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Abstract  19 

Food, land, and climate are deeply interconnected and play a crucial role in achieving 20 

Sustainable Development Goals (SDGs), particularly SDG 2 (zero hunger), SDG 13 21 

(climate action), and SDG 15 (life on land). However, measures designed to advance 22 

one SDG may create trade-offs or unintended consequences for others, highlighting the 23 

need to assess their broader systemic impacts. This study examines the linkages 24 

between food security, sustainable land management, and climate change within the 25 

food-land-climate nexus, focusing on China and its main food and feed trading partners. 26 

Using an integrated environmental-economic model, we assessed the impacts of four 27 

mitigation measures: a dietary shift in China (S1), a unilateral afforestation policy in 28 

China (S2), a global uniform carbon tax (S3), and a combined scenario integrating all 29 

measures (S4). We found that China’s dietary shift (S1) lowered domestic GHG 30 

emissions by 2.4% but increased global GHG emissions by 4.2% due to higher dairy 31 

consumption, which contributed to deforestation in trading partners. A unilateral 32 

afforestation policy in China (S2) reduced domestic GHG emissions by 5.9%, but the 33 

expansion of food production and deforestation abroad offset 70% of mitigated GHG 34 

reductions in China. Implementing a global uniform carbon tax (S3) at $43/tCO₂-eq to 35 

achieve a 25% global GHG reduction under the Paris Agreement raised food prices by 36 

138%, with China’s GHG emissions declining by 29%. The combined scenario (S4) 37 

resulted in the largest GHG reduction (42%) in China but at the cost of a 205% increase 38 

in food prices. This outcome was driven by deforestation in trading partners, 39 

necessitating a higher carbon tax of $69/tCO₂-eq to meet the same GHG mitigation 40 

target. These findings underscore the urgent need for a nexus framework to balance 41 

climate mitigation, food security, and land sustainability, ensuring that policies do not 42 

create unintended trade-offs for others.  43 
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1. Introduction  48 

Food systems have placed tremendous pressure on planetary boundaries (PB, the 49 

environmental limits within which humanity can safely operate) regarding climate 50 

change, ocean acidification, biogeochemical flows (nitrogen and phosphorus), and 51 

land-use changes (M. Springmann et al., 2018). The Paris Climate Agreement seeks to 52 

restrict global warming to well below 2°C and possibly below 1.5°C above pre-53 

industrial levels (IPCC-WGIII, 2014; UNFCC, 2015). However, achieving the 1.5°C 54 

target is considered unattainable without mitigating emissions from food systems 55 

(Clark et al., 2020). Agriculture, forestry, and other land use (AFOLU) contributed 20–56 

25% of global greenhouse gas (GHG) emissions in 2010 (Blanco et al., 2014), making 57 

it a critical sector that must be addressed to achieve ambitious long-term climate 58 

mitigation goals. The AFOLU sector is widely regarded in the literature as having 59 

substantial emissions reduction potential with relatively cost-effective mitigation 60 

opportunities compared to other sectors (Harmsen et al., 2019; Hasegawa & Matsuoka, 61 

2015; Popp, Lotze-Campen, & Bodirsky, 2010).  62 

The interdependencies between food, land, and climate change have gained increasing 63 

attention, often framed as the food-land-climate nexus (Stefan Frank et al., 2021; 64 

Fujimori et al., 2022). This nexus is closely tied to achieving multiple Sustainable 65 

Development Goals (SDGs), particularly SDG 2 (zero hunger), SDG 13 (climate 66 

action), and SDG 15 (life on land) (Doelman et al., 2022; Newbold et al., 2015). 67 

However, food, land, and climate change have, in the past, often been addressed in 68 

isolation, often leading to unintended trade-offs or unforeseen consequences, where 69 

solving one problem inadvertently exacerbates another (Johnson et al., 2019; J. Liu et 70 

al., 2018). For example, land-based mitigation measures, such as large-scale 71 

afforestation, can trigger land competition between forest and food production, 72 

potentially driving up food prices and undermining food security (Doelman, Stehfest, 73 

Tabeau, & van Meijl, 2019; Peña-Lévano, Taheripour, & Tyner, 2019; van Meijl et al., 74 

2018). Further, a carbon tax, recognised as the most efficient market-based GHG 75 

emission mitigation policy instrument (S. Frank et al., 2018), could potentially raise 76 

prices of emission-intensive food products and pose risks to food security, given that 77 

the “polluter pays principle” implies higher carbon taxes for “dirty” food producers 78 

compared to “clean” food producers (Peña-Lévano et al., 2019). Also, shifting towards 79 

less animal-based diets does not guarantee a reduction in total resource use and 80 



4 

economy-wide emissions (Gatto, Kuiper, & van Meijl, 2023; Long, Zhu, Weikard, 81 

Oenema, & Hou, 2024; Mason-D'Croz et al., 2022). This is because the saved resources 82 

would be reallocated to other sectors across the whole economy, which may mitigate 83 

the expected environmental benefits.  84 

A holistic nexus approach (implying systems are inextricably linked to form a complex 85 

system of interrelations) is needed to better leverage potential synergies and minimise 86 

trade-offs in the food-land-climate nexus (J. Liu et al., 2018; van Vuuren et al., 2015), 87 

yet such a framework is still lacking. Although the nexus concept has been mentioned 88 

in discussions of sustainable development for a few decades, it has only recently 89 

received significant attention from scientific and policy disciplines, especially the 90 

interactions between the domains of food, land, and climate change, which are crucial 91 

given the challenges posed by escalating food demand, limited agricultural land, and 92 

climate change. To analyse the complex linkages among food, land, and climate change, 93 

integrated nexus frameworks have been created either through the expansion of applied 94 

general equilibrium (AGE) models or the linking of partial equilibrium (PE) models, 95 

which endogenously capture interactions among different global economic sectors 96 

(Johnson et al., 2019). However, few studies have applied quantitative methods and 97 

analysed the linkages to multi-dimensional SDGs in the food-land-climate nexus on a 98 

global scale. In addition, measures aimed at achieving one or more specific SDGs may 99 

cause trade-offs or unexpected changes for other SDGs and /or for other sectors in our 100 

society. It remains unclear how solutions to one SDG affect other SDGs in the land-101 

food-climate nexus.  102 

This study bridges the gap by analysing the linkages between food security, sustainable 103 

land management, and climate change in the food-land-climate nexus, with a particular 104 

emphasis on China and cross-border impacts on its major food and feed trading partners, 105 

given its critical role in global markets for food and feed. A sustainable food system 106 

should be able to feed everyone on Earth while also stabilising global land use, and 107 

reducing climate change (Foley et al., 2011). To achieve that, we focused on the 108 

improvement of one or more components in the food-land-climate nexus. In this study, 109 

four scenarios were simulated: three scenarios focusing on improving one nexus 110 

component, and one combined scenario focusing on improving all nexus components. 111 

