). In the crop growth model 303 

PRYSBI2, future crop yields are generally determined by the CO2 fertilization effects, climate 304 

change, and technological development. As shown in Figure 3, higher CO2 concentrations in the 305 

climate scenario tend to have greater increases in crop yields; for example, the yields under 306 
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RCP6.0 and RCP4.5 are higher than those under RCP2.6. On the other hand, under RCP8.5, the 307 

crop yield is projected to decrease in the latter half of the 21st century due to the large influence 308 

of climate change and the shortening of the growing period as the temperature rises (the growing 309 

period is estimated from total number of heat unit based on degree days; Yokohata et al. 2020).  310 

Furthermore, in PRSYBI2, the increase in crop yield due to future technological 311 

developments is formulated as a function of GDP (Sakurai et al. 2014). Therefore, differences in 312 

the SSP scenarios also contribute to the future crop yields. Compared to SSP1 and SSP2, the 313 

effect of increasing yields through technological developments is smaller under the SSP3 314 

scenario because GDP growth is slower. 315 

Crop yields increase globally under RCP2.6, RCP4.5 and RCP6.0 (Figure S3). Under 316 

RCP8.5, the changes are mixed with a decrease in crop yields in the mid-latitudes (i.e., North 317 

America, Europe and inland Australia) and an increase in the low-latitudes (i.e., Africa and 318 

South America). The increase in crop yields is related to CO2 fertilization effects and 319 

technological development, while the decrease is due to the effect of climate change (i.e., 320 

shortening of the growing period; Yokohata et al. 2020). A mechanistic description of the 321 

impacts of CO2 fertilization effects and climate change on crop yields is provided in Section 5. 322 

 323 

Figure 3. Time sequence of the maximum yield of five crops per grid calculated by MIROC-324 

INTEG-LAND. The maximum yield of five crops in each grid is weighted by the cropland area 325 

in the year 2005 (unit: tons / ha). The line colors show the results obtained under the RCP2.6 326 

(blue), RCP4.5 (green), RCP6.0 (yellow), and RCP8.5 (red) scenarios. Thin lines are the results 327 

obtained from four GCMs, and thick lines are the average values obtained from four GCMs. 328 

 329 
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4.3 Changes in food and bioenergy cropland area 330 

Figure 4a shows the future changes in food cropland area simulated by MIROC-INTEG-331 

LAND. For comparison with the calculation results by MIROC-INTEG-LAND, Figure 4b also 332 

shows the results of food cropland area by AIM/Hub (Fujimori et al. 2017). The MIROC-333 

INTEG-LAND results under SSP1 show that the increase in food cropland area is small relative 334 

to other SSPs because the demand for food crop is small under the SSP1 scenario (Figure 2). As 335 

for their dependence on the climate scenario, the cropland area under RCP2.6 is relatively large 336 

compared to that under RCP4.5 or RCP6.0, because the food crop yield is suppressed due to the 337 

lower CO2 fertilization effect. On the other hand, under RCP8.5, the food cropland area is 338 

projected to increase in the latter half of the 21st century because the crop yields are projected to 339 

decrease due to the impacts of climate change, as shown in Figure 3. With SSP3-RCP 8.5, the 340 

food cropland area in 2100 is projected to expand to about twice that of the 20th century. Details 341 

of the impacts of CO2 fertilization effects and climate change on crop yields are discussed in 342 

Section 5. 343 

 344 

 345 
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Figure 4. Time sequence of food cropland area calculated by MIROC-INTEG-LAND (top row). 346 

The results of the SSP1 (left), SSP2 (middle), and SSP3 (right) scenarios. The cropland area is 347 

calculated by AIM/Hub (bottom row). The unit is the ratio of cropland area to the global land 348 

area. Line colors and styles are the same as those in Figure 3, but the results obtained using 349 

AIM/Hub have only one ensemble member. 350 

 351 

Figure S4 shows global maps of changes in the food cropland area estimated using 352 

MIROC-INTEG-LAND. Under all SSPs, the food cropland area tends to increase in North and 353 

