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Abstract:  40 

Natural Climate Solutions (NCS) are strategies for climate mitigation in the land sector, 41 

that increase carbon storage or avoid greenhouse gases (GHG) emissions. Here, we 42 

estimate China’s historic NCS mitigation at 0.6 (0.5-0.7) Pg CO2e yr-1 (95% CI) during 43 

2000-2020 (8% of fossil CO2 emission in the contemporary period). Through new NCS 44 

activities, the future maximum potential for NCS is projected at 0.6 (0.3-1.0) Pg CO2e 45 

yr-1 (6% of fossil CO2 emission) during 2020-2030 and 1.0 (0.6-1.4) Pg CO2e yr-1 46 

during 2020-2060. 26-31%, 62-65%, and 90-91% of the future NCS potentials can be 47 

achieved at mitigation costs of 10, 50 and 100 USD Mg CO2e-1, respectively. Thus, 48 

NCS can contribute substantially to China’s National Determined Contributions (NDCs) 49 

over the next 10 to 40 years, but require a national strategy to reach climate goals and 50 

ensure co-benefits for people and nature. 51 

 52 
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Main 53 

Natural climate solutions (NCS), a suite of land management options including 54 

protecting, restoring and sustainably managing ecosystems 1, provide readily 55 

implementable approaches to sequester carbon in terrestrial pools and/or reduce GHG 56 

emissions 2. NCS are a complement to, not a substitute for, emission reductions related 57 

to decreased use of fossil fuels and decarbonization of energy and transportation sectors. 58 

They are expected to slow down the rate of global warming in the next 10-40 years, in 59 

parallel with the development of mitigation technologies and energy transformation 3. 60 

 61 

Following the first submission in 2015, China submitted its updated Nationally 62 

Determined Contribution (NDCs) in 2021. This included a “net-zero” commitment with 63 

a peak in CO2 emission before 2030 and net carbon neutrality being achieved by 2060 64 

4. Over the past decades (especially since 1999), China has strengthened its efforts in 65 

ecological restoration and protection 5. While not all the projects were originally 66 

designed for carbon sequestration and climate change mitigation, collectively they 67 

made a substantial contribution to China’s terrestrial ecosystem carbon sink 6-8. Some 68 

adaptive action strategies such as China's Achievements, New Goals and New Measures 69 

for Nationally Determined Contributions 9 and Master plan of Major Projects of 70 

National Important Ecosystem Protection and Restoration (2021-2035) 5 have been 71 

released, proposing a series of strategies for ecosystem management in the next decades 72 

to support implementation of the NDCs. So far, the contributions to emission reductions 73 

from recent projects equivalent to NCS activities have not been fully quantified. More 74 

importantly, the mitigation potential of future NCS activities and their contribution to 75 



 5 

China’s climate goals is largely unknown 2. 76 

 77 

Here, we quantified 16 distinct pathways (see definitions and descriptions in 78 

Supplementary Table S1&2) to provide an integrated evaluation of the climate 79 

mitigation capacity of previous projects during 2000-2020, and the future NCS 80 

potentials during 2020-2030 and 2020-2060 by conserving, restoring, and improving 81 

management of forests, croplands, grasslands, and wetlands in China. The evaluation 82 

of the mitigation capacity of previous projects for 2000-2020 is a foundation to 83 

understand the historical contribution and also a baseline for setting feasible boundaries 84 

for future additional NCS pathway projections (Supplementary Table S1&2). We first 85 

provide estimates of the historical mitigation capacity of projects during 2000-2020, as 86 

well as the future “maximum additional mitigation potential” (MAMP) of NCS by 87 

additional stewardship options under biophysical constraints in the next 10 (by 2030) 88 

and 40 years (by 2060), measured in CO2 equivalents per year (CO2e yr-1). We then 89 

constrain NCS levels by mitigation cost thresholds. We note that the essence of NCS is 90 

to seek new opportunities and approaches with additionality over the baseline (i.e., 91 

2000-2020 in this study).  92 

 93 

Overall NCS potential 94 

During 2000-2020, the total mitigation capacity of the 9 pathways related to previous 95 

projects was 0.6 (0.5-0.7) Pg CO2e yr-1 (95% confidence interval, CI) (Fig.1a), 96 

counterbalancing 8% of the mean annual fossil CO2 emission in the same period (7.4 97 

Pg CO2e yr-1), in which the increased carbon sequestration from ecosystems (0.5 Pg 98 
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CO2 yr-1, excluding CH4 and N2O) is about 54% (28-80%) of the overall land carbon 99 

sink in China (0.18-0.51 Pg C yr-1) 10. During 2020-2030, the maximum potential of 100 

NCS (i.e., MAMP) of the 16 pathways is projected at 0.6 (0.3-1.0) Pg CO2e yr-1 (Fig.1b), 101 

which is 6% of the mean annual CO2 emission during the same period (assuming the 102 

industrial CO2 emission at year 2030 to be around 10 to 12 Pg CO2 yr-1) 11. The MAMP 103 

is projected at 1.0 (0.6-1.4) Pg CO2e yr-1 during 2020-2060 (Fig.1c).  104 

 105 

[Figure 1 here] 106 

 107 

The realization and importance of diverse NCS pathways comprehensively reflects a 108 

nation or region’s stewardship of certain ecosystems, land cover history, the status of 109 

the ecosystems, land ownership, human intervention, technological progress, and 110 

governance 12. In the context of China, the land area that can be used for restoration 111 

(e.g., reforestation, grassland and wetland restoration) (Extended Data Fig. 1&2), the 112 

technology and land practices that can be applied (e.g., water and nutrient management 113 

in croplands and grazing in rangelands), as well as the land transfer risk control (e.g., 114 

avoiding loss of natural land cover to cropland or built-up) are the direct determinants 115 

of ecosystem restoration, management, and protection, respectively 1,13.  116 

 117 

NCS potential by pathway  118 

Historical and future fluxes of individual pathways have contributed to the overall 119 

estimates presented above (Fig. 1a-c, Supplementary Table S1-3). 120 

Forest ecosystems.  121 
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Forest pathways are most important for the historical mitigation capacity and 122 

future potential in China (Fig. 1a-c, Supplementary Table S3). During 2000-2020, the 123 

carbon sink in managed forests (including reforestation, natural forest management, 124 

and fire management) was estimated to be 446 Tg CO2 yr-1, contributing 73% of the 125 

total flux of the 9 NCS pathways (Fig. 1a). Of this total, more than 55% was contributed 126 

by reforestation (247 Tg CO2 yr-1 on an area of 44.7 Mha) and 42% by natural forest 127 

management (i.e., restricted timber logging) (189 Tg CO2 yr-1 on an area of 41.3 Mha). 128 

Fire management made a small contribution of 3% (10 Tg CO2 yr-1), in which 9 Tg CO2 129 

yr-1 was contributed by fire prevention and 1 Tg CO2 yr-1 by prescribed fire.  130 

In the future, the total MAMP from the five forest pathways (including two new 131 

pathways) would be 436 Tg CO2 yr-1 by 2030 and 627 Tg CO2 yr-1 by 2060, representing 132 

64-68% of the total NCS of the 16 pathways (Fig. 1b-c, scenario setting in 133 

Supplementary Table S2). Considering the constraints of water stress, the Farmland 134 

Red Line (the minimum acceptable arable land area in China), urbanization, as well as 135 

the 26% forest coverage goal by 2035 (similar to the historical value in 1700) 14,15, the 136 

maximum additional area for future reforestation after 2020 will be limited to be 31.8 137 

Mha (Extended Data Fig. 2&3), similar to the estimate in ref 16 , and the MAMP would 138 

be 77 Tg CO2 yr-1 and 235 Tg CO2 yr-1 by 2030 and 2060, respectively (assuming that 139 

21.7 Mha be reforested by 2030 and 31.8 Mha by 2060). The lower NCS potential of 140 

reforestation during 2020-2030 compared to the historical capacity in 2000-2020 is due 141 

to the lower carbon flux rate in the 10-yr forest and also the smaller reforested area. 142 

The magnitude of CO2 sequestration during 2020-2060 is comparable to the historical 143 

value, with the forests getting older (Fig. 1a-c, Supplementary Table S2&3). The 144 
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MAMP of natural forest management would be almost double (336 Tg CO2 yr-1) within 145 

the next 40 years because a larger area of natural forests (79.1 Mha) will be restricted 146 

from logging (clearcutting of natural forests for fuelwood and timber is prohibited by 147 

law in China since 2020), although the carbon sequestration rate of these unlogged 148 

forests would slightly decrease as they would shift from younger (mean age 43 years in 149 