The food scenario (S1) indicates a dietary shift in China toward the EAT-Lancet diet 112 

recommendations (Willett et al., 2019), aligning with SDG 2 (zero hunger). The land 113 



5 

scenario (S2) represents a unilateral afforestation policy based on China’s National 114 

Forest Management Plan (2016– 2050) (Forest Park of National Forestry and Grassland 115 

Administration (FPNFGA), 2016), supporting SDG 15 (life on land). The climate 116 

scenario (S3) presents the implementation of a global uniform carbon tax to reduce 117 

GHG emissions, in line with the Paris Agreement  (IPCC-WGIII, 2014; UNFCC, 2015) 118 

and SDG13 (climate action). The combined scenario (S4: S1+S2+S3) integrates all land, 119 

food, and climate measures. Key food security indicators (food prices, affordability, 120 

and availability) and environmental sustainability indicators (cropland use, pastureland 121 

use, nitrogen fertiliser use, phosphorus fertiliser use, emissions of GHGs, emissions of 122 

acidification poulltants, and emissions of eutrophication pollutants) were assessed for 123 

China and its major food and feed trading partners (MTP, including Brazil, the United 124 

States, and Canada).  125 

The remaining part of the paper is structured as follows: In section 2, we present our 126 

research methods. Section 3 displays and interprets our model results for different 127 

scenarios, including food, land, and climate ones. Finally, in section 4, we conclude 128 

with discussions on the policy implications of moving towards sustainable food systems 129 

in China. 130 

2. Materials and methods 131 

2.1 The integrated environmental-economic model and database.  132 

The integrated environmental-economic model based on an AGE framework has been 133 

widely used to identify the optimal solution towards greater sustainability and enable 134 

efficient allocation of resources in the economy under social welfare maximisation 135 

(Fischer et al., 2007; Greijdanus, 2013; Keyzer & Van Veen, 2005; Le Thanh, 2016; 136 

van Wesenbeeck & herok, 2006). For this study, we developed a global comparative 137 

static AGE model, a modified version of an integrated environmental-economic model, 138 

(Long et al., 2024; Zhu, 2004; Zhu & Van Ierland, 2006; Zhu & Van Ierland, 2005, 139 

2012; Zhu, van Wesenbeeck, & van Ierland, 2006) and improved the representation of 140 

agriculture, forestry and other land use (AFOLU)-related (crop, livestock, foestry) 141 

sectors and associated non-agriculture (compound feed, food processing by-products, 142 

nitrogen and phosphorous fertiliser, and non-food) sectors. Our model distinguished 143 

four regions: China and its main food and feed trading partners (MTP, including Brazil, 144 

the United States, and Canada). These partners accounted for more than 75% of China's 145 
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total trade volume related to food and feed in 2014. Our reference year is 2014, which 146 

represents the latest available year of the Global Trade Analysis Project (GTAP) 147 

database. Our model is solved using the general algebraic modelling system (GAMS) 148 

software package (GAMS, 2022).  149 

GTAP version 10 database (GTAP, 2014) was used to calibrate our AGE model and 150 

provide dollar-based quantities. We designed a sectoral aggregation scheme comprising 151 

18 sectors (see Appendix Table 1) based on the original GTAP database to produce 152 

social accounting matrices (SAM) (see Appendix Tables 2-5) in our study. Following 153 

Gatto, Kuiper, van Middelaar, and van Meijl (2024), we converted dollar-based 154 

quantities to physical quantities (Tg) to allow the tracing of biophysical flows through 155 

the global economy. Data on physical quantities (see Supplementary Table 2) of crop, 156 

livestock, and fertiliser production was obtained from FAO (2022). Data on the trade 157 

shares matrix was calculated from the UN Comtrade Database (2022).  158 

2.2 Modelling land use change and forest carbon supply.  159 

In the model, the allocation of land is determined through a constant elasticity of 160 

transformation (CET) function, which is widely used in the previous literature (A. A. 161 

Golub et al., 2013; Hertel, Lee, & Rose, 2009; Peña-Lévano et al., 2019; Taheripour, 162 

Zhao, Horridge, Farrokhi, & Tyner, 2020). The rent-maximising landowner initially 163 

determines the allocation of land among three land cover types, i.e., cropland, 164 

pastureland, and forest land, based on relative returns to land. Subsequently, the 165 

landowner allocates cropland among various crops and pastureland between dairy 166 

products and ruminant meat. Physical area of cropland, pastureland, and forest land are 167 

obtained from FAO (2022). Following the GTAP land use and land cover database 168 

(Baldos, 2017; Baldos & Corong, 2020; Pena Levano, Taheripour, & Tyner, 2015), we 169 

align the land cover data in our AGE model with FAO land cover data (see 170 

Supplementary Table 3). The forestry component of the model is calibrated using 171 

outputs from the Global Timber Model (GTM) (Austin et al., 2020; Sohngen & 172 

Mendelsohn, 2007), a partial equilibrium, dynamic optimisation model representing the 173 

global forestry sector. Following Hertel et al. (2009) and A. Golub, Hertel, Lee, Rose, 174 

and Sohngen (2009), forest carbon stocks can be increased by increasing the biomass 175 

on existing forest acreage (the intensive margin) or by expanding forest land. The 176 

annual forestry carbon sequestration intensity (see Supplementary Table 11) derived 177 

from Nguyen, Hermansen, and Mogensen (2010) is distributed evenly over a 178 
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depreciation period of 20 years, as suggested by IPCC (2006) and BSI (2008). 179 

Additional details were provided in Supllementary Information.  180 

2.3 Environmental impact assessment.  181 

Three main environmental impacts of food systems were distinguished, i.e., global 182 

warming potential (GWP, caused by greenhouse gas (GHG) emissions, including 183 

carbon dioxide(CO2), methane (CH4), and nitrous oxide (N2O) emissions; converted to 184 

CO2 equivalents), acidification potential (AP, caused by pollutants leading to 185 

acidification, including ammonia (NH3), nitrogen oxides (NOx), and sulphur dioxide 186 

(SO2) emissions; converted to NH3 equivalents), and eutrophication potential (EP, 187 

caused by pollutants leading to eutrophication, including nitrogen (N) and phosphorus 188 

(P) losses; converted to N equivalents). The conversion factors for GWP, AP, and EP 189 

were derived from Goedkoop et al. (2009). Data on CO2, CH4, and N2O emissions were 190 

obtained from the Climate Analysis Indicators Tool (CAIT) (2014). All GHG emissions 191 

calculations in our model follow the IPCC Tier 2 approach (IPCC, 2006). We derived 192 

NH3, NOx, and SO2 emissions from L. Liu et al. (2022), Huang et al. (2017), and Dahiya 193 

et al. (2020), respectively. We considered NOx emissions from energy use only, as 194 

agriculture’s contribution to NOx emissions is generally small (≤2%) (Lamsal et al., 195 