South America. Changes in the food cropland area in Africa, India and China have different 354 

outcomes depending on the SSPs. Under SSP1, the food cropland area is projected to decrease in 355 

Africa, India, and China. On the other hand, under SSP2 and SSP3, the food cropland area is 356 

projected to increase in Africa, India and China, and the expansion is particularly large under 357 

SSP3. In Africa, India and China, the changes in food cropland area differs markedly depending 358 

on the population growth and food demand (Figure 2). 359 

Figure 4b shows the time sequence of food cropland area estimated using AIM/Hub. As 360 

for the dependency on socio-economic scenarios in AIM/Hub, the cropland area is projected to 361 

decrease under SSP1, increase slightly under SSP2, and increase by up to 50% under SSP3 362 

(Figure 4b). This dependency in the SSP scenarios should be interpreted as demand- and supply-363 

side drivers. For the demand side, SSP1 is characterized by having a low population and low 364 

consumption in livestock-related goods, which leads to relatively low agricultural production. In 365 

contrast, SSP3 has a larger population than the other SSPs and a relatively high livestock-related 366 

demand; consequently, the cropland requirement is high. Considering the supply side, the crop 367 

yields under SSP1 are assumed to be higher than those under either SSP2 or SSP3, based on the 368 

storylines of the SSPs (O’Neill et al. 2017), which can also be a factor contributing to the 369 

decrease in cropland area in AIM/Hub. 370 

As for the dependency of the climate scenario (RCPs) employed in AIM/Hub, the more 371 

mitigation measures are taken, the lower the expansion of food cropland area will be, as shown 372 

in Figure 4b. The climate policy factor in AIM/Hub is also associated with the supply-side 373 

stories. For example, land demand pressure would increase owing to an expansion in bioenergy 374 

demand and afforestation under low-carbon scenarios, such as RCP2.6. Consequently, land rent 375 
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and crop yield could both increase due to such increases in land demand. Thus, both demand- 376 

and supply-side changes would reduce cropland area under RCP2.6 (Figure 4b). 377 

Figure 5a shows the future changes in bioenergy cropland area simulated by MIROC-378 

INTEG-LAND. The results of the expansion in bioenergy cropland area differ markedly 379 

depending on the socio-economic scenario. As in the case of food cropland area, the demand for 380 

bioenergy crops is small under SSP1 compared to that under SSP2 and SSP3 (Figure 2), so the 381 

expansion of bioenergy cropland is small. As for the dependence on climate scenarios, bioenergy 382 

cropland areas are needed earlier and more extensively in scenarios where aggressive mitigation 383 

measures are implemented, such as those under RCP2.6 (Figure 5a). 384 

 385 

 386 

Figure 5. The same as Figure 4, but graphs show the bioenergy cropland area. 387 

 388 

Figure S5 shows the global distribution of changes in the bioenergy cropland area in 389 

MIROC-INTEG-LAND. The bioenergy cropland area is projected to increase in Africa, 390 
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Australia, South America, and North America under all scenarios. Note that TeLMO assumes 391 

that bioenergy crops are not grown in biodiversity hotspots (Yokohata et al. 2020). Changes in 392 

bioenergy cropland area are greater in these areas under SSP2 and SSP3 compared to those under 393 

SSP1, and under RCP2.6 and RCP4.5 compared to those under RCP8.5. 394 

Figure 5b shows the results of the bioenergy cropland area estimated by AIM/Hub using 395 

the same bioenergy crop demands as MIROC-INTEG-LAND. As in the case of food cropland 396 

area, MIROC-INTEG-LAND requires a larger bioenergy cropland area compared to AIM/Hub, 397 

with the shape of the curves and the order of the scenarios being similar between the two models. 398 

