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ABSTRACT 11 
 12 
Meeting the increasing global demand for agricultural products without depleting the limited 13 

resources of the planet is a major challenge that humanity is facing. Most studies on global food 14 

security do not make projections past the year 2050, just as climate change and increasing 15 

demand for food are expected to intensify. Moreover, past studies do not account for the water 16 

sustainability limits of irrigation expansion to presently rainfed areas. Here we perform an 17 

integrated assessment that considers a range of factors affecting future food production and 18 

demand throughout the 21st century. We evaluate the self-sufficiency of 165 countries under 19 

sustainability, middle-of-the-road, and business-as-usual scenarios considering changes in diet, 20 

population, agricultural intensification, and climate. We find that under both the middle-of-the-21 

road and business-as-usual trajectories global food self-sufficiency is likely to decline despite 22 

increased food production through sustainable agricultural intensification since projected food 23 

demand exceeds potential production. Contrarily, under a sustainability scenario, we estimate 24 

that there will be enough food production to feed the global population. However, most countries 25 

in Africa and the Middle East will continue to be heavily reliant on imports throughout the 21st 26 

century under all scenarios. These results highlight future hotspots of crop production deficits, 27 

reliance on food imports, and vulnerability to food supply shocks.  28 

 29 

 30 

 31 
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INTRODUCTION 32 

The increasing demand for agricultural products as a result of demographic growth and dietary 33 

transitions is raising new concerns on the extent to which humanity will be able to continue to 34 

feed itself with the limited resources of the planet (Godfray et al 2010, Foley et al 2011, Kummu 35 

et al. 2017). According to some predictions global crop production will need to at least double by 36 

2050 to meet projected food demand resulting from population growth and the ongoing shift to 37 

richer diets (Godfray et al 2010, Tilman et al 2011, Alexandratos and Bruinsma 2012). At the 38 

same time, it is necessary to ensure food security for the 821 million people now chronically 39 

undernourished (United Nations 2018). However, current crop yield trends do not put us on track 40 

to double food production by 2050 (Ray et al 2013). The combination of current levels of 41 

chronic malnutrition, rapid population growth, changes in diets and predicted stagnation or even 42 

decreases in crop yields is alarming (e.g., Brown 2012). 43 

 44 

Previous studies have assessed the avenues by which humanity can meet future food needs by 45 

reducing demand and/or increasing production (e.g., Foley et al 2011). For instance, there are 46 

ways to moderate food demand by decreasing meat consumption and shifting to plant-based diets 47 

(Cassidy et al 2013, Jalava et al 2014, Davis et al 2014), reducing food waste (Kummu et al 48 

2012), minimizing inefficiencies in resource use through improved technology and management 49 

(Springmann et al 2018), optimization in the spatial distribution of crops (Davis et al 2017), or 50 

more efficient fertilization and watering techniques (e.g., Jägermeyr et al 2016). Other studies 51 

have estimated ways to increase food production by sustainably increasing crop yields on 52 

existing croplands, while preventing agricultural expansion into biodiversity-rich ecosystems 53 

(Pretty 2018, Phalan et al 2011, Garnett et al 2013). In fact, it has been estimated that much of 54 

the world’s croplands can still attain higher crop yields potentially increasing crop production by 55 

45% to 70% (Mueller et al 2012). Importantly, narrowing yields gaps – the difference between 56 

biophysical potential yield and current yield (Lobell et al 2009, Van Ittersum et al 2013) – in 57 

underperforming croplands will enhance food self-sufficiency in developing countries where 58 

almost all the increase in food demand will come from (Alexandratos and Bruinsma 2012).  59 

 60 

Water and nutrients are important factors limiting crop production (Mueller et al 2012). While 61 

advances in technologies have allowed humanity to economically produce fertilizers (Erisman 62 
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2008), water still remains a major limiting factor constraining crop production (e.g., Falkenmark 63 

and Rockstrom 2004, D’Odorico et al 2018). Sustainable irrigation expansion to enhance crop 64 

yields on current water-limited rain-fed croplands has recently received particular attention as a 65 

viable strategy to meet the increasing demand for food (Rosa et al 2018, Rosa et al 2020). 66 