2011). We used the global eutrophication database of food and non-food provided by 196 

Hamilton et al. (2018) to obtain data on N and P losses to water bodies. We derived 197 

nitrogen and phosphorous fertiliser use by crop types and countries from Ludemann, 198 

Gruere, Heffer, and Dobermann (2022).  199 

The total emissions of GHGs, acidification pollutants, and eutrophication pollutants for 200 

the food and non-food sectors in the base year were calculated first. Then, we allocated 201 

the total emissions to specific sectors according to the shares of emissions per sector in 202 

total emissions to unify the emission data from different years. Detailed information 203 

about emissions sources across sectors is provided in Appendix Table 6. The sectoral-204 

level emissions as well as the US dollar-based emission intensities of GHGs (t CO2 205 

equivalents million USD-1), acidification pollutants (t NH3 equivalents million USD-1), 206 

and eutrophication pollutants (t N equivalents million USD-1) are presented in 207 

Appendix Tables 7-12.  208 
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2.4 Food security indicators.  209 

The FAO (1996) defines food security as encompassing four key dimensions: 210 

availability (adequate food supply), access (sufficient resources to obtain food), 211 

utilisation (nutritious and safe diets), and stability (consistent access to food over time). 212 

We focused on the first two dimensions. First, food availability is defined as “calories 213 

per capita per day available for consumption”. Second, the access dimension is tied to 214 

people’s purchasing power, which depends on food prices, dietary habits, and income 215 

trends (Lele et al., 2016). We calculated the crop-based food price, animal-based food 216 

price, and average food price (including crop-based food and animal-based food). We 217 

then estimated changes in food affordability by subtracting changes in the average wage 218 

across the whole economy from fluctuations in cereal prices.  219 

2.5 Definition of scenarios.  220 

To estimate the impacts of mitigation measures in the food-land-climate nexus on food 221 

security and environmental sustainability, we examined five scenarios, including one 222 

baseline (S0) scenario representing the economies of China and MTP in 2014, and four 223 

scenarios of improvements in food-land-climate nexus components. The latter four 224 

scenarios were compared to the 2014 baseline (S0) scenario. The scenarios are further 225 

described below and in Supplementary Table 1.  226 

S1 - Food scenario: A dietary shift in China. Shifting to the EAT-Lancet diet has 227 

been widely recommended for its substantial health and environmental benefits (Guo 228 

et al., 2022; Marco Springmann, Godfray, Rayner, & Scarborough, 2016; Willett et al., 229 

2019). Meat consumption in China has exceeded the recommended consumption levels 230 

reported by the EAT-Lancet diet (Willett et al., 2019). In scenario S1, we simulated an 231 

exogenous dietary shift in China toward the EAT-Lancet diet recommendations. We 232 

first estimated the gap in food consumption between current levels in China and the 233 

recommended targets in the EAT-Lancet diet. Subsequently, we adjusted China’s food 234 

consumption patterns to close one-third of this gap, accounting for the unaffordability 235 

of a complete dietary shift for households. Detailed conditions for the dietary shift in 236 

China were provided in Supplementary Table 8. 237 

S2 - Land scenario: A unilateral afforestation policy in China. Afforestation, with 238 

its potential for negative GHG emissions, is widely recognised as essential in global 239 

climate change mitigation efforts (Doelman et al., 2020). In line with its commitment 240 
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to achieving carbon neutrality by 2060, the Chinese government has proposed an 241 

ambitious afforestation target to support this goal. In scenario S2, we simulated a 242 

unilateral afforestation policy in China based on the National Forest Management Plan 243 

(2016–2050) (Forest Park of National Forestry and Grassland Administration 244 

(FPNFGA), 2016). This plan, proposed by China’s National Forestry and Grassland 245 

Administration, outlines an ambitious tree-planting program to expand forest land in 246 

China by 20% (41.6 Mha) by 2050.  247 

S3 – Climate scenario: A global uniform carbon tax. Implementing carbon taxes is 248 

considered an effective policy instrument to identify the most cost-effective mitigation 249 

pathway for achieving the climate change mitigation target set by the Paris Agreement 250 

(Avetisyan, Golub, Hertel, Rose, & Henderson, 2011; Hasegawa et al., 2018; Jiang, Liu, 251 

& Deng, 2022). In scenario S3, we implemented a global uniform carbon tax to achieve 252 

a 25% reduction in net total GHG emissions in China and its trading partners by 2030. 253 

This aligns with the 2°C climate stabilisation target (Lee et al., 2023) outlined in the 254 

Paris Agreement (IPCC-WGIII, 2014; UNFCC, 2015), which aims to limit global 255 

warming well below 2°C above pre-industrial levels, requiring global GHG emissions 256 

to peak by 2025 and drop by 25% by 2030. This tax is applied uniformly across all 257 

economic sectors, including AFOLU and non-agricultural sectors, following the most 258 

widely adopted approach in the literature (Fujimori et al., 2022; Hasegawa et al., 2018). 259 

We selected the 2°C target instead of the 1.5°C target because Matthews and Wynes 260 

(2022) demonstrated that while current global efforts are insufficient to limit warming 261 

to 1.5°C, they provide a greater than 95% chance of staying below 2°C.  262 

S4- Combined scenarios: S1+S2+S3. In the combined scenario S4, all measures were 263 

combined to examine their potential synergies or trade-offs in the food-land-climate 264 

nexus. This scenario incorporates a dietary shift (S1) and a unilateral afforestation 265 

policy (S2) in China, along with a global uniform carbon tax (S3).  266 

3. Results 267 

3.1 S1 - Food scenario: A dietary shift in China.  268 

In the food scenario (S1), we simulated an exogenous dietary shift in China toward a 269 

less animal-based diet, closing one-third of the gap between current food consumption 270 

and the EAT-Lancet diet recommendations. This dietary shift in China requires higher 271 

consumption of oilseeds & pulses (95%), and dairy products (66%) compared to the 272 
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baseline diet while requiring a lower intake of cereal grains (11%), vegetables & fruits 273 

(10%), roots & tubers (23%), sugar crops (28%), non-ruminant meat (25%), and 274 

ruminant meat (19%) (see Supplementary Table 8). As a result, food availability in 275 

China declined by 7.6%, while consumers in its main food and feed trading partners, 276 

including Brazil, the United States, and Canada, experienced a 3.7% increase in food 277 

availability (Fig. 1a). Given that China accounts for over 70% of the total population 278 

across these regions, the reduction in food availability within China outweighs the gains 279 

in its trading partners, resulting in a 4.2% decline in global average food availability 280 

(Fig. 1a). The lower total food demand in China and its trading partners decreased the 281 

average food price by 0.06% (Fig. 1e). Cereals affordability for labour force in China 282 

and its trading partners increased by 0.10-0.13% (Fig. 1i), as a result of a rise in the 283 

average wage across the economy (0.02-0.06%) and a decrease in cereals price (0.08%) 284 