The results shown in Figure 5a and 5b are consistent with those of Kato and Yamagata (2014), 399 

who showed that the supply of bioenergy crops calculated using a process-based crop model is 400 

larger than that calculated by integrated assessment models. This result is also affected by the 401 

fact that the biofuel crop model employed in Kato and Yamagata (2014) considers C4 herbaceous 402 

plants which are relatively resistant to drying and high temperatures, and have small CO2 403 

fertilization effects. 404 

In AIM/Hub, the degree of bioenergy cropland expansion is dependent on pressure for 405 

decarbonization from the energy system side. The stringency of the climate mitigation targets 406 

would determine the scale of land required for bioenergy. Regarding the variations in SSP, again 407 

the energy system-side requirements would be a critical factor, as the SSP1 scenario is relatively 408 

dependent upon variable sources of renewable energy, such as solar and wind, whereas the SSP3 409 

scenario is dependent on biomass. Taken together, these dependencies account for the observed 410 

differences in bioenergy cropland area (Figure 5b). 411 

Figure 6a shows the sum of food and bioenergy cropland area estimated by MIROC-412 

INTEG-LAND. As discussed above, differences in socio-economic scenarios play a major role 413 

in the sum of food and bioenergy cropland area, with SSP1 keeping the increase in cropland area 414 

relatively small and stabilizing changes in cropland area in the middle of the 21st century. In 415 

contrast, under the SSP2 and SSP3 scenarios, cropland area is projected to keep increasing 416 

throughout the 21st century. Under the SSP2 and SSP3 scenarios, the increase in demand for 417 

bioenergy crops in RCP2.6, RCP4.5, and RCP6.0, and the decrease in food crop yield due to 418 

climate change in RCP8.5, leading to an expansion in food cropland area. 419 

 420 
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 421 

Figure 6. The same as Figure 4, but graphs show the sum of food and bioenergy cropland areas. 422 

 423 

Figure S6 shows the spatial distribution of changes in the sum of food and bioenergy 424 

cropland areas in MIROC-INTEG-LAND. As mentioned earlier, under SSP1, the food cropland 425 

area is projected to decrease in Africa and India, and the biofuel cropland area is projected to 426 

increase slightly in Africa, Australia, South America, and North America. On the other hand, 427 

under SSP2 and SSP3, the food cropland area is projected to increase in Africa, India and China, 428 

and the bioenergy cropland area is projected to expand in Africa, Australia, South America, and 429 

North America. In South and North America, under all socio-economic and climatic scenarios, 430 

both food and bioenergy cropland area increases, and thus the increase in the sum of these 431 

cropland areas becomes large.  432 

Figure 6b shows that the sum of food and bioenergy cropland area estimated by AIM/Hub 433 

is smaller than the increase estimated by MIROC-INTEG-LAND. One of the reasons for the 434 

disparity between the two models is that they have different food and bioenergy crop yields. The 435 
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results of Figures 4 to 6 show that even if the future food and bioenergy demands are the same, 436 

the results of the cropland area are projected to differ markedly depending on the crop yield and 437 

the method used to estimate the cropland area. Details of the impacts of CO2 fertilization effects 438 

and climate change on food cropland area, as well as the differences in the future projections of 439 

food cropland area between MIROC-INTEG-LAND and AIM/Hub are discussed in Section 5. 440 

4.4 Changes in water demand and ecosystems 441 

One consequence of the expansion of food cropland area is that there will be an increase 442 

in water demand for irrigation. Figure 7a shows the irrigation water demand (the amount of 443 

water abstracted from rivers and groundwater for irrigation) estimated by MIROC-INTEG-444 

LAND. In general, increase (decrease) in food cropland area leads to increase (decrease) in water 445 

demand, due to the increase (decrease) in irrigated cropland area (Yokohata et al. 2020). As 446 

shown in Figure 4a, food cropland area expands in the second half of the 21st century due to the 447 

lower crop yields, especially under the RCP8.5 scenario. As a result, water demand is projected 448 

to increase, especially under the RCP8.5 scenario for SSP3, where the demand for food crops is 449 

substantially high. On the other hand, SSP1 is projected to suppress the expansion of cropland 450 

area, leading to reduced irrigation water demand. 451 

Figure S7 shows the spatial distribution of changes in water demand for irrigation 452 

estimated using MIROC-INTEG-LAND. Water demand for irrigation is considered only in food 453 

cropland area, and the irrigation ratio (ratio of irrigated cropland area to total cropland area) of 454 

each grid cell is fixed at the value of the base year (2006). Under SSP1, the demand for irrigation 455 

water is projected to decrease in India and China due to the decrease in food cropland area. 456 