2010) to older age classes with a lower uptake rate (mean age 63-93 years in 2030-2060) 150 

(Extended Data Fig. 4) 17. Natural forest management would account for 77% of the 151 

total NCS of forest pathways by 2030 and 54% by 2060, when reforestation will have 152 

a higher NCS potential (37%) compared to the historical period. Only 5-9% of the total 153 

CO2 flux resides in improved plantations, avoided forest conversion, and fire 154 

management. Improved plantations by reducing harvest and improving wood residue 155 

treatments could contribute a net sink of 17 and 49 Tg CO2 yr-1 by 2030 and 2060, 156 

respectively (Fig. 1b-c). The risk of forest conversion to other land uses would be 157 

relatively small (0.01 Mha yr-1). Reducing conversion from forest to cultivated or 158 

developed land will contribute 6 and 7 Tg CO2 yr-1 of emission reduction by 2030 and 159 

2060, respectively. The mean annual burnt area due to wildfire was greatly reduced 160 

(from 0.89 Mha yr-1 during 1949-1999 to 0.12 Mha yr-1 during 2000-2017) (Extended 161 

Data Fig. 5) since the implementation of fire prevention policy in 1987 18, and future 162 

wildfire may also be maintained at a low level (<1 Tg CO2 yr-1).  163 

Forest volume is estimated to increase by 8.26 billion m3 (equivalent to 7.34 Pg 164 

CO2 of carbon sequestration) by 2030 over the 2000 level due to reforestation and 165 

natural forest management based on our projections, indicating that achieving the goal 166 

specified in China’s NDCs (6.0 billion m3 over the 2005 level) 4 is achievable. 167 
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 168 

Cropland ecosystems  169 

Cropland NCS showed promising opportunities for climate mitigation via 170 

improved cropland management. During 2000-2020, the total mitigation from the three 171 

cropland pathways was 84 Tg CO2e yr-1 (Fig. 1a), 14% of the overall historical flux of 172 

the 9 NCS pathways. Cropland nutrient management decreased N2O emissions by 79 173 

Tg CO2e yr-1 from reduced nitrogenous fertilizer use and improved fertilizer production 174 

technology (Supplementary Table S3, Extended Data Fig. 6). Cover crops (on 4.5 Mha 175 

of winter fallow) contributed 5 Tg CO2 yr-1 through soil carbon sequestration. The 176 

mitigation capacity of biochar was minimal (0.5 Tg CO2 yr-1) as the amount of crop 177 

residues used for biochar production is small (0.11% of the total  of 708 million tons 178 

per year).  179 

In the future, the MAMP of the cropland pathways (including a new pathway of 180 

improved rice cultivation) could reach 104 Tg CO2e yr-1 by 2030 and 223 Tg CO2e yr-181 

1 by 2060 (scenario setting in Supplementary Table S2) (Fig. 1b-c). These values are 182 

1.2 and 2.6 times as large as the historical value, respectively, contributing 16% and 23% 183 

to the overall NCS potential of the 16 pathways. Specifically, the potential additional 184 

N2O emission reduction through improved N management could be 46 Tg CO2e yr-1 by 185 

2030 and 153 Tg CO2e yr-1 by 2060, assuming that our reduction scenario of N 186 

fertilizers by 13-49% would not affect crop yield 19. The contribution from cover crops 187 

could increase to be 25 Tg CO2 yr-1 if the maximum area of 15.1 Mha of winter fallow 188 

is applied with cover crops. Biochar would remain as a less important NCS pathway 189 

(0.1 Tg CO2 yr-1). In comparison, rice cultivation is extensive in China (30.5 Mha) and 190 



 10

improved rice cultivation as a new NCS pathway could contribute 33-44 Tg CO2e yr-1 191 

in CH4 emission reductions in the next 40 years through improved soil management 192 

and drainage processing 20 . 193 

 194 

Grassland ecosystems 195 

Grazing optimization and grassland restoration was estimated to be a net sink of 196 

80 Tg CO2 yr-1 during the period 2000-2020, contributing 13% to the overall mitigation 197 

capacity of the 9 pathways (Fig. 1a), of which 59 Tg CO2 yr-1 was from grazing 198 

optimization (fencing or sowing on an area of 99.6 Mha 21) and 21 Tg CO2 yr-1 from 199 

grassland restoration (on 5.8 Mha cropland) (Fig. 1a, Supplementary Table S2&3). In 200 

the future, the total additional MAMP from grassland ecosystems is estimated at 68-82 201 

Tg CO2 yr-1 during 2020-2060 (8-11% of the overall NCS potential) (Fig. 1b-c, scenario 202 

setting in Supplementary Table S2). Grassland grazing optimization could be applied 203 

on a smaller area in the future (15.6 Mha by 2030 and 62.4 Mha by 2060) and 204 

consequently would contribute a smaller NCS potential of 8 Tg CO2 yr-1 and 29 Tg CO2 205 

yr-1, respectively. For grassland restoration in cropland over steep slopes, the additional 206 

area available in the future would be only 0.54 Mha (Extended Data Fig. 1&2). Thus, 207 

the MAMP of grassland restoration would remain constant at 3 Tg CO2 yr-1 during 208 

2020-2060. Cropland expansion is the major cause of grassland conversion in China at 209 

rate of 0.53 Mha yr-1. Avoided grassland conversion to cropland will provide a new 210 

mitigation opportunity, reducing an additional 50-57 Tg CO2 yr-1 (Fig. 1b-c).  211 

 212 

Wetland ecosystems 213 
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The mitigation capacity from actual wetland projects during 2000-2020 was 214 

negligible (<1 Tg CO2e yr-1) compared to the other pathways (Fig. 1a), but shows great 215 

potential as a NCS in the next decades (35 and 52 Tg CO2e yr-1 by 2030 and 2060, 216 

respectively (Fig. 1b-c), contributing 4-5% to the overall NCS potential of the 16 217 

pathways), especially for peatland (Supplementary Table S3). Avoided peatland loss 218 

could potentially reduce CO2 emissions 24 Tg CO2 yr-1 over the next 40 years (on 0.09-219 

0.38 Mha of area). Peatland restoration by soil re-wetting could contribute an additional 220 

4 and 14 Tg CO2e yr-1 mitigation potential (the net effect of decreasing CO2 emission 221 

and increasing carbon accumulation but increasing CH4 emission) by 2030 and 2060 222 

(0.05 and 0.19 Mha), respectively (Fig. 1b-c). Coastal wetland restoration could 223 

sequestrate 2 and 4 Tg CO2 yr-1 (0.11 and 0.38 Mha). Avoided coastal wetland impacts 224 

(including salt marshes and seagrass beds) could reduce CO2 emissions 6 and 10 Tg 225 

CO2 yr-1 by 2030 and 2060 (0.10 and 0.41 Mha), respectively. Although the loss rate of 226 

coastal ecosystems and wetlands is small (<0.01 Mha yr-1), they need extra attention 227 

because the carbon flux per unit area released from wetland loss is substantial (Fig. 1b-228 

c, Supplementary Table S2&3). 229 

 230 

Spatial distribution of the NCS 231 

The climate mitigation from the 16 NCS pathways show large spatial differences across 232 

the country. Inner Mongolia (IM), Heilongjiang (HLJ), Sichuan (SC) and Yunnan (YN) 233 

are the top four provinces with the highest levels of historical achieved capacity and 234 

future potential (Fig. 2). Except for some provinces in Northwest and East China, 235 

natural forest management and/or reforestation contributes the most to the overall NCS. 236 
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For Xinjiang and Qinghai, grazing optimization had the biggest contribution to the 237 

historical flux, and grassland and peatland management will be important NCS 238 

opportunities in the future. In some provinces in Central and East China (including 239 

Henan, Hubei, Hunan, Shandong, Anhui, Jiangxi and Jiangsu), cropland nutrient 240 

management and improved rice cultivation are also important options for future NCS. 241 

Improved plantations are non-negligible in Guangxi province.  242 

 243 

At the national level, the dominant type of the NCS was restoration and improved 244 

management before 2020, but it would shift towards improved management in future 245 

decades, with protection becoming more important (Fig. 3a-c, the type of NCS defined 246 

in Methods). At the provincial level, ten NCS types were further identified as the 247 

predominant options, including six single types and four mixed or combined types (Fig. 248 