Sustainable irrigation expansion ensures that freshwater stocks are not depleted and 67 

environmental flows are maintained, while preventing agricultural expansion into biodiversity-68 

rich ecosystems (Rosa et al 2019). Currently, 500 million small farms world-wide (most of 69 

which are rain-fed croplands), provide approximately 80 percent of food consumed in the 70 

developing world (United Nations 2018). Hence, by sustainably expanding irrigation onto rain-71 

fed croplands in locations where sustainable irrigation is deemed feasible (Rosa et al 2018; Rosa 72 

et al 2020), crop production and food availability can be increased without incurring in the 73 

environmental impacts arising from the expansion of the land footprint of agriculture into 74 

pristine ecosystems. The focus here is on water resources as the limiting factor to yield gap 75 

closure because nutrient limitations can be overcome through fertilizer applications. Conversely, 76 

irrigation water scarcity can seldom be addressed with physical water transfers, as irrigation 77 

water volumes are too cumbersome and heavy to be transported over long distances.   78 

 79 

The extent to which yield gaps will be narrowed will also depend on climate change, which is 80 

expected to decrease crop productivity in major global breadbaskets (Aggarwal et al 2019, 81 

Schleussner et al 2018, Vogel et al 2019). Climate change will alter yields through changes in 82 

temperature, precipitation, insect pests, and atmospheric concentration of CO2 (Lobell and 83 

Gourdji 2012, Deutsch et al 2018, Ostberg et al 2018, Warszawski et al 2014). Importantly, 84 

yields are likely to be reduced in low-input agricultural systems characterized by large yield gaps 85 

(Rosenzweig et al 2014). For example, rain-fed croplands will be severely exposed to more 86 

unpredictable rainfall and precipitation patterns (Rojas et al 2019, Fitton et al 2019). 87 

 88 

Most studies on global food security do not make projections past the year 2050 (e.g., Godfray et 89 

al 2010, Fader et al 2013), just as climate change and increasing demand for food are expected to 90 

intensify. Moreover, previous studies have accounted for major drivers of global food production 91 

and demand independently, without considering the full-suite of factors that will affect future 92 
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food security: population growth, dietary changes, climate change, and the extent by which crop 93 

yield gaps can be sustainably narrowed with the limited freshwater resources of the planet.  94 

 95 

Here we assess food production and demand throughout the 21st century. Food production is 96 

evaluated by accounting for changes in crop yields due to climate change for four major crops 97 

under three Representative Concentration Pathway (RCP) scenarios (IPCC 2014; Warszawski et 98 

al 2014) and assuming that current yields will be boosted through sustainable irrigation 99 

expansion (Rosa et al 2018), to 80% of yield potential. Using the agricultural demand indicators 100 

of three Shared Socio-economic Pathways (SSP) (Riahi et al 2017, O’Neill et al 2014; Popp et al 101 

2017), we assess changes in plant- and animal-based demand in diets, while also accounting for 102 

different population growth forecasts. While the SSP scenarios allow for an increase in cropland 103 

area, here we use them only to infer future dietary shifts without changing the spatial extent of 104 

farmland. Rather, we account for the increase in crop production that would result from the 105 

sustainable intensification of agriculture. Indeed, the goal of this study is to evaluate the extent to 106 

which it is possible to sustainably meet the increasing food demand without further 107 

encroachment of agriculture into natural ecosystems. By combining food demand and 108 

production, we assess self-sufficiency ratios for 165 countries, considering different scenarios of 109 

population growth, climate change, and dietary changes under sustainable irrigation expansion. 110 

 111 

This analysis sheds light on possible pathways of food self-sufficiency in the 21st century in the 112 

context of food availability. This study solely considers the food availability pillar of food 113 

security and does not consider food access and utilization (Sen, 1981; FAO, 2002). Nevertheless, 114 

food security depends on the ability of agricultural lands to produce enough food to meet rising 115 

demand. Thus, here we focus on the sustainable intensification of agriculture through irrigation, 116 

complementing previous studies on food system resilience and economic access to food 117 

(Kinnunen et al 2020; Puma et al 2015; Suweis et al 2015; Seekell et al 2017).  Self-Sufficiency 118 

ratios inform us about which countries may produce enough crops to meet their domestic 119 

demand, and which will likely depend on international food trade to feed their population (Puma 120 

et al 2015; Suweis et al 2015; Seekell et al 2017). The results of this study could be used to 121 

determine future hotspots of crop production deficits or surpluses, the reliance of countries on 122 
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food imports (Macdonald 2013; Porkka et al 2013), and their vulnerability to food supply shocks 123 