Under SSP2 and SSP3, the demand for irrigation water is projected to increase in India and 457 

China, where the food cropland area is increased, as shown in Figure 4a. 458 

 459 
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 460 

Figure 7. a) Time sequence of irrigation water demand. The unit is the global total annual 461 

irrigation water demand (unit is km3/year); b) cumulative CO2 emissions due to changes in land 462 

use (unit is GtCO2, 1015 kg of CO2). The cumulative values of the amount of CO2 emitted in each 463 

year are shown. Line colors and styles are the same as those in Figure 3.  464 

 465 

Figure 7b shows the cumulative CO2 emissions due to changes in land use estimated by 466 

the ecosystem sub-model VISIT. The cumulative CO2 emissions due to the land use change were 467 

estimated using the difference in land carbon content between the experiments with land use 468 

change and those with fixed land use in the year 2005. Changes in land use are projected to 469 

reduce net carbon sinks in terrestrial ecosystems. As shown in Figure 7b, SSP1 suppresses the 470 

expansion of agricultural land, so cumulative CO2 emissions can be kept relatively low 471 

regardless of the climate scenario. The cumulative CO2 emissions by 2100 due to land use 472 

change under SSP1 are approximately 100 GtCO2. On the other hand, under SSP2 and SSP3, the 473 

cumulative CO2 emissions due to changes in land use are projected to be larger compared to 474 

SSP1. Not only under RCP2.6, where aggressive mitigation measures are adopted, but also under 475 
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RCP4.5 and RCP6.0, the cropland area is projected to expand due to increased demand for 476 

bioenergy crops; as a result, cumulative CO2 emissions increase. Overall, cropland area under 477 

SSP3 is larger than that under SSP2, which would result in higher cumulative CO2 emissions. 478 

Cumulative CO2 emissions by 2100 due to changes in land use are projected to be approximately 479 

300 GtCO2 under SSP2 (RCP2.6) and up to about 400 GtCO2 under SSP3 (RCP4.5). According 480 

to the 6the Assessment report by Working Group 1 of Intergovernmental Panel for Climate 481 

Change, the remaining carbon budget limiting global mean surface air temperature rises to 1.5 482 

and 2°C from pre-industrial levels with a 50% probability are 500 and 1350 GtCO2, respectively 483 

(Canadell et al. 2021). The cumulative CO2 emissions associated with land use change as shown 484 

in Figure 7b thus have a significant impact on the achievement of these climate stabilization 485 

targets. 486 

Figure S8 shows the spatial distribution of cumulative CO2 emissions from land use 487 

change simulated by MIROC-INTEG-LAND. The spatial distribution in Figure S8 is essentially 488 

similar to the changes in the sum of food and bioenergy cropland area shown in Figure S6. CO2 489 

emissions associated with land use change are higher under SSP2 and SSP3 than under SSP1, 490 

and are higher in Central Africa, South America, and North America. 491 

 492 

4.5 Impacts of CO2 fertilization effects and climate change 493 

In this subsection, the impacts of CO2 fertilization effects and climate change on food 494 

crop yields, cropland area, irrigation water demand, and CO2 emissions associated with land use 495 

changes are discussed. We also discuss the differences in food cropland areas estimated using 496 

MIROC-INTEG-LAND and AIM/Hub, as shown in Figures 4-6. 497 

Figure 8a shows the crop yields of experiments where the climate condition is fixed 498 

(noCL+FE, using the 2006 value), those where the CO2 fertilization effect is fixed (CL+noFE), 499 

and those where both of the climate condition and CO2 fertilization effect are variable (CL+FE). 500 

In all experiments, the increase in crop yields due to technological developments (Sakurai et al. 501 

2014) is considered. Note that the results of CL+FE are the same as those shown in Figure 3. 502 