(Supplementary Table 13).  285 

The reduction in cropland use (0.01%) in China was minimal, as the decline in domestic 286 

cropland use (8.56 Mha) was almost entirely offset by an increase in net cropland 287 

exports (8.54 Mha) (Supplementary Fig. 1a). Similarly, the decrease in pastureland use 288 

(1.5%) in China was limited, as the reduction in pastureland for ruminant meat (57 Mha) 289 

was largely counterbalanced by an increased pastureland demand for dairy production 290 

(51 Mha) (Fig. 2e). With the possibility of international trade, regional food production 291 

patterns do not necessarily align with regional food consumption trends, as production 292 

is allocated to regions with comparative advantages. For instance, the increase in 293 

oilseeds & pulses consumption in China and its trading partners was largely supplied 294 

by its expanded production in the United States (68%) (Fig. 3c). Similarly, the rise in 295 

dairy consumption was primarily met by higher dairy production in China (57%) and 296 

Brazil (50%) (Fig. 3e, 3f). As a result, total cropland use decreased by 0.63% (Fig. 2a), 297 

while total pastureland use expanded by 3.2% across China and its trading partners (Fig. 298 

2e). Globally, the 3.2% reduction in nitrogen fertiliser use and 3.3% reduction in 299 

phosphorus fertiliser use in China were offset by a 39% increase in nitrogen fertiliser 300 

use and a 45% increase in phosphorus fertiliser use in the United States (Fig. 4a, 4e). 301 

As a result, total nitrogen fertiliser use across China and its trading partners declined 302 

by 3.3%, while total phosphorus fertiliser use increased by 2.3% (Fig. 4a, 4e).  303 

GHG reductions within China’s food system was dominated by lower production of 304 

cereal grains (16 Tg CO₂-eq), non-ruminant meat (18 Tg CO₂-eq), and ruminant meat 305 
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(38 Tg CO₂-eq) (Supplementary Fig. 2a, 3a). However, the primary contributors to 306 

economy-wide GHG reductions in China were fertiliser production contraction (296 Tg 307 

CO₂-eq) and land-use change (101 Tg CO₂-eq) (Fig. 5a), with the latter resulting from 308 

the conversion of saved cropland and pastureland into forest land. Despite these 309 

reductions, GHG savings were partially offset by the expansion of non-food 310 

consumption (172 Tg CO₂-eq) (Fig. 5a). Beyond China, pastureland expansion (34 Mha) 311 

in Brazil occurred at the expense of cropland (3 Mha) and forestland (31 Mha) (Fig. 2i), 312 

leading to 938 Tg CO₂-eq emissions from land-use change (Fig. 2m). Overall, the total 313 

economy-wide GHG emissions across China and its trading partners increased by 4.2% 314 

(Fig. 5a). In contrast, the total economy-wide emissions of acidification and 315 

eutrophication pollutants decreased by 2.8% and 2.1%, respectively (Fig. 5e, 5i). 316 

3.2 S2 - Land scenario: A unilateral afforestation policy in China.  317 

In the land scenario (S2), we simulated a 20% (41.6 Mha) increase in forest land in 318 

China based on an ambitious afforestation target set by the Chinese government. This 319 

forest land expansion in China was achieved through a 0.1 Mha reduction in cropland 320 

and a 41.5 Mha reduction in pastureland (Fig. 2j), resulting in a mitigation of 700 Tg 321 

CO₂-eq GHG emissions from land-use change (Fig. 2n). This reduction exceeds the 322 

total GHG emissions from China’s agricultural production, i.e., 678 Tg CO₂-eq in 2014 323 

(see Appendix Table 7). These findings suggest that China’s agricultural sector could 324 

achieve carbon neutrality by implementing a unilateral afforestation policy in China.  325 

The reduction in agricultural land in China led to a decline in domestic food production 326 

and exports, increasing reliance on food imports and stimulating expanded food 327 

production among its trading partners. This resulted in a 0.006% increase in the average 328 

food price and a marginal decrease of 0.0-0.1% in cereals affordability for the labour 329 

force in China and its trading partners (Fig. 1f, 1j). For dairy products, China’s 330 

production fell by 52% (Fig. 3e). However, Chinese consumers could meet their 331 

demand through increased dairy imports from trading partners, as the unilateral 332 

afforestation policy did not alter dietary patterns (Fig. 1b). The expansion of 333 

pastureland (3 Mha) and cropland (4 Mha) in China’s trading partners came at the 334 

expense of a 7 Mha reduction in forest land (Fig. 2j). The most significant change was 335 

observed in the United States, where pastureland expanded by 52 Mha, driven by the 336 

39% increase in dairy producton (Fig. 3g). These land cover changes led to a 496 Tg 337 

CO₂-eq increase in GHG emissions from land-use change outside China, offsetting 338 
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nearly 70% of the emissions mitigated through afforestation in China (Fig. 2n). Shifts 339 

in crop portfolios led to a 1.3% increase in total nitrogen fertiliser use but a 0.1% 340 

decrease in total phosphorus fertiliser use across China and its trading partners (Fig. 4b, 341 

4f). Overall, the total economy-wide emissions of GHGs and eutrophication pollutants 342 

across China and its trading partners declined by 1.0% each (Fig. 5b, 5j). In contrast, 343 

the total economy-wide emissions of acidification pollutants saw a slight increase of 344 

0.05% (Fig. 5f). 345 

3.3 S3 - Climate scenario: A global uniform carbon tax.  346 

In the climate scenario (S3), a carbon tax of $43/t CO₂-eq was required to achieve a 25% 347 

reduction in total GHG emissions across China and its trading partners, amounting to 348 

approximately 4923 Tg CO₂-eq from the baseline economy. This global uniform carbon 349 

tax would lead to the production of each good primarily occurring in regions with 350 

relatively lower GHG emission intensities. The largest reduction in total GHG 351 

emissions occurred in China, primarily driven by the contraction of non-food 352 

production (3685 Tg CO₂-eq), making it the biggest contributor to GHG mitigation (Fig. 353 

5c). Forestry sequestration was the second-largest contributor to GHG mitigation (Fig. 354 

5c), with the most significant impact in Brazil (713 Tg CO₂-eq), followed by the United 355 

States (176 Tg CO₂-eq), Canada (104 Tg CO₂-eq), and China (59 Tg CO₂-eq) (Fig. 1o). 356 

Overall, total economy-wide emissions of GHGs and acidification pollutants across 357 