(Puma et al 2015; Marchand et al 2016).  124 

 125 

METHODS 126 

We define self-sufficiency as the ability of a country to meet the caloric demand of its population 127 

through domestic food production in a given year. The country-specific self-sufficiency ratios 128 

(SSR) are measured as the total estimated kcal production divided by the total estimated kcal 129 

demand of each individual country for the years 2030, 2050, 2080, and 2100. A country is 130 

considered self-sufficient (in terms of food availability) if it has an SSR of 1 or greater (>1 131 

indicates a surplus), while a country with an SSR less than 1 is not self-sufficient. For countries 132 

that are not self-sufficient, the number of people that cannot be fed is derived by subtracting the 133 

self-sufficiency ratio from 1 and multiplying by the projected population of the respective 134 

country. Figure 1 shows the conceptual framework used to assess the projected production and 135 

demand in the 21st century.  136 

Projected food production is a function of sustainable irrigation expansion, and changes in yield 137 

due to climate change (figure 1). We assume that current yields for 22 crop classes will be 138 

boosted to 80% of yield potential through sustainable irrigation intensification globally (Rosa et 139 

al 2018). The percentage of losses and other uses (e.g. biofuels) per crop were calculated as the 140 

five-year average of the 2009 - 2013 period (FAO 2017a) and assumed to remain constant. 141 

Estimates of percent yield change under climate change were derived for the four major crops 142 

(rice, maize, wheat and soy) under three RCP scenarios (RCP 2.6, RCP 6.0, and RCP 8.5) from 143 

five global gridded crop models (GGCMs) (GEPIC, LPJ-GUESS, LPJmL, PEGASUS, and 144 

pDSSAT) forced by the bias-corrected global climate model HadGEM2-ES from the Inter-145 

Sectoral Impact Model Intercomparison Project (ISIMIP) (Rosenzweig et al 2014, Warszawski 146 

et al 2014, Taylor et al 2012, Ostberg et al 2018, van Vuuren et al 2011). The multi-model mean 147 

of percent yield change (∆𝑌𝑌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐) for the four major crops was calculated for each of the three 148 

RCPs for the years 2030 to 2100. The projected production accounting for climate change for 149 

maize, rice, wheat and soybean was then added to the current available production data of the 150 

remaining 18 crops (without accounting for possible effects of climate change) to find the total 151 
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available production in kilocalories for food and feed (Pavailable) for each country, year, and RCP 152 

scenario.  153 

 154 

Projected demand is a function of dietary changes and population growth forecasts (Figure 1). 155 

Under SSP1, diets with low-animal calorie shares prevail; under SSP2 caloric consumption and 156 

animal calorie shares converge towards moderate levels; and under SSP3 diets with higher 157 

animal shares prevail (Riahi et al 2017, van Vuuren et al 2017, Fricko et al 2017, Fujimori et al 158 

2017, Popp et al 2017). The annual fractions of animal-based consumption and vegetal-based 159 

consumption of per capita diets were extrapolated from the IIASA agricultural demand data (SSP 160 

Database Version 2.0)  (Riahi et al 2017; Popp et al 2017). We assumed that for human well-161 

being, an individual should consume a daily energy requirement, Fwb, of 2327 kcal per capita per 162 

day (e.g., D’Odorico et al 2019a). The diet scenarios considered in this study differ in the 163 

fraction of animal and plant products consumed, but not in the caloric intake itself, which is 164 

assumed to be constant. In order to calculate the crop calorie demand from animal products (i.e., 165 

the feed demand), the plant to animal caloric conversion factors (q) per country and the initial 166 

fraction of total animal calories from feed-fed production (r) were taken from Davis et al (2014). 167 

We estimated the total annual projected caloric demand per country by multiplying the per capita 168 

demand by the estimated population of a country under the corresponding population variant 169 

(var) (Figure 1).  Population estimates were taken from the United Nations 2019 World 170 

Population Prospects which include low, medium, and high population variants (United Nations 171 

2019). We define three main scenarios in which we group these factors – sustainability, middle-172 

of-the-road, and business-as-usual. Under the sustainability scenario, we pair the low climate 173 

change scenario (RCP 2.6), diets with low animal-calorie shares (SSP1), and the low population 174 

variant. Under the business-as-usual scenario, we pair the high climate change scenario (RCP 175 