3e-f), indicating the need for diverse NCS activities.  249 

 250 

[Figure 2 here]  251 

[Figure 3 here] 252 

 253 

Cost-effectiveness  254 

By using marginal abatement cost (MAC) curves, the cost of the climate mitigation of 255 

each NCS pathway was estimated. During 2000-2020, only 125 Tg CO2e yr-1 (20% of 256 

the total) was achieved at a mitigation cost below 10 USD Mg CO2e-1 (Fig. 1a-c). In 257 

the future, 165 Tg CO2e yr-1 (26%) and 298 Tg CO2e yr-1 (30%) out of the total NCS 258 

will be achievable by 2030 and 2060, respectively, at 10 USD Mg CO2e-1. At a 259 
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mitigation cost of 50 USD Mg CO2e-1, 354 Tg CO2e yr-1 (58%), 390 Tg CO2e yr-1 (62%) 260 

and 641 Tg CO2e yr-1 (65%) of the total NCS are available during 2000-2020, 2020-261 

2030, and 2020-2060, respectively. 406 Tg CO2e yr-1 (66%), 573 Tg CO2e yr-1 (90%) 262 

and 898 Tg CO2e yr-1 (91%) are achievable for mitigation costs up to 100 USD Mg 263 

CO2e-1. Natural forest management is the most cost-effective option at all of the three 264 

mitigation costs and will achieve the highest MAMP (336 Tg CO2 yr-1) at 100 USD Mg 265 

CO2e-1 during 2020-2060 (Fig. 1a-c). The portion of achievable NCS at the three cost 266 

thresholds is similar to that of the US but higher than that of Canada. The US’s total 267 

NCS is 1.2 Pg CO2e yr-1 during 2015-2035 (19% of industrial CO2 emission of the 268 

1990-2018 level), 25, 76 and 91% of which would be achieved at 10, 50 and, 100 USD 269 

Mg CO2e-1, respectively 22. For Canada, the total NCS is 78 Tg CO2e yr-1 during 2021-270 

2030 (100% of all heavy industry emissions of the 2018 level); 12, 34 and 51% of 271 

which would be available at 10, 50 and, 100 CAD Mg CO2e-1, respectively 23.   272 

Besides climate mitigation, the NCS measures bring co-benefits including 273 

improving biodiversity, air purification, soil enrichment, and water retention 24 (Fig. 1) 274 

25. The value of these co-benefits is not accounted for in our estimation of cost-275 

effectiveness of the NCS, but they will save economic costs and improve human well- 276 

26.  277 

 278 

[Box 1 here] 279 

 280 

Calibration upon the global assessment for China 281 

A relative comparison between our estimates and those in Griscom et al. 1 can be made 282 
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in terms of implementation extent and GHG flux rate (per unit area) within a given time 283 

period (Extended Data Fig. 7). Griscom et al.’s estimate of reforestation for China is as 284 

high as 1257 Tg CO2e yr-1 (2010-2030), five times more than our estimate (247 Tg CO2 285 

yr-1, 2000-2020), mainly because they used a much higher value for carbon 286 

sequestration rates (4.14 Mg C ha-1 yr-1). They also assumed that 25-30% of total NCS 287 

by reforestation can be achieved at 100 USD (referencing to a study on commercial 288 

plantations in the United States), i.e., 319 Tg CO2 yr-1 27,28. We estimated that 55% (136 289 

Tg CO2 yr-1) of the total NCS (247 Tg CO2 yr-1) can be realized at 100 USD during 290 

2000-2020 based on our MAC curves using actual data from regions that implemented 291 

reforestation in China (Extended Data Fig.7). The CO2 sink of natural forest 292 

management in 2000-2020 is 189 Tg CO2 yr-1 in this study, against only 35 Tg CO2 yr-293 

1 in Griscom’s 1. This large difference is because we separated natural forests into 294 

different age classes with different sequestration rates (40-90 years) to obtain a 295 

weighted mean carbon sequestration rate (0.71-1.25 Mg C ha-1 yr-1), whereas Griscom 296 

et al. set sequestration rates to a mean value (0.14-0.39 Mg C ha-1 yr-1) uniform across 297 

all forests. Much higher NCS estimates of biochar are reported by the Natural 298 

Conservancy  27 (65 Tg CO2e yr-1 at the price of 100 USD) and Yang 29 (86 Tg CO2e yr-299 

1) who assumed that 73% or 90% China’s crop residues can be used to produce biochar 300 

in the future, but this fraction is actually less than 1% and it will be a gradual process 301 

to transform crop residues utility from others to produce a large amount of biochar. 302 

Based on this, biochar NCS is very small (< 1 Tg CO2e yr-1) in both historical and future 303 

estimates in our study (Extended Data Fig. 7). The differences between our study and 304 

the global studies indicate that baseline setting as well as the use of regional data can 305 
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greatly impact NCS assessment. Thus, well-calibrated national assessments are 306 

necessary to improve upon rough global estimates. For further comparative analysis 307 

please see corresponding sections in each of individual pathways in the Supplementary 308 

Information.   309 

 310 

The implications 311 

To achieve the maximum potential of NCS and enhanced the co-benefits of multiple 312 

ecosystem services, it is critical that integrated land planning and management 313 

optimization is applied at different jurisdictional levels and spatial scales, especially 314 

since the NCS pathways will be implemented on such a large land area nationwide 315 

(Extended Data Fig. 1&2). Specifically, overall land use planning should focus on 316 

systematic layout (i.e., total area control) of land restoration 30 and replacement 31 at the 317 

national level based on accurate land surveys, emphasizing coordination between 318 

restoration/protection and management at the provincial or regional level, and 319 

highlighting livelihood and realization of social justice at the local level by 320 

implementing ecological compensation 26. The case of the Loess Plateau of China — 321 

the pioneer area of the Grain for Green Project — has proven that food security can be 322 

maintained through improved management practices such as improving nutrient use 323 

efficiency, water-saving irrigation, and construction of terraces and check dams 32, 324 

while at the same time capturing carbon in vegetation and soil, and reducing soil 325 

sediment in the Yellow River 33,34. We also suggest that the government should set a 326 

percentage target of NCS based on the resource status of each region/province, 327 

continuing to strictly implement ecosystem protection policies, as the damage of 328 
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ecosystems will outweigh the benefits to manage and restore without protection 35. 329 

Alongside protection, improving management of ecosystems and promoting ecological 330 

restoration should be implemented for maintaining the long-term benefits of NCS. Our 331 

spatial maps clearly show different opportunity options in each province throughout the 332 

country. At the national or provincial level, since natural resource abundance and 333 

economic capital are limited, it is important for policy makers to transform their 334 

thinking from ‘expanding the extent of ecosystems’ to ‘improving the benefits per unit 335 

land area’, maintaining the overall strength of investment, fair and effective fund 336 

distribution (e.g., via improving ecosystem services payment system) 36, and 337 

management and technological creativity (e.g., improving fertilizer production process 338 

or developing digital fencing).  339 

 340 

Challenges and next steps 341 

Climate change and ecosystem spatial shifts may bring great uncertainties to the carbon 342 

sequestration rates estimated based on the existing spatial locations of the samples. The 343 

feedback between climate change and ecosystem change (such as forest albedo, 344 

particularly for the temperate zone and the boreal forest on the northeast) may also 345 

reduce the mitigation potential of the NCS 37. These aspects, related to long-term 346 

ecosystem change and climate feedback, should be further explored for better 347 

estimating future NCS potential. In addition, due to limited data availability, biomass 348 

and soil carbon or other GHG were not fully considered. Other pathway options 349 

including actions to avoid carbon loss due to natural disturbances (such as pests, 350 
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diseases and climate extremes), or NCS potential from managing the urban green 351 

infrastructure, livestock and aquaculture sectors, need be quantified. Lastly, the 352 

inclusion of co-benefits brought by NCS will also greatly change the assessment of 353 

cost-effectiveness. Finally, the implementation of an NCS plan will also be affected by 354 

national economic development level, population change, policies and investment, 355 

pandemic events (such as COVID-19) and other socio-economic factors.  356 

 357 

In this work, we showed that China’s NCS could counterbalance 6% (11-12% if 358 

including legacy effect) of industrial carbon emissions between now and 2030. This 359 

modest proportion highlights that energy transformation and the rapid application of 360 

low-carbon technologies are an urgent priority for climate mitigation. Nevertheless, 361 

NCS pathways can still make an important contribution through additional carbon 362 

sequestration or avoided GHG emissions, buying time for the development and 363 

implementation of new technologies. Multilevel governance strategies that consider the 364 

spatial heterogeneity of the NCS pathways are needed to increase the synergies among 365 

multiple NCS pathways for realizing climate mitigation and co-benefits of ecosystem 366 

services. 367 

  368 
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Figure legends 383 

Fig. 1. Historical mitigation capacity and future NCS potential in China. Historical 384 

capacity during 2000-2020 (a), and future potential during 2020-2030 (b) and 2020-385 