China and its trading partners declined by 25% and 6%, respectively (Fig. 5c, 5g). In 358 

contrast, eutrophication pollutant emissions surged by 6% (Fig. 5k), driven by increased 359 

production of processed food, which has lower GHG emission intensity but higher 360 

eutrophication emission intensity. 361 

The global uniform carbon tax led to a 138% increase in average food prices (Fig. 1g), 362 

with significantly higher price surges in GHG-intensive agricultural sectors, such as 363 

cereal grains (184%), dairy products (145%), and ruminant meat (219%) 364 

(Supplementary Fig. 5c). As a result, cereals affordability for the labour force in China 365 

and its trading partners decreased by 188-240% (Fig. 1k). Cereals became less 366 

affordable in China than in its trading partners, as wages declined more sharply in China 367 

(Supplementary Table 13). In addition, this global uniform carbon tax would encourage 368 

consumers in China and its trading partners to shift from “dirty” food products with 369 

higher GHG emission intensities (e.g., cereal grains, oilseeds & pulses, roots & tubers, 370 

dairy, and ruminant meat) to “clean” food products with lower GHG emission 371 
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intensities  (e.g., vegetables & fruits, sugar crops, and non-ruminant meat) (Fig. 1c). 372 

This dietary shift led to a 2.6% decline in global food availability (Fig. 1c). Due to their 373 

high GHG emission intensities, the prices of nitrogen and phosphorus fertilisers surged 374 

by 155% and 197%, respectively (Supplementary Fig. 5c). Consequently, total fertiliser 375 

use across China and its trading partners declined by 21% for nitrogen and 8% for 376 

phosphorus (Fig. 4c, 4g). 377 

3.4 S4 - Combined scenarios: S1+S2+S3.  378 

In the combined scenario (S4), China’s dietary shift (S1) and afforestation policy (S2) 379 

were integrated with the global uniform carbon tax (S3) to achieve a 25% reduction in 380 

total GHG emissions across China and its trading partners. Among all scenarios, S4 381 

resulted in the largest economy-wide GHG reduction in China, with GHG emissions 382 

decreasing by 42%, compared to 2.4% in S1, 5.9% in S2, and 29% in S3 (Table 1; Fig. 383 

5a-d). However, the additional GHG reduction in China came at the cost of heightened 384 

food security risks. This was because the combination caused deforestation in its trading 385 

partners, leading to an increase in global GHG emissions. Consequently, a higher 386 

carbon tax of $69/t CO₂-eq was needed to achieve the same GHG mitigation target. As 387 

a result, these combined measures drove up average food prices by 205% and reduced 388 

cereals affordability for the labour force in China and its trading partners by 280-343% 389 

(Fig. 1h, 1i).  390 

4. Concluding remarks 391 

This paper has attempted to analyse the linkages between food security, sustainable 392 

land management, and climate change in the food-land-climate nexus, with a particular 393 

emphasis on China.  Particularly, we examined the impacts of different measures of 394 

achieving lower emissions, including a dietary shift in China (S1), a unilateral 395 

afforestation policy in China (S2), a global uniform carbon tax (S3), and a combined 396 

scenario integrating all measures (S4). Our results indicate interesting results for 397 

achieving sustainable food systems and land management under climate change. 398 
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 399 
Fig. 1 | Impacts of mitigation measures on food security indicators in China and 400 
its main food and feed trading partners (MTP, including Brazil, the United States, 401 
and Canada). Changes in food availability (kcal capita-1 day-1) in China and MTP in 402 

scenarios (a) S1, (b) S2, (c) S3, and (d) S4 with respect to the baseline (S0). Changes 403 
in crop-based food price, animal-based food price, and average food price (including 404 
crop-based food and animal-based food) in China and MTP in scenarios (e) S1, (f) S2, 405 

(g) S3, and (h) S4 with respect to the baseline (S0). Changes in cereals affordability for 406 
labour force in China and MTP in scenarios (i) S1, (j) S2, (k) S3, and (l) S4 with respect 407 
to the baseline (S0).  408 
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 409 

Fig. 2 | Impacts of mitigation measures on land use change and related greenhouse 410 
gases emissions in China and its main food and feed trading partners (MTP, 411 

including Brazil, the United States, and Canada). Changes in cropland use (Mha) in 412 
China and MTP in scenarios (a) S1, (b) S2, (c) S3, and (d) S4 with respect to the 413 
baseline (S0). Changes in pastureland use (Mha) in China and MTP in scenarios (e) S1, 414 
(f) S2, (g) S3, and (h) S4 with respect to the baseline (S0). Changes in total land use 415 

(Mha) in China and MTP in scenarios (i) S1, (j) S2, (k) S3, and (l) S4 with respect to 416 
the baseline (S0). Changes in greenhouse gases emissions from forestry (Tg CO2-eq) in 417 
China and MTP in scenarios (m) S1, (n) S2, (o) S3, and (p) S4 with respect to the 418 
baseline (S0).   419 
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 420 

Fig. 3 | Impacts of mitigation measures on crop production and livestock production in China and its main food and feed trading partners 421 

(MTP, including Brazil, the United States, and Canada). Crop production (Tg) in (a) China, (b) Brazil, (c) the United States, and (d) Canada 422 

in scenarios S0-S4. Livestock production (Tg) in (e) China, (f) Brazil, (g) the United States, and (h) Canada in scenarios S0-S4.423 
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 424 

Fig. 4 | Impacts of mitigation measures on nitrogen fertiliser use and phosphorus fertliser use in China and its main food and feed trading 425 
partners (MTP, including Brazil, the United States, and Canada). Changes in nitrogen fertiliser use (Tg) in China and MTP in scenarios (a) 426 
S1, (b) S2, (c) S3, and (d) S4 with respect to the baseline (S0). Changes in phosphorus fertliser use (Tg) in China and MTP in scenarios (e) S1, (f) 427 

S2, (g) S3, and (h) S4 with respect to the baseline (S0).428 
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 429 

Fig. 5 | Impacts of mitigation measures on economy-wide emissions in China and 430 
its main food and feed trading partners (MTP, including Brazil, the United States, 431 

and Canada). Changes in economy-wide emissions of greenhouse gases (Tg CO2-eq) 432 

in China and MTP in scenarios (a) S1, (b) S2, (c) S3, and (d) S4 with respect to the 433 

baseline (S0). Changes in economy-wide acidification pollutants (Tg NH3-eq) in China 434 
and MTP in scenarios (e) S1, (f) S2, (g) S3, and (h) S4 with respect to the baseline (S0). 435 
Changes in economy-wide eutrophication pollutants (Tg N-eq) in China and MTP in 436 

scenarios (i) S1, (j) S2, (k) S3, and (l) S4 with respect to the baseline (S0). 437 
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Table 1. Trade-offs and synergies in the food-land-climate nexus.  438 

Scenarios SDG 2 

(zero hunger) 

SDG 15 

(Life on land) 

SDG 13 

(climate action) 

S1: Food 

scenario 

Average food price:  

-0.06% 

• Afforestation in China: +6 Mha 

• Deforestation in trading partners: -30 Mha 

• China’s GHG emissions: -2.4% 

• Global GHG emissions: +4.2% 

S2: Land 

scenario 

Average food price:  