8.5), diets with high animal-calorie shares (SSP3), and the high population variant. The middle-176 

of-the-road scenario pairs RCP 6.0, with moderate diets (SSP2), and the medium population 177 

variant (Riahi et al 2017, Popp et al 2017). A more detailed description of the methods is in the 178 

Supplementary Materials. 179 

 180 
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 181 

Figure 1. Self-sufficiency ratio framework. This figure shows the methodological framework 182 
used to carry-out our analysis. Note that ∆𝑌𝑌𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐  depends on RCP; 𝐴𝐴𝑥𝑥,𝑛𝑛 and 𝑉𝑉𝑥𝑥,𝑛𝑛 depend on SSP; 183 
and population variant depends on scenario evaluated.  184 

 185 

RESULTS 186 

Future food demand 187 

We find that future food demand will strongly depend on the population estimates and future 188 

diets of the scenario pursued. Under the sustainability scenario, food demand for crops and 189 

animal products increases gradually until mid-century and then decreases by 12% by 2100 190 

compared to 2019 (Figure 2). Under the middle-of-the-road scenario food demand for crops and 191 

animal products increases by approximately 45% by the end of the century. Under the more 192 

conservative sustainability and middle-of-the-road scenarios, the share of animal-based products 193 

in diets will range from 5% to 12% globally, respectively. Under a business-as-usual scenario, 194 
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animal-based product consumption may be up to 52% in OECD countries and will increase in 195 

every region. We find that current food production will have to triple by 2100 to meet demand 196 

under business-as-usual (Figure 2).  197 

    198 

Figure 2. Global caloric demand in the 21st century. This figure shows the historical (gold) 199 
and projected global caloric demand from 2005 to 2100 based on the projected dietary trends 200 
paired with low, medium, and high  population growth estimates for the sustainability (green), 201 
middle-of-the-road (blue), and business-as-usual (red) scenarios, respectively. 202 

 203 

Self-sufficiency in the 21st century 204 

We currently produce enough food globally to feed today’s global population (Holt-Giménez et 205 

al 2012). In year 2000 most countries were self-sufficient and there was enough excess food 206 

production in certain regions to meet demand with trade in countries that were not self-sufficient 207 

(Figure 3a).  208 

Sustainability Scenario 209 

We deduce that by the end of the century under a sustainability scenario, half of the world’s 210 

countries will be self-sufficient whilst the other half will be dependent on food imports (Figure 211 

3b). In 2100, Nigeria, Democratic Republic of Congo, Ethiopia, and the United Republic of 212 
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Tanzania will need to import vast quantities of food to feed an estimated 885 million people 213 

(Figure 4b), while China, the United States, Brazil, Russia, Argentina, Ukraine, Canada, and 214 

Australia will produce a surplus of food that could be exported and potentially feed 3.65 billion 215 

people (Figure 4a). Under this scenario, by 2100 enough food could be produced to feed the 216 

forecasted global population of 7.3 billion people (Table 1). Interestingly, China will transition to 217 

a state of surplus production and net export as a result of narrowing yield gaps through 218 

sustainable irrigation expansion and the expected stagnation in food demand. 219 

 220 

Figure 3. Global self-sufficiency ratios in the 21st century. This figure displays current 221 
country-specific self-sufficiency ratios in year 2000 (a) and projected country-specific self-222 
sufficiency ratios in year 2100 under the three scenarios considered in this study – sustainability 223 
(b), middle-of-the-road (c), and business-as-usual (d). A country is considered self-sufficient if it 224 
has a SSR of 1 or greater (>1 indicates a surplus) shown in green, while a country with an SSR 225 
of less than 1 will not be self-sufficient (purple).  226 

 227 
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 228 

Figure 4. Excess population that can be fed (a) and population for which caloric demand 229 
will not be met (b) (in millions of people) from years 2030 to 2100 under sustainability 230 
scenario. (a) country-specific additional population that could be fed under sustainable yield gap 231 
closure based on excess crop production. (b) population whose food demand will not be met 232 
through domestic food production in each country. Population (in millions) is represented by the 233 
varying bubble sizes. The years are represented by the respective color scales with the lightest 234 
shade for year 2030 and the darkest shade for 2100. If a country has a deficit in one year and 235 
excess another, it will appear on both panels. This figure represents the sustainability scenario. A 236 
similar figure for the middle-of-the-road scenario can be found in the Supplementary Materials 237 
Figure 4.    238 