2060 (c). Light to dark colors of the bars indicate cost-effective mitigation levels at the 386 

mitigation costs of 10, 50 and 100 USD Mg CO2e-1, respectively. Black lines represent 387 

the 95% confidence interval (CI). Ecosystem service benefits (air, biodiversity, soil, 388 

and water) linked with each NCS pathway are indicated by colored short bars. Pathway 389 

names: Reforestation (RF), Avoided Forest Conversion (AVFC), Improved Plantation 390 

(IMP), Natural Forest Management (NFM), Fire Management (FM), Biochar (BIOC), 391 

Cover Crops (CVCR), Cropland Nutrient Management (CRNM), Improved Rice 392 

Cultivation (IMRC), Avoided Grassland Conversion. (AVGC), Grazing Optimization 393 

(GROP), Grassland Restoration (GRR), Avoided Coastal Wetland Impacts (AVCI), 394 

Avoided Peatland Impacts (AVPI), Coastal Wetland Restoration (CWR), Peatland 395 

Restoration (PTR). See Supplementary Table S1&2 for pathway definition and extent 396 

of application. Note only nine pathways (in gray) have mitigation capacities during 397 

2000-2020, and the other seven pathways do not have the historical capacities as no 398 

activities have been taken before 2020. 399 

 400 

Fig. 2. Historical mitigation capacity and future NCS potential by each NCS 401 

pathway across the provinces of China. The numbers above each of the three bars for 402 

each province represent the total flux (Tg CO2e yr-1) in the time periods of 2000-2020, 403 

2020-2030 and 2020-2060, respectively. 404 

 405 
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Fig. 3. NCS pathway types at the provincial level for the three time periods. 406 

Proportional distribution of NCS types during 2000-2020 (a), 2020-2030 (b), and 2020-407 

2060 (c). Four types of pathways are classified: ‘Restoration’ (>50% restoration), 408 

‘Protection’ (>50% protection), ‘Management’ (>50% management), and ‘Mixed’ (no 409 

pathway type contributes the majority). The red star represents the national barycentre 410 

of NCS types. The provinces are further classified into ten groups based on the 411 

ecosystem type of pathways contributing the most mitigation potential (d, e, f). Mixed 412 

types are not specified ecosystem types as they contain many combinations.  413 

  414 
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Box 1.  Baseline setting and NCS estimation 415 

 416 

Existing NCS estimates for China, including the national assessment by the Nature Conservancy 

(TNC) 27 and the China Country Report by Nature4Climate (N4C) 28, mainly refer to the global 

assessment by Griscom et al.1, in which the baseline is 2000s-2010s and scenarios include 2010s-

2030. Setting 2000-2020 as a baseline in this study partly makes the estimate of the future NCS 

potential smaller than their studies for the same target year 2030, because for the specific time 

point in 2030, the NCS implementation extent counted in the assessments is different. 

Particularly, reforestation was implemented on a large land area of 44.7 Mha during 2000-2020 

(sequestering 247 Tg CO2 yr-1 by 2020), and will continue to sequester carbon after 2020 (which 

we refer to as the legacy effect). The post 2020 legacy carbon sink from previous reforestation is 

projected to be 484 Tg CO2 yr-1 by 2030 and 494 Tg CO2 yr-1 by 2060, which will be counted in 

China’s future land carbon budget, but is excluded from our estimates of the future NCS potential, 

as the essense of NCS is to seek new opportunities. Counting the legacy effect and the future 

potential will counterbalance a higher percentage of contemporary CO2 emissions (11-12%) 

during 2020-2030. Therefore, baseline setting is critical for defining and projecting future 

activities in NCS assessments and making comparisons among studies. In this research, setting 

2000-2020 as the baseline is to evaluate the contribution of the 20-yr efforts of previous 

ecological projects to climate mitigation and establish how much additional NCS potential we 

could get in a shorter (10 years) and longer term (40 years) if we take actions from now 

(corresponding to the release of the updated NDCs in 2021, and the goals of peak in CO2 emission 

before 2030 and net carbon neutrality by 2060). 
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Methods 507 

This study presents a comprehensive quantification of carbon sequestration as well as 508 

CO2/CH4/N2O emission reductions from terrestrial ecosystems based on multiple 509 

sources of data from literature, inventories, public databases and documents. The 510 

pathways considered ecosystem restoration and protection from being converted into 511 

cropland or built-up areas, reforestation, management with improved nitrogen use in 512 

cropland, restricted deforestation, grassland recovery, reducing risk from forest wildfire, 513 

and others. Here, we describe the cross-cutting methods that apply across all 16 NCS 514 

pathways. The definitions, detailed methods and data sources for evaluating individual 515 

pathways can be found in the Supplementary Information. 516 

 517 

Cross-cutting methods  518 

Baseline setting. We set 2000 as the base year because the large-scale national 519 

ecological projects, such as the Grain for Green Project were started since then. We 520 

firstly evaluate the historical mitigation capacity during 2000-2020, which is the first 521 

twenty-year of implementing the projects. From this procedure we can determine how 522 

much mitigation capacity has been realized through the previous projects in the past 523 

two decades, and to what extent additional actions can be made after 2020. Relative to 524 

the baseline 2000-2020, we then evaluate the maximum potentials of the NCS 525 

mitigation in the future 10 (2020-2030) and 40 years (2020-2060), corresponding to the 526 

timetable of China’s NDCs, i.e., carbon peak before 2030 and carbon neutrality by 2060.  527 

 528 
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The settings of baseline in this study are different from the existing assessments (2000s-529 

2010s as a baseline and 2010-2025/2030/2050 as a scenario) 1,22,23,27,28. Baseline sets 530 

the temporal and spatial reference for NCS pathway scenarios, which may have a great 531 

impact on the NCS estimates. Notably, NCS actions during 2000-2020 will have a great 532 

impact in the future time periods, which we refer to as the “legacy effect”. The legacy 533 

effect, mainly reforestation, itself is independent of being assessed, but it is 534 

conceptually attributed to natural flux and excluded from future NCS potential 535 

estimates.  536 

 537 

Maximum potential. The MAMP refers to the additional CO2 sequestration or avoided 538 

GHG emission measured in CO2 equivalents (CO2e) at given flux rates in a period on 539 

the maximum extent to which the stewardship options are applied (numbers are 540 

expressed as Tg CO2e yr-1 for individual pathways and Pg CO2e yr-1 for national total) 541 

(Extended Data Fig. 1, Supplementary Table S2). And “additional” means mitigation 542 

outcomes due to human actions taken beyond business-as-usual land use activities (i.e., 543 

since 2020), and excluding existing land fluxes not attributed to direct human activities 544 

1. The MAMP of CH4 and N2O are accounted by three cropland and wetland pathways 545 

(i.e., cropland nutrient management, improved rice cultivation, and peatland 546 

restoration). We adopt 100-year Global Warming Potential (GWP100) to calculate the 547 

warming equivalent for CH4 (25) and N2O (298), respectively 38,39 because these values 548 

are used in National Greenhouse Gas Inventories, although some researchers have 549 

argued that using the fixed GWP100 to calculate the warming equivalents may be 550 
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problematic because they cannot differentiate the contrasting impacts of the long- and 551 

short-lived climate pollutants 39. Because the flux rate of the GHG by ecosystems may 552 

vary with the time of recovery or growth, the MAMP may also change for different 553 

periods even given the same extent.  554 

 555 

The “maximum” is constrained by varied factors across the NCS pathways. We 556 

constrain forest and grassland restoration by the rate of implementation, farmland red 557 

line and tree surviving rate (Extended Data Fig. 2). Surviving rate here is the ratio of 558 

the area with increased vegetation cover due to reforestation to the total reforestation 559 

area. The farmland red line refers to “the minimum area of cultivated land” given by 560 

the Ministry of Land and Resources of China. It defines the lowest limit and the current 561 

red line is ~120 Mha. It is a rigid constraint below which the total amount of cultivated 562 

land cannot be reduced. From this total amount, there is provincial farmland red line. 563 