+0.006% 

• Afforestation in China: +42 Mha 

• Deforestation in trading partners: -7Mha 

• China’s GHG emissions: -5.9% 

• Global GHG emission: -1.0% 

S3: Climate 

scenario 

Average food price: 

+138% 

• Afforestation in China: +4 Mha 

• Afforestation in trading partners: +33 Mha 

• China’s GHG emissions: -29% 

• Global GHG emission: -25% 

S4: 

Combined 

scenario 

Average food price:  

+205% 

• Afforestation in China: +51 Mha 

• Afforestation in trading partners: -5 Mha 

• China’s GHG emissions: -42% 

• Global GHG emission: -25% 

 439 



20 

References 440 

Austin, K. G., Baker, J. S., Sohngen, B. L., Wade, C. M., Daigneault, A., Ohrel, S. B., . . . Bean, A. 441 

(2020). The economic costs of planting, preserving, and managing the world’s forests to 442 

mitigate climate change. Nature Communications, 11(1), 5946. doi:10.1038/s41467-020-443 

19578-z 444 

Avetisyan, M., Golub, A., Hertel, T., Rose, S., & Henderson, B. (2011). Why a Global Carbon Policy 445 

Could Have a Dramatic Impact on the Pattern of the Worldwide Livestock Production. Applied 446 

economic perspectives and policy, 33(4), 584-605. doi:https://doi.org/10.1093/aepp/ppr026 447 

Baldos, U. L. (2017). Development of GTAP 9 land use and land cover data base for years 2004, 2007 448 

and 2011. Retrieved from Department of Agricultural Economics, Purdue University, West 449 

Lafayette, IN:  450 

Baldos, U. L., & Corong, E. (2020). Development of GTAP 10 Land Use and Land Cover Data Base for 451 

years 2004, 2007, 2011 and 2014 (36). Retrieved from Department of Agricultural Economics, 452 

Purdue University, West Lafayette, IN: https://doi.org/10.21642/GTAP.RM36 453 

Blanco, G., Gerlagh, R., Suh, S., Barrett, J., de Coninck, H., Morejon, C. D., . . . Pan, J. (2014). Climate 454 

change 2014: mitigation of climate change. Contribution of working group III to the fifth 455 

assessment report of the intergovernmental panel on climate change. Cambridge University 456 

Press, Cambridge.  457 

BSI. (2008). PAS 2050:2008 – Specification for the assessment of the life cycle greenhouse gas 458 

emissions of goods and services. British Standards, UK, 978, 580.  459 

https://doi.org/10.1093/aepp/ppr026
https://doi.org/10.21642/GTAP.RM36


21 

Clark, M. A., Domingo, N. G., Colgan, K., Thakrar, S. K., Tilman, D., Lynch, J., . . . Hill, J. D. (2020). 460 

Global food system emissions could preclude achieving the 1.5 and 2 C climate change targets. 461 

Science, 370(6517), 705-708.  462 

Climate Analysis Indicators Tool (CAIT). (2014). Retrieved from 463 

https://www.climatewatchdata.org/?source=cait 464 

Dahiya, S., Anhäuser, A., Farrow, A., Thieriot, H., Kumar, A., & Myllyvirta, L. (2020). Ranking the 465 

World’s Sulfur Dioxide (SO2) Hotspots: 2019–2020. Delhi Center for Research on Energy and 466 

Clean Air-Greenpeace India: Chennai, India, 48.  467 

Doelman, J. C., Beier, F. D., Stehfest, E., Bodirsky, B. L., Beusen, A. H. W., Humpenöder, F., . . . De 468 

Vos, L. (2022). Quantifying synergies and trade-offs in the global water-land-food-climate 469 

nexus using a multi-model scenario approach. Environmental Research Letters, 17(4), 045004.  470 

Doelman, J. C., Stehfest, E., Tabeau, A., & van Meijl, H. (2019). Making the Paris agreement climate 471 

targets consistent with food security objectives. Global Food Security, 23, 93-103. 472 

doi:https://doi.org/10.1016/j.gfs.2019.04.003 473 

Doelman, J. C., Stehfest, E., van Vuuren, D. P., Tabeau, A., Hof, A. F., Braakhekke, M. C., . . . Lucas, 474 

P. L. (2020). Afforestation for climate change mitigation: Potentials, risks and trade-offs. Global 475 

Change Biology, 26(3), 1576-1591. doi:https://doi.org/10.1111/gcb.14887 476 

FAO. (1996). Rome Declaration on World Food Security and World Food Summit Plan of Action. 477 

Retrieved from  478 

FAO. (2022). Retrieved from http://www.fao.org/faostat/en/#data 479 

Fischer, G., Huang, J., Keyzer, M., Qiu, H., Sun, L., & van Veen, W. (2007). China’s agricultural 480 

prospects and challenges: Report on scenario simulations until 2030 with the Chinagro welfare 481 

https://www.climatewatchdata.org/?source=cait
https://doi.org/10.1016/j.gfs.2019.04.003
https://doi.org/10.1111/gcb.14887
http://www.fao.org/faostat/en/#data


22 

model covering national, regional and county level. Retrieved from Centre for World Food 482 

Studies, VU University Amsterdam: https://pure.iiasa.ac.at/id/eprint/14862/ 483 

Foley, J. A., Ramankutty, N., Brauman, K. A., Cassidy, E. S., Gerber, J. S., Johnston, M., . . . West, P. 484 

C. (2011). Solutions for a cultivated planet. Nature, 478(7369), 337-342.  485 

Forest Park of National Forestry and Grassland Administration (FPNFGA). (2016). National Forest 486 

Management Plan (2016–2050). Retrieved from 487 

http://www.forestry.gov.cn/main/58/20160728/892769.html 488 

Frank, S., Beach, R., Havlik, P., Valin, H., Herrero, M., Mosnier, A., . . . Obersteiner, M. (2018). 489 

Structural change as a key component for agricultural non-CO2 mitigation efforts. Nature 490 

Communications, 9(1), 1060. doi:10.1038/s41467-018-03489-1 491 

Frank, S., Gusti, M., Havlík, P., Lauri, P., DiFulvio, F., Forsell, N., . . . Valin, H. (2021). Land-based 492 

climate change mitigation potentials within the agenda for sustainable development. 493 

Environmental Research Letters, 16(2), 024006.  494 

Fujimori, S., Wu, W., Doelman, J., Frank, S., Hristov, J., Kyle, P., . . . Takahashi, K. (2022). Land-based 495 

climate change mitigation measures can affect agricultural markets and food security. Nature 496 

Food, 3(2), 110-121. doi:10.1038/s43016-022-00464-4 497 

GAMS. (2022). General algebraic modeling system. Retrieved from https://www.gams.com/ 498 

Gatto, A., Kuiper, M., & van Meijl, H. (2023). Economic, social and environmental spillovers decrease 499 

the benefits of a global dietary shift. Nature Food. doi:10.1038/s43016-023-00769-y 500 