 239 

 240 

 241 
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Middle-of-the-Road Scenario 242 

Following a middle-of-the road trajectory and reaching a population of 10.8 billion people by 243 

2100, only 36% of countries worldwide will be self-sufficient, while 64% of countries will not 244 

produce enough crops domestically to feed their population (Figure 3c). Under this scenario, 245 

Nigeria, India, Pakistan, Ethiopia, and the Democratic Republic of Congo will heavily depend on 246 

imports while, while China, the United States, Russia, Brazil, Argentina, Ukraine, Canada, and 247 

Australia will produce a surplus of food that could be exported and potentially feed 2.69 billion 248 

people (Supplementary Figure 4). However, even accounting for all excess production under the 249 

middle-of-the-road scenario, we find that approximately 555 million people would remain food 250 

insecure in 2100 (Table 1).  251 

 252 

Table 1. Population self-sufficiency per region under three scenarios (in millions of people). 253 
The table gives the total number of additional people that can be fed or the number of people that 254 
will be food insecure (negative values) under the sustainability, middle-of-the-road, and 255 
business-as-usual scenarios for years 2050 and 2100. 256 

Region 

Sustainability 
RCP 2.6,  

SSP 1,  
Low Pop Variant 

Middle-Of-The-Road 
RCP 6.0,  

SSP 2,  
Medium Pop Variant 

Business-As-Usual 
RCP 8.5,  

SSP 3,  
High Pop Variant 

2050 
Asia 98 -674 -1,152 
Latin America 556 415 251 
Middle East and Africa -1,684 -1,925 -2,219 
OECD 2,374 2,047 -293 
Former Soviet Union 669 667 492 
WORLD 2,013 529 -2,921 

2100 
Asia 1,856 72 -3,229 
Latin America 836 444 -570 
Middle East and Africa -2,332 -3,780 -5,577 
OECD 2,669 2,040 -608 
Former Soviet Union 677 669 131 
WORLD 3,706 -555 -9,852 

 257 

Business-as-Usual Scenario 258 

Under business-as-usual, some countries continue to be self-sufficient with excess production 259 

before mid-century (i.e. United States and China) (Figure 5 and Supplementary Figure 3). 260 

However, if a business-as-usual pathway is pursued and global population reaches 15.6 billion 261 

people, global food demand will dangerously outpace food production by the end of the century. 262 
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In other words, 141 countries will not be self-sufficient (Figure 3d) and food production will not 263 

suffice to meet the caloric demands of approximately 9.8 billion people (~63% of the global 264 

population in year 2100) (Figure 5b and Table 1). Only 14% of countries in the world will be 265 

self-sufficient and have excess crop production. Our study points to Russia, Eastern Europe, and 266 

Thailand as the major bread baskets with export capabilities at the end of the century (Figure 5a).   267 

 268 

Figure 5: Excess population that can be fed (a) and population for which caloric demand 269 
will not be met (b) (in millions of people) from years 2030 to 2100 under sustainability 270 
scenario. (a) country-specific additional population that could be fed under sustainable yield gap 271 
closure based on excess crop production. (b) population whose food demand will not be met 272 
through domestic food production in each country. Population (in millions) is represented by the 273 
varying bubble sizes. The years are represented by the respective color scales with the lightest 274 
shade for year 2030 and the darkest shade for 2100. If a country has a deficit in one year and 275 
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excess another, it will appear on both panels. This figure represents the business-as-usual 276 
scenario.  277 

 278 

DISCUSSION 279 

We show the evolving fragility of the global food system considering different socio-economic 280 

pathways in the 21st century. In pairing the crop demand data with the crop production data , we 281 

found that under a sustainability scenario with a low population estimate of 7.3 billion people 282 

eating diets with lower animal-calorie shares, there will be enough crop production to feed the 283 

global population and an additional 3.4 billion people by 2100 (Table 1). These results agree 284 

with recent studies (Gerten et al 2020) that found that within the current extent of croplands it is 285 

possible to sustainably feed 10.2 billion people (though, without accounting for changes in yields 286 

due to climate change). Under a middle-of-the-road pathway with a medium population estimate 287 

of 10.8 billion people with moderate diets, there will not be sufficient food production to meet 288 

the dietary needs of approximately 555 million people by 2100. Failure to pursue a sustainable 289 

trajectory and continuing a business-as-usual trajectory, will result in insufficient food 290 

availability to meet the dietary needs of approximately 9.8 billion people (Table 1).  291 