This red line sets a constraint on the implementation of the NCS pathways associated 564 

with land use change. We set the future scenario of farmland area that can be used for 565 

grassland or forest restoration based on the provincial farmland red line. Basic farmland 566 

is closely related to national food security. By 2050, China's population is predicted to 567 

decrease slightly, but with economic development, the per capita demand for food may 568 

increase 40. We assume that the food production in the future can meet the food demand 569 

via increasing agricultural investment and technological advancement. The N fertilizer 570 

reduction scenario is set to be below the level 60%, under which crop yield is not 571 

significantly affected 19, in the fact that N fertilizer is surplus in many Chinese croplands. 572 
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For timber production, we assume that the demand for timber can be met if the 573 

production level is maintained at the level of 2010-2020 (83.31 million m-3 yr-1). As 574 

deforestation of natural forests is 100% forbidden since 2020, before that harvest is on 575 

the verge of depletion, the future timber will mainly come from tree plantations. For 576 

grazing optimization, we assume that livestock production is not affected by grassland 577 

fencing due to refined livestock management such as improving feed nutrient and fine-578 

seed breeding 41.   579 

 580 

The areas of historical NCS implementation during 2000-2020 were estimated using 581 

statistical data, published literature and public documents, with a supplement from 582 

remote sensing data. The flux rates were obtained by either directly using the values 583 

from multiple literature or from estimates using the empirical formulae. For the 584 

estimates of future NCS potential, the flux rate and extent of the pathway were 585 

determined based on the baseline (i.e., 2000-2020). The extent is assumed to be 586 

achieved by using the same rate but limited by the multiple constraints stated above, 587 

unless the implementation scopes have been reported in national planning documents. 588 

We estimate the legacy effect by multiplying the implementation area in the past by the 589 

flux rates in the future two periods for NCS estimation.  590 

 591 

Saturation. The future mitigation potential that we estimate for 2030 and 2060 will not 592 

persist indefinitely because the finite potential for natural ecosystems to store additional 593 

carbon will saturate. For each NCS pathway, we estimate the expected duration of the 594 
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potential for sequestration at the maximum rate (Supplementary Table S3). Forests can 595 

continue to sequester carbon for >70-100 years. Restored grasslands and fenced 596 

grasslands can continue to sequestrate carbon for >50 years. Forest fire management 597 

and cover crops can continue to sequestrate carbon for over 40-50 years. Seagrasses 598 

and peatlands can continue to sequestrate carbon for millennia. Avoided pathways do 599 

not saturate as long as the business as usual (BAU) cases indicate that there are potential 600 

area for avoided losses of ecosystems. In this case, seagrass and salt marsh would 601 

disappear entirely after 64 years, but >100-300 years for forest, grassland and peatland. 602 

 603 

Estimation of uncertainties. The extent (i.e., area or biomass amount) and flux (i.e., 604 

sequestration or reduced emission per area or biomass amount in unit time) are 605 

considered to estimate uncertainty of the historical mitigation capacity or future 606 

potential for each NCS pathway. We use the IPCC approaches to combine uncertainty 607 

42. Where mean and standard deviation (SD) are possible to be estimated from collected 608 

literature, 95% confidence intervals (CI) are presented based on multiple published 609 

estimates. Where a sample of estimates is not available but only having the range of a 610 

factor, we report uncertainty as a range and use Monte Carlo simulations (with normal 611 

distribution and 100,000 iterations) to combine the uncertainties of extent and flux 612 

(IPCC Approach 2). The overall uncertainty of the 16 NCS pathways were combined 613 

using IPCC Approach 1 42. If the extent estimate is based on a policy determination, 614 

rather than an empirical estimated of biophysical potential, we do not consider it as a 615 

source of uncertainty. 616 
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 617 

Marginal Abatement Costs. The economic/cost constraints refer to the amount of NCS 618 

that can be achieved at a given social cost. The marginal abatement cost (MAC) curve 619 

is fitted according to the total publicly funded investment and total mitigation capacity 620 

or potential during a time period. The MAC curves are drawn to estimate the MAMP 621 

at the cost thresholds of 10, 50 and 100 USD Mg CO2e-1, respectively. The trading price 622 

in China’s current carbon market is  ~10 USD (as the minimum cost 43) and the cost-623 

effective price point 44,45 to achieve the Paris Agreement goal of limiting global warming 624 

to below 2°C above pre-industrial levels is 100 USD (as the maximum cost). A carbon 625 

price 50 USD is regarded as a medium value 1,46. For the pathways of reforestation, 626 

natural forest management, avoided grassland conversion, grazing optimization, and 627 

grassland restoration, we collected the statistical data of investments in China from 628 

2000 to 2020, and estimated the affordable MAMP below the three mitigation costs. 629 

Due to data limitations, the points used for fitting the MAC curve are values for cost 630 

(i.e. invested funds) and benefit (i.e. mitigation capacity) in each of the provinces. We 631 

rank the ratio of benefit to cost in a descending order to obtain the maximum marginal 632 

benefit for MAC, by assuming that NCS measures are firstly implemented in the region 633 

with the highest cost-benefit rate. We refer to the investment standard before 2020 as 634 

the benchmark and estimate the cost of each pathway for the future time periods with 635 

discount rates of 3% and 5%, respectively. The social discount rate 4-6% is usually used 636 

as a benchmark discount value in carbon price studies in China compared with lower 637 

scenarios (e.g., 3.6%) 46,47. In a global study for estimating country-level social cost of 638 

carbon, 3% and 5% are used for scenario analysis 48. Note that the mean value from the 639 
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two discount rates was used in presenting the results. For the other pathways where 640 

investment data cannot be obtained, we refer to relevant references to estimate MAC. 641 

All the cost estimates are expressed in 2015 dollars, transformed based on CNY and 642 

USD exchange rate of the same year. The year 2015 represents a relatively stable 643 

condition of economic increase over the past decade (i.e., 2011-2020) in China (i.e., the 644 

increase rate of GDP 2015 is similar to the ten-year mean). In the cases when the MAC 645 

curves exceed the estimated maximum potentials in the time period, we identify the 646 

historical capacity or the MAMP as limited by the biophysical estimates. 647 

 648 

Additional mitigation required to meet Paris Agreement NDCs. On October 28, 2021, 649 

China officially submitted “China's Achievements, New Goals and New Measures for 650 

Nationally Determined Contributions” (called ‘New Measures 2021’ hereafter) and 651 

“China’s Mid-Century Long-Term Low Greenhouse Gas Emission Development 652 

Strategy” to the Secretariat of the United Nations Framework Convention on Climate 653 

Change (UNFCCC), as an enhanced strategy to the updated China's NDCs (first 654 

submission in 2015). The goal of China's updated NDCs is to strive to peak CO2 655 

emission before 2030 and achieve carbon neutralization by 2060. It specified the goals 656 

to include: before 2030, China's carbon dioxide emission per unit of GDP are expected 657 

be more than 65% lower than that in 2005; and the forest stock volume is expected to 658 

be increased by around 6.0 (previously 4.5) billion cubic meters on the 2005 level. In 659 

the ‘New Measures 2021’ 9 and Master plan of Major Projects of National Important 660 

Ecosystem Protection and Restoration (2021-2035)5, many NCS-related opportunities 661 
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are proposed to consolidate the carbon sequestration of ecosystems and increase the 662 

future NCS potential, including protecting the existing ecosystems, implementing 663 

engineering to precisely improve forest quality, continuously increasing forest area and 664 

stock volume, strengthening grassland protection and recovery and wetland protection, 665 

and improving the quality of cultivated land and the agricultural carbon sinks. 666 

 667 

Industrial CO2 emission. The historical CO2 emission data from 2000-2017 49,50 is used 668 

as the benchmark of industrial CO2 emission during 2000-2020. For future projections, 669 

we use the peak value of the A1B2C2 scenario (in the range of 10000 to 12000 Mt) in 670 

2030 from Sun et al. 11.  671 

 672 

Characterizing co-benefits. NCS activities proposed in the future measures or plans 673 

may enhance co-benefits. Four generalized types of ecosystem services are identified, 674 

including improving biodiversity, water-, soil-, and air-related ecosystem services (Fig. 675 

1). Biodiversity benefits refer to the increase in different levels of diversity (alpha, beta, 676 

and/or gamma diversity) 51. Water, soil, and air benefits refer to flood regulation and 677 

water purification, improved fertility and erosion prevention, and improvements in air 678 

quality, respectively, as defined in the Millennium Ecosystem Assessment 52. The 679 

evidence that each pathway produces co-benefits from one or more-peer reviewed 680 

publications was collected through reviewing the literature (see the details for co-681 

benefits of each pathway in Supplementary Information). 682 

 683 
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Mapping province-level mitigation. The data for extent of implementing forest 684 

pathways is obtained from the statistical yearbook that are reported at the province level. 685 

To be consistent with the forest pathways, the other pathways were also aggregated to 686 

the provincial-level estimate from the spatial data. If the flux data was available in 687 

different climate regions, the provinces are firstly assigned into climate regions. When 688 

a province spans multiple climate zones, the weight value is set according to the 689 

proportion of area, and finally an estimated value of rate was calculated (for fire 690 

management, some grassland and wetland pathways). For the forest pathways, we 691 

firstly collected the flux rate data from reviewing literature, and then averaged these 692 

flux rates to the province level by each age group. The flux rates for reforestation 693 