Gatto, A., Kuiper, M., van Middelaar, C., & van Meijl, H. (2024). Unveiling the economic and 501 

environmental impact of policies to promote animal feed for a circular food system. Resources, 502 

Conservation and Recycling, 200, 107317. doi:https://doi.org/10.1016/j.resconrec.2023.107317 503 

https://pure.iiasa.ac.at/id/eprint/14862/
http://www.forestry.gov.cn/main/58/20160728/892769.html
https://www.gams.com/
https://doi.org/10.1016/j.resconrec.2023.107317


23 

Goedkoop, M., Heijungs, R., Huijbregts, M., De Schryver, A., Struijs, J., & Van Zelm, R. (2009). ReCiPe 504 

2008: A life cycle impact assessment method which comprises harmonised category indicators 505 

at the midpoint and the endpoint level. Retrieved from  506 

Golub, A., Hertel, T., Lee, H.-L., Rose, S., & Sohngen, B. (2009). The opportunity cost of land use and 507 

the global potential for greenhouse gas mitigation in agriculture and forestry. Resource and 508 

Energy Economics, 31(4), 299-319. doi:https://doi.org/10.1016/j.reseneeco.2009.04.007 509 

Golub, A. A., Henderson, B. B., Hertel, T. W., Gerber, P. J., Rose, S. K., & Sohngen, B. (2013). Global 510 

climate policy impacts on livestock, land use, livelihoods, and food security. Proceedings of the 511 

National Academy of Sciences, 110(52), 20894-20899. doi:10.1073/pnas.1108772109 512 

Greijdanus, A. (2013). Exploring possibilities for reducing greenhouse gas emissions in protein-rich 513 

food chains. (MSc. thesis). Wageningen University & Research,  514 

GTAP. (2014). GTAP version 10 Database. Retrieved from http://www.gtap.agecon.purdue.edu/ 515 

Guo, Y., He, P., Searchinger, T. D., Chen, Y., Springmann, M., Zhou, M., . . . Mauzerall, D. L. (2022). 516 

Environmental and human health trade-offs in potential Chinese dietary shifts. One Earth, 5(3), 517 

268-282. doi:10.1016/j.oneear.2022.02.002 518 

Hamilton, H. A., Ivanova, D., Stadler, K., Merciai, S., Schmidt, J., Van Zelm, R., . . . Wood, R. (2018). 519 

Trade and the role of non-food commodities for global eutrophication. Nature Sustainability, 520 

1(6), 314-321.  521 

Harmsen, J., van Vuuren, D. P., Nayak, D. R., Hof, A. F., Höglund-Isaksson, L., Lucas, P. L., . . . Stehfest, 522 

E. (2019). Long-term marginal abatement cost curves of non-CO2 greenhouse gases. 523 

Environmental Science & Policy, 99, 136-149.  524 

https://doi.org/10.1016/j.reseneeco.2009.04.007
http://www.gtap.agecon.purdue.edu/


24 

Hasegawa, T., Fujimori, S., Havlík, P., Valin, H., Bodirsky, B. L., Doelman, J. C., . . . Witzke, P. (2018). 525 

Risk of increased food insecurity under stringent global climate change mitigation policy. 526 

Nature Climate Change, 8(8), 699-703. doi:10.1038/s41558-018-0230-x 527 

Hasegawa, T., & Matsuoka, Y. (2015). Climate change mitigation strategies in agriculture and land use 528 

in Indonesia. Mitigation and Adaptation Strategies for Global Change, 20, 409-424.  529 

Hertel, T. W., Lee, H.-L., & Rose, S. (2009). Modelling land use related greenhouse gas sources and 530 

sinks and their mitigation potential. In Economic analysis of land use in global climate change 531 

policy (pp. 143-173): Routledge. 532 

Huang, T., Zhu, X., Zhong, Q., Yun, X., Meng, W., Li, B., . . . Tao, S. (2017). Spatial and Temporal 533 

Trends in Global Emissions of Nitrogen Oxides from 1960 to 2014. Environmental Science & 534 

Technology, 51(14), 7992-8000. doi:10.1021/acs.est.7b02235 535 

IPCC-WGIII. (2014). Summary for policymakers (AR5).  536 

IPCC. (2006). IPCC Guidelines for National Greenhouse Gas Inventories. In Agriculture, Forestry and 537 

Other Land Use (Vol. 4): Intergovernmental Panel on Climate Change. 538 

Jiang, H.-D., Liu, L.-J., & Deng, H.-M. (2022). Co-benefit comparison of carbon tax, sulfur tax and 539 

nitrogen tax: The case of China. Sustainable Production and Consumption, 29, 239-248. 540 

doi:https://doi.org/10.1016/j.spc.2021.10.017 541 

Johnson, N., Burek, P., Byers, E., Falchetta, G., Flörke, M., Fujimori, S., . . . Parkinson, S. (2019). 542 

Integrated Solutions for the Water-Energy-Land Nexus: Are Global Models Rising to the 543 

Challenge? Water, 11(11), 2223. doi:10.3390/w11112223 544 

https://doi.org/10.1016/j.spc.2021.10.017


25 

Keyzer, M., & Van Veen, W. (2005). Towards a spatially and socially explicit agricultural policy analysis 545 

for China: specification of the Chinagro models. Centre for World Food Studies, Amsterdam, 546 

The Netherlands.  547 

Lamsal, L., Martin, R., Padmanabhan, A., Van Donkelaar, A., Zhang, Q., Sioris, C., . . . Newchurch, M. 548 

(2011). Application of satellite observations for timely updates to global anthropogenic NOx 549 

emission inventories. Geophysical Research Letters, 38(5).  550 

Le Thanh, L. (2016). Biofuel production in Vietnam: greenhouse gas emissions and socioeconomic 551 

impacts. (Ph.D. thesis). Wageningen University & Research,  552 

Lee, H., Calvin, K., Dasgupta, D., Krinmer, G., Mukherji, A., Thorne, P., . . . Barret, K. (2023). Synthesis 553 

report of the IPCC Sixth Assessment Report (AR6), Longer report. IPCC.  554 

Lele, U., Masters, W. A., Kinabo, J., Meenakshi, J., Ramaswami, B., Tagwireyi, J., & Goswami, S. 555 

(2016). Measuring food and nutrition security: An independent technical assessment and user’s 556 

guide for existing indicators. Rome: Food Security Information Network, Measuring Food and 557 

Nutrition Security Technical Working Group, 177.  558 

Liu, J., Hull, V., Godfray, H. C. J., Tilman, D., Gleick, P., Hoff, H., . . . Sun, J. (2018). Nexus approaches 559 

to global sustainable development. Nature Sustainability, 1(9), 466-476.  560 

Liu, L., Xu, W., Lu, X., Zhong, B., Guo, Y., Lu, X., . . . Vitousek, P. (2022). Exploring global changes 561 

in agricultural ammonia emissions and their contribution to nitrogen deposition since 1980. 562 