As shown in Figure 8a, the crop yields in the noCL+FE experiments are higher than those 503 

in the CL+FE experiments due to the absence of climate change impacts. Similarly, in the 504 
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CL+noFE experiments, the crop yields are smaller than those in the CL+FE experiment, because 505 

there is no CO2 fertilization effect. Figure 8 shows that the decrease in crop yields due to climate 506 

change (climate impact: difference between CL+FE and noCL+FE, negative value) and the 507 

increase in crop yields due to the CO2 fertilization effects (CO2 impact: difference between 508 

CL+FE and CL+noFE, positive value) are comparable to those estimated by MIROC-INTEG-509 

LAND. The climate impacts are larger than the CO2 impacts in scenarios with high CO2 510 

concentrations, such as the RCP8.5 scenario, leading to a decrease in crop yields in the second 511 

half of the 21st century. 512 

 513 

 514 

Figure 8. Time sequence of a) crop yield (unit is t/ha) and b) food cropland area (unit is ratio to 515 

the global land area) in the experiments where the climate conditions are fixed at the year 2006 516 

(noCL+FE: green), CO2 fertilization effect is fixed (CL+noFE: cyan), and the impacts of climate 517 

change and CO2 fertilization effect are considered (CL+FE: black).  518 

 519 
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Figure 8b shows the results of the food cropland area in the noCL+FE, CL+noFE, and 520 

CL+FE experiments. Consistent with the results shown in Figure 8a, the cropland areas in the 521 

noCL+FE experiment are smaller than those in the CL+FE experiments due to the higher crop 522 

yields, and the cropland areas in the CL+noFE experiment are larger than those in the CL+FE 523 

experiment due to the lower crop yields. Interestingly, the absolute impacts of climate and CO2 524 

on food crop yields are similar, but their impacts on food cropland areas are different. This is 525 

because the food cropland area is generally inversely proportional to the food crop yields (see 526 

details in Supporting Information Text).  527 

Previous studies on the future impact of climate change on crop yields, land use changes, 528 

and agricultural sectors have not considered the CO2 fertilization effects (CL+noFE) (Nelson et 529 

al. 2014, Wibe et al. 2015, Mijl et al. 2018, Hasegawa et al. 2015, 2018, 2021). As shown in 530 

Figure 8, in MIROC-INTEG-LAND, the CO2 fertilization effect has comparable impact on crop 531 

yields as that of climate change. Therefore, if the CO2 fertilization effect is not taken into 532 

consideration, the crop yield tends to be underestimated. Therefore, in a scenario with a large 533 

CO2 concentration increase such as under RCP8.5, not clarifying whether experiments were 534 

performed ‘with’ or ‘without’ the CO2 fertilization effect (CL+noFE and CL+FE) can result in 535 

overestimating the future land use changes and their uncertainty ranges. 536 

The food cropland areas simulated by AIM/Hub (Figure 4) do not consider the impacts of 537 

climate change and CO2 fertilization effects. Under the RCP2.6 and RCP4.5 scenarios, the 538 

climate and CO2 impacts on food crop yields are almost compensated for in MIROC-INTEG-539 

LAND (Figure 8). Therefore, the reason why the cropland areas estimated by AIM/Hub are 540 

smaller than those estimated by MIROC-INTEG-LAND are due to differences in technological 541 

development or the effects of bioenergy demands which have the effect of increasing the food 542 

crop yields in AIM/Hub. On the other hand, under the RCP8.5 scenario, the impacts of climate 543 

change decrease estimates of food crop yields in MIROC-INTEG-LAND, as the contribution of 544 

climate change outweighs the CO2 fertilization effects in the second half of the 21st century, as 545 

shown in Figure 8. One of the reasons why the cropland areas estimated by AIM/Hub are smaller 546 

than those estimated by MIROC-INTEG-LAND under the RCP8.5 scenario is because climate 547 

change is projected by the latter model to reduce food crop yields. 548 

Finally, Figure 9 shows the water demand for irrigation and cumulative CO2 emissions 549 
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associated with land use changes in the noCL+FE, CL+noFE, and CL+FE experiments. In the 550 

absence of the CO2 fertilization effect (CL+noFE), the food cropland area increases due to a 551 

decrease in the crop yield, resulting in an increase in water demand for irrigation and CO2 552 

emissions associated with land use change. The results in Figure 9 show that the impacts of CO2 553 

fertilization effects and climate change play an important role in future changes in water demand 554 

and cumulative carbon emissions through the changes in cropland area. 555 

 556 

 557 

Figure 9. Same as Figure 8, but for a) the water demand for irrigation (unit: km3/year), and b) 558 

cumulative CO2 emissions due to land use changes (unit: GtCO2 = 1015 kg of CO2). 559 