(including artificial forests) and natural forest management were calculated separately 694 

by province and age group. Similarly, specified flux rates are applied for different time 695 

after ecosystem restoration or conversion for other pathways. 696 

 697 

Classification of NCS types: protection, management, and restoration. Three types of 698 

NCS pathways were classified, i.e., protection (of intact natural ecosystems), improved 699 

management (on managed lands), and restoration (of native cover)41. In our study, 4 700 

(AVFC, AVGC, AVCI, AVPI), 8 (IMP, NFM, FM, BIOC, CVCR, CRNM, IMRC, 701 

GROP) and 4 (RF, GRR, CWR, PTR) NCS pathways were identified as protection, 702 

management and restoration types, respectively (Supplementary Information Table S1). 703 

These pathways can be further divided into groups of ‘Single’ type or ‘Mixed’ type 704 

according to their contribution to individual pathways. Specifically, in a certain area, 705 
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when the mitigation capacity of a certain pathway accounts for more than 50% of the 706 

total, it is regarded as a single or dominant NCS type; if no single pathway accounts for 707 

more than 50%, it is a mixed type, named by the top pathways whose NCS sum exceeds 708 

50% of the total mitigation capacity. 709 

 710 

Data availability: All data generated or analysed during this study are provided with 711 

data sources in the Supplementary Information file. 712 

 713 

Code availability statement: We acknowledge the ArcMap Software: Version 10.6 714 

(https://www.esri.com/en-us/arcgis/products/arcgis-desktop/resources); R Software 715 

Foundation: Version R x64 4.0.3 (https://mirrors.tuna.tsinghua.edu.cn/CRAN/); and 716 

Python Software Foundation: Python Language Reference, Version 3.7.7; 717 
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Extended Data Fig. 1. The extents of land area that adopt the different NCS pathways. The numbers in 

the bar chart represent the applicable extents (except for BIOC) of the different pathways during each of the 

three periods. Note: the areas that implement CVCR and IMRC are some proportions of the total area in 

CNM. The area for CNM is the cumulative area of sowing, including rotation (i.e., the dotted line bars for 

CNM), and therefore is greater than the total cropland area. The numbers for BIOC is not an area but the 

mass of crop residue (Tg dry mass). Pathway name abbreviations please see Fig. 1.  



 

 

 2

pExtended Data Fig. 2. Areas available for forest and grassland restoration. Area available for 

reforestation constrained by the farmland red line, water stress, and urbanization at the provincial level 

during (a) 2020-2030, (b) 2020-2060, and (c) the national level. Farmland area available for grassland 

restoration constrained by the Farmland Red Line and urbanization (d). The remaining cropland area (yellow 

bar) is approaching the Farmland Red Line (123.44 Mha, the red line in the Figure). Here cropland gain 

converting from other land cover types is not considered as these gains usually come from low-quality lands, 

which should be avoided in the future31. 
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Extended Data Fig. 3. Spatial distribution of projected actual surviving area of reforestation during 

2020-2030 and 2020-2060. The number represents the area for each province. 
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Extended Data Fig. 4. Data distribution of carbon density of tree layer with stand age (not 

including shrub, herb and floor layers). The data points are collected from the literature, including 

762 sites and 2363 plots. The blue bars represent the age distribution of sites. The fitting curve is 

based on linear generative additive model (r2 = 0.30, p<0.001).  



 

 

 5 

 

 

Extended Data Fig. 5. The burnt area by forest fire from 1949 to 2017. Data is obtained from 

http://forest.ckcest.cn/zh/lytjsjfx.html. Data is unavailable from 1991 to 1997.  
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Extended Data Fig. 6. N fertilizer use changes during 2000-2019. Data is obtained from 

http://www.stats.gov.cn/tjsj/ndsj/.  
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Extended Data Fig. 7. Comparison of mitigation capacity between this study and previous 

studies (Griscome1, TNC27, US22, and Canada23). Note that the estimates are maximum 

mitigation capacity (_Max) or the amount of mitigation that can be achieved under 100 USD of 

mitigation price (_100 USD). The estimates of climate mitigation is at a 2030 reference year for 

global and Canada, and 2025 for the US. Pathway name abbreviations please see Fig. 1. 
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Materials and Methods

Here, we provide detailed descriptions of the methods used for each individual pathway. The
definitions, extents of implementation, and estimates of climate mitigation of all pathways are
summarized in Table S1-S3 and Extended Data Fig. 1.

Pathway 1: Reforestation (RF)

Area

We define forestation as the maximum potential for conversion from non-forest cover to
forest cover. Since the 1970s, China has carried out several inventories of the national forest
resources, which involves a regular and accurate survey of the quantity, quality and dynamics
of forests at the national and provincial levels, as well as a comprehensive evaluation of
forest resources and ecological conditions. The inventories are an important basis for
formulating and adjusting forestry policies and plans, and to monitor regional changes in
forest resources. At present, nine consecutive inventories of national forest resources have
been completed (Table S4) [1, 2].

According to the definition of slash and suitable land for forestry in the Regulations of
National Inventory of Forest Resources released in 2014, slash land mainly includes logged,
burnt, and other types of land. Logged land or burnt land refers to lands where the tree vigor
of the arbor forest cannot reach the standard of sparse forest land and have not been renewed
within 3 years after logging or fire. The other refers to shrubby forests that are reduced to less
than 30% of coverage after cutting or fire. As for suitable land for forestry, it means the land
area that the local government plans to use for developing forestry, including the lands with
unsuccessful forestation or planning for forestation. The total area for reforestation during
2000-2020 was 44.71 Mha, according to the National Inventory of Forest Resources
(http://www.forestry.gov.cn). In order to avoid duplicate categorization, the area suitable for
mangrove restoration is removed from this pathway.

To estimate the future area for reforestation, we consider the area of slash and suitable land
for forestry, at the provincial level is estimated based on the latest results of the 9th National
Inventory of Forest Resources (http://www.forestry.gov.cn/gjslzyqc.html; Table S5). Besides,
the sloping and degraded farmlands also have an opportunity to be restored to forest as
required by the Grain for Green project. In the white Paper Returning Farmland to Forest
and Grassland in Twenty Years, issued by the Forestry Administration [3], the proportion of
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cropland that is to be converted to forest and grassland was calculated. Specifically, a total of
4.52 Mha of cultivated land was returned to forest and grassland from 2014 to 2019 in China,
of which 4.17 Mha was returned to forest (accounting for 92.14%) and 0.36 Mha was
returned to grassland (accounting for 7.86%). Assuming the same fractions of grassland and
forest will be restored from the total cropland area, a maximum of 5.58 Mha of cropland can
be used for future forest restoration during 2020-2060 (Table S6, S7).

We constrained the maximum extent (slash and suitable land and cropland for forestation) by
the key factors including the critical minimum of farmland land area (the so-called Farmland
Red Line), the demand for urban construction, the implementable rate of reforestation and the
rate of survivability of the restored forests. We calculated the annual rate of cropland
conversion to urban areas from 2010 to 2019 (based on the China Statistical Yearbook) and
we assumed that the conversion rates will remain the same over the next decades. The areas
available for future urbanization and to maintain the Farmland Red Line were subtracted
from the current cropland area. The data for the farmland red line was obtained from the
National Land Use Outline (2006-2020) Adjustment Plan released in 2016 (Table S8;
https://www.ndrc.gov.cn/fggz/fzzlgh/gjjzxgh/201705/t20170517_1196768_ext.html).

According to the recently published Plan for Major Projects for the Protection and
Restoration of Major Ecosystems Nationwide (2021-2035), China's annual planned area for
forestation would be 100 million mu (6.67 million hectares)
(https://www.ndrc.gov.cn/xxgk/zcfb/tz/202006/t20200611_1231112_ext.html). According to
the statistical data of China Forestry and Grassland Statistical Yearbook from 2009 to 2018
(https://data.cnki.net/trade/Yearbook/Single/N2020030029?z=Z010), the average annual area
for forestation in China is 6.28 Mha yr-1 during 2009-2018, which is basically consistent with
the future national planning. Therefore, it is reasonable to assume that reforestation will
continue at this rate in the short term (at least 15 years). We use 6.67 Mha yr-1 as the rate of
reforestation in the future 10 and 40 years.