Proceedings of the National Academy of Sciences, 119(14), e2121998119. 563 

doi:doi:10.1073/pnas.2121998119 564 

Long, W., Zhu, X., Weikard, H.-P., Oenema, O., & Hou, Y. (2024). Exploring sustainable food system 565 

transformation options in China: An integrated environmental-economic modelling approach 566 



26 

based on the applied general equilibrium framework. Sustainable Production and Consumption, 567 

51, 42-54. doi:https://doi.org/10.1016/j.spc.2024.09.004 568 

Ludemann, C. I., Gruere, A., Heffer, P., & Dobermann, A. (2022). Global data on fertilizer use by crop 569 

and by country. Scientific data, 9(1), 501. doi:10.1038/s41597-022-01592-z 570 

Mason-D'Croz, D., Barnhill, A., Bernstein, J., Bogard, J., Dennis, G., Dixon, P., . . . Faden, R. (2022). 571 

Ethical and economic implications of the adoption of novel plant-based beef substitutes in the 572 

USA: a general equilibrium modelling study. The Lancet Planetary Health, 6(8), e658-e669. 573 

doi:https://doi.org/10.1016/S2542-5196(22)00169-3 574 

Matthews, H. D., & Wynes, S. (2022). Current global efforts are insufficient to limit warming to 1.5°C. 575 

Science, 376(6600), 1404-1409. doi:10.1126/science.abo3378 576 

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior, R. A., . . . Collen, B. (2015). 577 

Global effects of land use on local terrestrial biodiversity. Nature, 520(7545), 45-50.  578 

Nguyen, T. L. T., Hermansen, J. E., & Mogensen, L. (2010). Environmental consequences of different 579 

beef production systems in the EU. Journal of Cleaner Production, 18(8), 756-766. 580 

doi:https://doi.org/10.1016/j.jclepro.2009.12.023 581 

Peña-Lévano, L. M., Taheripour, F., & Tyner, W. E. (2019). Climate Change Interactions with 582 

Agriculture, Forestry Sequestration, and Food Security. Environmental and Resource 583 

Economics, 74(2), 653-675. doi:10.1007/s10640-019-00339-6 584 

Pena Levano, L. M., Taheripour, F., & Tyner, W. (2015). Development of the GTAP land use data base 585 

for 2011. Retrieved from  586 

https://doi.org/10.1016/j.spc.2024.09.004
https://doi.org/10.1016/S2542-5196(22)00169-3
https://doi.org/10.1016/j.jclepro.2009.12.023


27 

Popp, A., Lotze-Campen, H., & Bodirsky, B. (2010). Food consumption, diet shifts and associated non-587 

CO2 greenhouse gases from agricultural production. Global Environmental Change, 20(3), 451-588 

462.  589 

Sohngen, B., & Mendelsohn, R. (2007). A sensitivity analysis of forest carbon sequestration. In M. E. 590 

Schlesinger, H. S. Kheshgi, J. Smith, F. C. de la Chesnaye, J. M. Reilly, T. Wilson, & C. Kolstad 591 

(Eds.), Human-Induced Climate Change: An Interdisciplinary Assessment (pp. 227-237). 592 

Cambridge: Cambridge University Press. 593 

Springmann, M., Clark, M., Mason-D'Croz, D., Wiebe, K., Bodirsky, B. L., Lassaletta, L., . . . Willett, 594 

W. (2018). Options for keeping the food system within environmental limits. Nature, 562(7728), 595 

519-525. doi:10.1038/s41586-018-0594-0 596 

Springmann, M., Godfray, H. C. J., Rayner, M., & Scarborough, P. (2016). Analysis and valuation of the 597 

health and climate change cobenefits of dietary change. Proceedings of the National Academy 598 

of Sciences, 113(15), 4146-4151.  599 

Taheripour, F., Zhao, X., Horridge, M., Farrokhi, F., & Tyner, W. (2020). Land use in computable 600 

general equilibrium models. Journal of Global Economic Analysis, 5(2), 63-109.  601 

UN Comtrade Database. (2022). Retrieved from https://comtrade.un.org/data 602 

UNFCC. (2015). Paris agreement.  603 

van Meijl, H., Havlik, P., Lotze-Campen, H., Stehfest, E., Witzke, P., Domínguez, I. P., . . . van Zeist, 604 

W.-J. (2018). Comparing impacts of climate change and mitigation on global agriculture by 605 

2050. Environmental Research Letters, 13(6), 064021. doi:10.1088/1748-9326/aabdc4 606 

van Vuuren, D. P., Kok, M., Lucas, P. L., Prins, A. G., Alkemade, R., van den Berg, M., . . . Kram, T. 607 

(2015). Pathways to achieve a set of ambitious global sustainability objectives by 2050: 608 

https://comtrade.un.org/data


28 

explorations using the IMAGE integrated assessment model. Technological Forecasting and 609 

Social Change, 98, 303-323.  610 

van Wesenbeeck, L., & herok, C. (2006). European and global economic shifts. ENVIRONMENT AND 611 

POLICY, 45, 138.  612 

Willett, W., Rockström, J., Loken, B., Springmann, M., Lang, T., Vermeulen, S., . . . Murray, C. J. L. 613 

(2019). Food in the Anthropocene: the EAT–Lancet Commission on healthy diets from 614 

sustainable food systems. The Lancet, 393(10170), 447-492. doi:10.1016/s0140-615 

6736(18)31788-4 616 

Zhu, X. (2004). Environmental-Economic Modelling of Novel Protein Foods: A General Equilibrium 617 

Approach. (Ph.D. thesis). Wageningen University & Research,  618 

Zhu, X., & Van Ierland, E. (2006). The enlargement of the European Union: Effects on trade and 619 

emissions of greenhouse gases. Ecological Economics, 57(1), 1-14. 620 

doi:https://dx.doi.org/10.1016/j.ecolecon.2005.03.030 621 

Zhu, X., & Van Ierland, E. C. (2005). A model for consumers' preferences for Novel Protein Foods and 622 

environmental quality. Economic Modelling, 22(4), 720-744.  623 

Zhu, X., & Van Ierland, E. C. (2012). Economic Modelling for Water Quantity and Quality Management: 624 

A Welfare Program Approach. Water Resources Management, 26(9), 2491-2511. 625 

doi:10.1007/s11269-012-0029-x 626 

Zhu, X., van Wesenbeeck, L., & van Ierland, E. C. (2006). Impacts of novel protein foods on sustainable 627 

food production and consumption: lifestyle change and environmental policy. Environmental 628 

and Resource Economics, 35(1), 59-87.  629 

 630 

https://dx.doi.org/10.1016/j.ecolecon.2005.03.030


29 

 631 