 292 

Today, most countries in Middle East and Africa are not self-sufficient. Our results suggest that 293 

this region will continue to be heavily reliant on imports throughout the 21st century under all 294 

future scenarios. Population in this region is expected to grow significantly under middle-of-the-295 

road and business-as-usual scenarios – increasing the number of people that may be food 296 

insecure (in terms of food availability). Contrarily, our study finds that many Former Soviet 297 

Union states are going to be major food producers and exporters through the 21st century.  298 

While, some of the deficit may be supplemented by international food trade (D’Odorico et al 299 

2019b), if trade fails to meet the needs of regions that are not self-sufficient, then millions of 300 

people may become food insecure. Moreover, in the middle-of-the-road and business-as-usual 301 

scenarios the global demand for food commodities will not be able to be completely met through 302 

trade. 303 

 304 

Future projections of global self-sufficiency differ depending on socio-economic pathways 305 

pursued and varying degrees of radiative forcing. Our results are more sensitive to the population 306 
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and diet assumptions of the shared socioeconomic pathways than to climate change (Figure 6). In 307 

fact, since we took the multi-model mean of percent-yield change across five GGCMs for three 308 

RCPs, our estimates of the effect of climate change on crop production for the four major crops 309 

do not show the uncertainties and variability associated with climate projections.  310 

Our sensitivity analysis (Figure 6) demonstrates the sensitivity of our global self-sufficiency 311 

projections to different diet, population and climate scenarios. The extent of each bar represents 312 

the sensitivity of global self-sufficiency to population growth variants under the diet scenario in 313 

each panel. For example, under the sustainability scenario with an SSP1 diet in the year 2100 and 314 

a low population scenario there is excess food production. However, under the same diet 315 

assumption and year but with a high population, there is not enough food produced to meet 316 

demand. Additionally, by maintaining the population scenario and the year constant the 317 

differences in projected global self-sufficiency across all three scenario panels reflect the 318 

different results based on dietary assumptions (in other words, the sensitivity of global self-319 

sufficiency projections to the different diets). For example, assuming a high population in year 320 

2100, under each SSP diet scenario separately, approximately 4 billion (SSP1), 5.5 billion 321 

(SSP2), or 9.8 billion (SSP3) people cannot be fed. Thus, moderating diets (as well as reducing 322 

food losses, waste, and biofuel production – which are not explicitly accounted for in our 323 

scenario-based analysis) will be crucial strategies to increase food availability and minimize the 324 

number of food-insecure people when crop production becomes limited (Foley et al 2011; Davis 325 

et al 2014; Gephart et al 2016; Kummu et al 2017). As depicted in the figure, the effects of 326 

climate change on crop production (black interval bars) are minimal due to the averaging effect 327 

(see limitations and uncertainty section). Table 1 displays values of net population the can or 328 

cannot be fed in years 2050 and 2100 for the Sustainability, Middle-of-the-Road, and Business-329 

as-usual scenarios as defined in the paper. The results of the various possible combinations of 330 

climate (RCP), diet (SSP), and population (UN) scenarios assuming 80% yield gap closure are 331 

shown as a sensitivity analysis in Figure 6. 332 
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 333 

Figure 6. Sensitivity analysis of global net population that can or cannot be fed (in billions 334 
of people). Number of people (in billions) that can be fed (in green) – in addition to global 335 
population; and the projected number of people for whom there will not be enough crop 336 
production available to meet their caloric needs (pink). The first panel (left) represents year 2000 337 
self-sufficiency, which shows the planet’s ability to feed additional 2 billion people, while the 338 
remaining three panels represent the SSP1, SSP2 and SSP3 scenarios of per capita food demand. 339 
The blue dashed box denotes the UN population variant that best matches each of the SSP 340 
scenarios based on their underlying assumptions. The SSP1 diet with the low population is 341 
representative of the Sustainability scenario; the SSP2 diet with the medium population 342 
represents the Middle-of-the-Road scenario; and the SSP3 diet with the high population 343 
represents the Business-as-Usual scenario.  344 