It should be pointed out that not all reforestation efforts will be successful. Relevant studies
have shown that most arid and semi-arid areas in northern China can support relatively low
tree cover or shrub forest, especially in areas with high evaporation and transpiration rates [4].
When the soil moisture is insufficient, planted trees will die due to water shortage [5, 6].
According to the changes in vegetation cover, the survival rate of trees after reforestation in
the northern regions of China was estimated to be very low (40% and below) [7], especially
in the arid and semi-arid areas (only 15%) [8, 9]. The survival rate refers to the ratio of the
area with increased vegetation cover due to reforestation to the total reforestation area [7].
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This value is 70-85% in other regions. Then the total available areas is adjusted after
considering the tree survival rate in each province of reforestation (Extended Data Fig. 2).

Total area available for RF (Mha) = Area of (Slash and suitable for forestry) + Area of
(existing cultivated - critical minimum of cultivated land - land needed for urban
construction);

Estimated RF area in the future (Mha) = Average annual RF area (Mha/yr)* time of
duration (yr);

Actual RF area (Mha) = Minimum (total area available for RF, estimated RF area in the
future);

Actual viable area for RF (Mha) = Actual RF area * RF survival rate

After considering the limitations, the projected actual viable area for RF can be determined
for each province (using provincial farmland red line)(Table S9, Extended Data Fig. 2&3).
Thus, we estimated that an additional 21.68 Mha of area would be restored to forest during
the period 2020-2030. Compared to the existing forest area in the 9th Forest Inventory (2014-
2018), the total forest area is expected to reach 242.08 Mha in 2030. This is comparable to
the historical forest area of China in 1700 (248.13 Mha) [10]. Our estimate of an additional
31.84 Mha of reforestation over the next 40 years (2020-2060) is a modest value and even a
conservative target, which is less than 1/3 of the increase in forest area during 1976-2018
(98.4 Mha) (Table S4). It is also slightly lower than the increase in forest area during 2003-
2018 (45.5 Mha). A global estimate of the maximum potential forestation area in China is
40.2 Mha [11], which is also a little higher than our estimate. In another study, it was
reported to be 58 Mha or 87 Mha based on the indicator system assessment method and the
MaxEnt model, respectively [12]. We believe that our estimate is reasonable since it
considers the several constraints discussed earlier.

Flux

Carbon flux is affected by location, forest type, tree species, stand age and other parameters
[13]. Data of forest type, tree species, and age group structure was obtained from the website
of National Inventory of Forest Resources (http://www.forestry.gov.cn/gjslzyqc.html). The
county-scale area of reforestation was obtained from the China Forestry Statistical Yearbook,
which was used for selecting forest type and tree species in each province. The provincial
scale was determined to be the unit for calculation, considering the available data samples in
the literature. The mean carbon flux was calculated for each province based on published
literature according to the proportion of forest type, tree species and stand age.

http://www.forestry.gov.cn/gjslzyqc.html
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Taking one province (Guangxi Province) as an example, Betula alnoides, Cunninghamia
lanceolata (Lamb.) Hook, and Pinus massoniana are the main tree species for reforestation in
this province. We calculated the mean flux rate of the three species in an age group weighted
by their area proportions, i.e., 10.88%, 45%, and 44.12%, respectively. If no data of carbon
flux were found for a specific age group, we used the mean of the adjacent age groups. In the
Guangxi case, there were no data for Betula alnoides and Cunninghamia lanceolata (Lamb.)
Hook within 0-10 years, and we therefore used the mean of the stand age of 11 and 13 years
(Table S10). Thus, the carbon flux of Guangxi province during 2020-2030 can be calculated
as:

Carbon flux (Mg C ha-1 yr -1) of 10 years forest in Guangxi province =

10.88%*1.93+45%*(3.22+4.41)/2+44.12%*1.73=2.69

The carbon flux calculations for different age of forests (10, 20, 30, 40, 60 years old) in other
provinces was calculated with the same method (Table S11).

Previous research shows that the carbon sequestration rate of reforestation projects range
from 2.38-2.67 Mg C per ha per year within the first 10 years of the projects implementation,
such as the Three-North Shelter Forest Program, the Yangtze River and Zhujiang River
Shelter Forest Projects, and the Grain for Green Program [14]. As for as our results, the mean
carbon flux during the first 10 years is 2.02 ± 0.14 Mg C ha-1 yr-1, gradually increasing to
2.55, 3.53, 3.12 and 3.14 Mg C ha-1 yr-1 as the forest grows to include the age groups of 20,
30, 40, and 60 years.

Carbon sequestration from reforestation

According to the projected actual viable area of reforestation and carbon flux of each
province, the maximum annual carbon sequestration potential of each province in 2020-2030
and 2020-2060 were calculated and summed up to the country’s total (Table S12). Our study
shows that the historical flux of carbon sequestration by reforestation on an area of 44.71
Mha was 246.90 (213.65-282.33) Tg CO2 yr-1 during 2000-2020. The future potential is 76.64
(61.61-93.68) Tg CO2 yr-1 during 2020-2030 and 234.70 (205.47-266.70) Tg CO2 yr-1 during
2020-2060.

Uncertainty for reforestation

The area of reforestation was estimated based on a determined reforestation rate and it is not
considered as a source of uncertainty. The estimate of uncertainty only derives from the
uncertainty in carbon flux calculations. The means and standard deviation values of carbon
sequestration flux were obtained based on the data collected in the literature, and they were
calculated by forest age group (0-10, 10-20, 20-30, 30-40, and 40-60 years) in each province
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(as shown in Table S11). The uncertainty was calculated using a Monte Carlo simulation
(100,000 iterations), by fitting the data to a normal distribution [15].

Co-benefits from reforestation

Reforestation has great impacts on regional biodiversity, water use, soil fertility, and air
quality [16]. Some studies show that reforestation can increase surface soil moisture, decrease
runoff and alleviate floods [17, 18]. Tree density in reforestation should be determined
according to the original forest ecosystems (e.g. for a dryland forest in a semi-arid region).
The conversion of grassland and cultivated land to forest can increase carbon storage and
reduce soil erosion [19]. As trees can intercept water and access and transpire water from
considerable depths in the soil, they are able to regulate surface runoff and groundwater
recharge, and to reduce soil erosion. In addition, the existing reforestation projects in China
(such as Grain for Green Project, Natural Forest Conservation Program) have been reported
to facilitate the restoration of biodiversity [20-22].

Marginal abatement costs for reforestation

According to the data in the White Paper "Returning Farmland to Forest and Grassland in
Twenty Years" issued by the Forestry Administration of China, the subsidy for returning
farmland to forest is paid in five years, totaling 24,000 CNY/ha (including 6,000 CNY/ha for
planting seedlings and 18,000 CNY/ha for living and grain subsidies) [3]. According to the
data in the ‘Measures for the Administration of Forestry Subsidies from the Central Finance’,
the subsidy standard for reforestation in suitable forest land, barren hills and wasteland, sandy
wasteland, virgin land and low-yield and low-efficiency forest land is 1,500-3,000 CNY/ha
[23] (subsidies to reforestation agents). We used the mean value of 2,250 CNY/ha (converted
to 2015 USD) to calculate the reforestation investment cost and estimated a best-fit
(exponential) equation for provincial data points and used that equation to estimate the
abatement levels of carbon sequestration achievable at the three carbon prices (USD 10, 50,
and 100 per Mg CO2, respectively). We used the discount rates of 3% and 5% to represent the
change of carbon price in the future estimate. The discount rate was not considered when
making the MAC curve for the historical period of 2000-2020 (Fig. S1, Table S13).

Comparison with previous studies

The maximum carbon sequestration of reforestation in China was 247 Tg CO2e yr-1 from an
area of 44.71 Mha during 2000-2020. The future NCS potential by reforestation in the United
States is estimated to be 307 Tg CO2 yr-1 on a larger area of 63 Mha during 2010-2025 [24]
(Extended Data Fig. 7). China and the United States have roughly an equal amount of carbon
sequestration per Mha of reforestation. The NCS potentials by reforestation in Canada (-
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2.9~24.90 Tg CO2 during 2020-2050) is much lower than those in China, with 76.64 and
234.70 Tg CO2 yr-1 over 10 and 40 years, respectively. The lower mitigation potential is due
to the initial slow tree growth and a delayed implementation scenario to allow time to
develop planting stock as well as the smaller area (3.8 Mha) [25]. In contrast, the max
mitigation potential of reforestation for China in the global study (2010s-2030) by Griscom et
al. [26] is 1256.71 Tg CO2 yr-1, which is much higher than our values (Extended Data Fig. 7).
This is because the global carbon flux in the Griscom et al. research was 4.14 Mg C ha-1 yr-1,
while the mean value of carbon flux calculated by weighting the reforestation area in each
province of China is 0.96 (0.78-1.18) Mg C ha-1 yr-1 over 10 years and 1.51 (1.30-1.72) Mg C
ha-1 yr-1 over 20 years. Therefore, the NCS potential at 100 USD from Griscom or the Nature
Conservancy (TNC), by assuming a 30% of the maximum potential, is also higher than our
estimate.