 560 

 561 

5 Conclusions 562 

This study evaluated the impact of the combination of future socio-economic and climate 563 

changes on water resources, crop growth, land use and ecosystems. Future food crop yields are 564 

projected to increase, primarily due to CO2 fertilization effects and technological developments; 565 
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however, they are projected to decrease when surface air temperatures rise substantially. Future 566 

changes in food crop yields and demands are projected to affect changes in food cropland areas. 567 

In addition, increasing demand for bioenergy crops for climate change mitigation can also lead to 568 

the expansion of bioenergy cropland areas. 569 

Under the sustainability scenario (SSP1), increases in cropland area are kept small due to 570 

low demand for food and bioenergy crops. On the other hand, under the middle of the road 571 

(SSP2) and regional rivalry (SSP3) scenarios, the demand for food and bioenergy crops is higher 572 

than that under SSP1, so the increase in these cropland areas is large. In general, the 573 

contributions of bioenergy cropland to total cropland area are projected to be substantial under 574 

the RCP2.6, RCP4.5, and RCP6.0 scenarios, while those from food cropland are dominant under 575 

the RCP8.5 scenario. The expansion of food and bioenergy cropland areas is projected to 576 

increase water demand for irrigation and CO2 emissions associated with land use change. It is 577 

important to create a green society, such as that envisaged under SSP1, by reducing the demand 578 

for food and bioenergy and promoting technological innovations, in order to reduce CO2 579 

emissions due to land use changes and to protect biodiversity. 580 

Our analysis showed that the impacts of CO2 fertilization effects and climate change on 581 

crop yields are generally comparable, with the latter being larger than the former when the 582 

increase in GHG concentrations are large such as under the RCP8.5 scenario. Our results also 583 

showed that the CO2 fertilization effects and climate change play a very important role in food 584 

cropland areas, water demand for irrigation, and CO2 emissions due to land use change. 585 

Therefore, when the CO2 fertilization effect is ignored, the food cropland areas are greatly 586 

overestimated, especially under scenarios where the increase in CO2 concentrations is large. To 587 

improve the accuracy of projecting these impacts on the global system, it is important to increase 588 

current knowledge about the CO2 fertilization effects as well as the impacts of climate change on 589 

crop yields (Ainsworth and Long 2005, Erda et al. 2005, Sakurai et al. 2014, Degener 2015, 590 

McGrath and Lobell 2013, Wang et al. 2020). 591 

The socio-economic scenarios adopted in CMIP6 do not consider the impacts of climate 592 

change and CO2 fertilization effects on crop yields when projecting future land use change (Riahi 593 

et al. 2017, O’Neil et al. 2017, van Vuuren et al. 2017, Fricko et al. 2017, Fujimori et al. 2017). 594 

The results obtained using MIROC-INTEG-LAND show that the expansion of cropland area is 595 
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larger than that estimated using AIM/Hub, which does not consider the impacts climate change 596 

and the CO2 fertilization effect. This difference between the two models is caused by the impacts 597 

of climate change, especially under scenarios with high GHG concentrations, such as RCP8.5. 598 

The results of this study demonstrate the importance of considering the interactions between 599 

Earth and human systems when constructing future socio-economic and climate scenarios. 600 
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Text S1. The impacts of climate and CO2 on food crop yields and cropland area 

As shown in Figure 8, the absolute impacts of climate and CO2 on food crop 

yields are similar, but their impacts on food cropland areas are different. This is because 

the food cropland area is generally inversely proportional to the food crop yields. Let Y0 

be the crop yield of the CL+FE experiment, Y0 + YCL be the crop yield of the noCL+FE 

experiment, and Y0-YFE be the crop yield of the CL+noFE experiment. Here, YCL and YFE 

represent the contributions of the climate change and the CO2 fertilization effect on the 

crop yield, respectively (both positive values). Assuming that the food cropland areas of 

the CL+FE, noCL+FE, and CL+noFE experiments are A0, ACL, and AFE, respectively, then 

the ratio of each cropland area is as follows. 