 345 

Limitations, Assumptions, and Uncertainties 346 

The complexity of a global analysis often requires the adoption of suitable assumptions. Our 347 

study assumes an 80% yield gap closure globally based on the blue water availability estimates 348 

from Rosa et al (2018). Without narrowing the yield gap, food insecurity will be much higher 349 

than what our study forecasts. Unlike previous studies (e.g., Davis et al 2014) that quantified the 350 

size of the global population that could be fed at yield gap closure without accounting for the 351 

availability of water resources for irrigation, here it is assumed that irrigation is adopted to close 352 

the yield gap only in regions where it is water sustainable. In this study we consider potential 353 

future changes in food production (for the major 4 crops) from changes in precipitation and 354 
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temperature regimes that could affect future water availability and crop production based on the 355 

HadGEM2-ES earth system model. However, we neither account for the effects of climate 356 

related shocks, such as droughts, floods, and other extreme climate events, nor for the impact of  357 

climate change on the sustainable expansion irrigation to rainfed areas. These points will be 358 

explored in future studies. 359 

 360 

The rates of food loss or waste as well as the biofuel production per crop per country were based 361 

on the five-year average from 2009-2013 and were assumed to remain constant until 2100. We 362 

expect food loss and waste to continue to persist in the 21st century, but the rate of change is 363 

difficult to accurately predict and for this reason we kept them constant. The OECD-FAO 364 

Agricultural Outlook projects global biofuel production up to year 2028 (OECD/FAO 2019) with 365 

strong uncertainties. Hence, to not add further assumptions in our estimates, we assumed the 366 

current rate of biofuel production to remain constant as well.  367 

 368 

To assess the effects of climate change on crop yields we considered five global gridded crop 369 

models. These models are subjected to substantial uncertainties from both model structure and 370 

parametrization as well as from calibration and input data quality (Müller et al 2017, Elliott et al 371 

2015). There are significant differences among the crop model outcomes for changes in crop 372 

yields based on the three RCP scenarios evaluated. In this study we do not show the range of 373 

variability associated with GGCMs but took the multi-model mean for changes in crop yields. In 374 

taking the multi-model mean, the effects of climate change on crop production are minimal in 375 

our results (Figure 6). Additionally, due to data availability, the percent yield change due to 376 

climate change was only considered for four major crops (maize, soy, wheat, and rice) which 377 

account for 70% of global crop production (D’Odorico et al 2014, Warszawski et al 2014). Crop 378 

yields data for the four major crops under different climate scenarios were aggregated to the 379 

current yield data of the remaining 18 crops (not accounting for climate change for these 18 380 

crops) which account for a significant portion of the remaining crop production. Finally, this 381 

study solely considers the food availability pillar of food security and does not consider patterns 382 

of food access and utilization.  383 

 384 
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CONCLUSION 385 

End of hunger, achievement of food security, and improvement in nutrition are at the heart of the 386 

United Nations’ Sustainable Development Goals. This study evaluates the impact of sustainable 387 

irrigation expansion, climate change, population growth, and dietary changes on global self-388 

sufficiency ratios through an integrative assessment approach for the remainder of the 21st 389 

century. Our results assume achievement of 80% yield gap closure globally through sustainable 390 

irrigation expansion onto currently rainfed croplands. This is a significant assumption, yet even 391 

with the increased production, our results show that global food availability will only meet the 392 

global food demand under the sustainability scenario. Under the middle-of-the road and 393 

business-as-usual scenarios, a multitude of nations and their people are at risk of food insecurity 394 

(in terms of food availability). Without sustainable irrigation expansion, global self-sufficiency 395 

ratios will worsen. Although climate change plays a role, self-sufficiency ratios are highly 396 

sensitive to population growth estimates and dietary changes based on socio-economic pathways 397 

pursued. Future societies’ resilience against global challenges such as climate change hinges on 398 

successful implementation of policies, actions and development strategies (Andrijevic et al 399 

2019). Hence, investing in girls’ education and expanding people’s access to family-planning 400 

services in the developing world where populations are projected to increase (Abel et al 2016); 401 

and reducing global meat consumption in emergent economies, in addition to sustainably 402 

increasing agricultural production will be essential measures for countries working towards 403 

resilience and sustainability in the face of climate change.  404 
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