ACL/A0~Y0/(Y0+YCL)=(1+YCL/Y0)-1 

AFE/A0~Y0/(Y0-YFE)=(1-YFE/Y0)-1 

If the contributions of climate change and the CO2 fertilization effects are very small 

(YCL/Y0, YFE/Y0 approach to zero), 

ACL/A0 ~ 1,  

AFE/A0 ~ 1.  

On the other hand, if the contributions of climate change and the CO2 fertilization effect 

are large enough, that is, if YCL/Y0 and YFE/Y0 approach to 1, then  

ACL/A0 → 1/2,  

AFE/A0 → ∞.  

Therefore, the contribution of CO2 fertilization effects on food cropland area (AFE) is 

relatively large compared to that of climate change (ACL). For example, if the food crop 

yields in 2100 under the RCP8.5 scenario are Y0 = 5.5, YCL = 4.0, YFE = 3.0 [t/ha], then the 

changes in food cropland area can be estimated as ACL/A0 ~ 0.57 and AFE/A0 ~ 2.2 by 

using the above equations. This estimation corresponds to a decrease in ACL by 

approximately 43%, AFE increases by approximately 120%, which is generally consistent 

with the results shown in Figure 9. In other words, even if the climate and CO2 impacts 
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on crop yields (YCL and YFE) are comparable, their effects on changes in cropland areas 

(ACL-A0 and AFE-A0) are relatively larger in the latter case compared to the former case.  

 
 
 

Table S1. The characteristics of the SSP scenarios adopted from O’Neil et al. 2017.    
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Figure S1. Time sequence of anomalies in surface air temperature (left, unit is K), 
precipitation (middle, unit is mm/year), and volumetric soil moisture content (right, unit 
is mm in top 1m). The baseline of anomaly is the 20-year average from 2006-2025. The 
surface air temperature and precipitation are used as the input for the model, and other 
variables are calculated by MIROC-INTEG-LAND. Global average (surface air 
temperature) and average for global land area (precipitation, soil moisture) are shown. 
The line colors show the results obtained under the RCP2.6 (blue), RCP4.5 (green), 
RCP6.0 (yellow), and RCP8.5 (red) scenarios. Thin lines are the results obtained from four 
GCMs, and thick lines are the average values obtained from four GCMs. 

 

 
Figure S2. Time sequence of the number of drought months calculated by MIROC-
INTEG-LAND. The average results over the global land area are shown. Drought months 
are defined as the number of months with river flows below the 20 percentiles for each 
month in historical experiments (1950-2005). If the number of drought months is 3, it 
means that there are 3 months in the year with river flows below the 20 
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Figure S3. Global map showing anomalies in crop yields (unit is tons/ha). The anomalies 
are calculated by the difference between the averages of 2081-2100 and 2006-2025. 
Crop yield is calculated in the same way as in Figure 3. 
 

 
Figure S4. Same as Figure S3, but for anomalies in food cropland area. The unit is the 
ratio of the cropland area in each grid / total area of the grid. 
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Figure S5. Same as Figure S3, but for anomalies in bioenergy cropland area. The unit is 
the same as that in Figure S4. 
 

 
Figure S6. Same as Figure S3, but for anomalies in bioenergy cropland area. The unit is 
the same as that in Figure S4. 
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Figure S7. Same as Figure S3, but for anomalies in water demand for irrigation. The unit 
is kg/sec in each grid (1° longitude and latitude). 
 

 
Figure S8. Time Cumulative CO2 emissions due to land use change. The cumulative 
emission from 2006 to 2100 is shown. The unit is kgCO2/m2. 
 