Pathway 2: Avoided forest conversion (AVFC)

Deforested lands generally undergo the process of natural restoration if it is not transformed
in the short term into other land use types. The maximum carbon sequestration potential of
avoided forest conversion was estimated by calculating the carbon emission resulting from
changing land types after deforestation. The carbon loss mainly includes the loss from
biomass and soil carbon stock when forest conversion occurs.

Area

According to the Global Forest Watch data (https://www.globalforestwatch.org/), the areas of
forest land converted to cultivated land and construction land were 7,903.02 ha and 2,742.38
ha each year, respectively, culminating in an annual forest loss by deforestation of 10,645.39
ha. Using the China Land Use Data in the 1980s and 2010-2015 [27, 28], the proportions of
forest converted to cultivated land and construction land were estimated in the six regions of
China (see Table S14 for details), as their soil carbon data was available in the literature. In
recent years, the conversion of forest land to cultivated land mostly occurred in Northeast
China, accounting for 40% of the total conversion, followed by Northwest China, and the
conversion of forest land to construction land mostly occurred in South China.

Flux

According to the data from 2001 to 2019 obtained from Global Forest Watch
(https://www.globalforestwatch.org/) [29], the carbon loss from aboveground biomass was
3.27 Tg CO2 yr-1 (95% CI: 0.92-5.62 Tg CO2 yr-1) (Table S15). To estimate the carbon loss
from the soil, we first calculated the area of deforestation (persistent conversion to cultivated

https://www.globalforestwatch.org/
https://www.globalforestwatch.org/
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land or construction land) during 2001-2019. Then the carbon loss in soil was determined by
the initial soil organic carbon (SOC) content (in 0-1 m) and the loss rate. The 0-1 m forest
SOC in the six regions of China have been summarized in several review papers [30, 31].
According to previously published results [32, 33], the SOC decreased by 30.3% ± 2.4% on
average 10 years or more after forest conversion to farmland. Similarly, according to the
research results of [34-39], we found that the 10-year loss rate of soil carbon after the
conversion of forest land to construction land was 55% ± 4.1%. We assumed that the SOC
would decrease by about 59% during 2020-2060 after the conversion from forest land to
cultivated land, as suggested by a meta-analysis [40], and that there would be a SOC loss rate
of 40% during 2020-2060 after the conversion of woodland to construction land. On a longer
time scale, the level of urban SOC can even increase, higher than that of non-urban areas, due
to the input of municipal solid waste and the influence of human management measures
[37],[41].

Based on the provincial forest area data in the 8th and 9th National Forest Inventories (2009-
2018) (Table S4), the ratio of each province's forest area to the national forest area was
calculated and the ratio was used as a coefficient to calculate the carbon emission that could
be reduced by avoiding forest conversion in each province.

Reduced CO2 emission by avoided forest conversion

Accordingly, avoided forest conversion could reduce carbon loss through biomass loss by
3.27 (95% CI: 0.92-5.62) Tg CO2 yr-1 and soil carbon loss by 2.26 (95% CI: 1.87-2.62) Tg
CO2 yr-1, a total loss of 5.54 Tg CO2 yr-1 (95% CI: 2.92-8.01 Tg CO2 yr-1) during 2020-2030
(Table S16). In the period 2020-2060, avoided forest conversion could reduce carbon loss
through biomass loss by 3.27 (95% CI: 0.92-5.62) Tg CO2 yr-1 and soil carbon loss by 3.45
Tg CO2 yr-1, a total loss of 6.72 Tg CO2 yr-1 (95% CI: 4.12-9.08 Tg CO2 yr-1) (Table S17).

Uncertainty for avoided forest conversion

Biomass loss was estimated from 19 years of data during 2001 to 2019 obtained from the
Global Forest Watch with a mean and standard deviation of 3.27 ± 1.20 Tg CO2 yr-1. Soil
carbon loss was calculated from the rate of soil carbon loss after the conversion and the SOC
in the six regions. The uncertainty of soil carbon loss in each region was estimated from the
loss rates of soil carbon (30.3% ± 2.4% after conversion to farmland and 55% ± 4.1% after
conversion to construction land) using the IPCC Approach 1. The uncertainty for results of
soil loss for the whole of China was estimated by Monte Carlo simulation (100,000
iterations). The overall uncertainty was combined using Monte Carlo simulation [15].
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Co-benefits for avoided forest conversion

Researches at different scales show that land use change has a significant impact on
ecosystem services, including biodiversity, water, soil, and air [42, 43]. Forest conversion is
one of the greatest threats to biodiversity [42, 44]. The loss of forest eliminates the habitat or
habitat corridor of indigenous species [45], and furthermore, changes the local climate
conditions in the surrounding areas when converted into farmland or built-up area [46-48],
which further affects the living environment of the original species. Similarly, the change in
vegetation type can dramatically affect soil aggregate stability, with the forested soil
potentially having a greater resistance to soil erosion regardless of the rain conditions [49].
The aggregate stability of soil may decrease when natural forests are converted to cropland
[50]. Avoiding forest conversion can therefore protect the habitats of species, maintains
biodiversity and enhances soil stability. In addition, forests play a vital role in the
hydrological regulation and air quality improvement in the local area. Forest watersheds can
regulate and stabilize water runoff to balance river flow over the seasons. Furthermore,
forests can retain soil and hence decrease silt runoff into rivers [51]. This is conducive to the
use of hydroelectric power in the basin. Forests improve air quality by affecting air pollutants.
Compared with cultivated land and urban areas, the concentration of particulate matters in
forest areas is significantly reduced and atmospheric visibility is better [52, 53].

Marginal abatement costs for avoided forest conversion
Using an analysis horizon of 20 years, Golub et al. [54] estimated the total average annual
forest carbon supply of China for seven carbon price points (ranging from USD 5 to USD 500
per Mg CO2) for combined changes (increasing carbon stocks by afforesting non-forested
lands or preventing conversion of current forest lands (i.e., avoided deforestation). We used a
best-fit (R2 = 0.96) equation for seven data points (Extensive Margin) [54] to estimate the
carbon benefits at three carbon price points (USD 10, 50, 100 per Mg CO2) (Fig. S2, Table
S18).

Comparison with previous studies

The rate of avoided forest conversion is estimated to be 0.011 Mha yr-1 and it will bring a
carbon mitigation potential of 5.54 Tg CO2 yr-1 during 2020-2030 and 6.72 Tg CO2 yr-1

during 2020-2060 [24]. The implement area of avoided forest conversion in USA is 0.38 Mha
yr-1, which will bring a carbon mitigation potential of 38 Tg CO2 yr-1. Our result is lower than
that of the United States (Extended Data Fig. 7), partly due to the smaller area of avoided
forest conversion, although we had a higher flux rate per unit area from our inclusion of
carbon loss from both biomass and soil carbon (soil carbon is not considered in the U.S.
study). Besides, the loss of biomass is also reduced proportionally according to the difference
of harvest and residue, namely the emission factor, resulting in a low carbon loss. The area of
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avoided forest conversion in Canada is 0.02 Mha yr-1, which will bring a average value of
carbon mitigation potential of 2.63 Tg CO2 yr-1 during 2021-2030 [25]. Their result is lower
than that of this study because their study considered the loss of greenhouse gas (GHG)
emission from forest conversion as well as the changes in albedo due to land-cover change.

A study shows that the deforestation rate of Xishuangbanna in China was 13722 ha yr-1

during 1976-2003, resulting in a biomass carbon loss of 5.87 Tg CO2 yr-1 [55]. The carbon
loss per unit area of biomass was estimated to be 427.78 Mg CO2 ha-1. According to the data
of Global Forest Watch we used, the carbon loss per unit area of biomass caused by
deforestation is 307.44 Mg CO2 ha-1 at the national scale, which is reasonable.

Pathway 3: Improved plantations (IMP)

Reducing harvest and improving the treatment of logging residue disposals are the main
approaches to improved plantation and reducing carbon emission. According to the data of
the National Statistical Yearbook from 2000 to 2019 (http://www.stats.gov.cn/tjsj/ndsj/), the
timber harvest volume has increased from 47.24 million m-3 yr-1 to 100.459 million m-3 yr-1

over the last 20 years. The average timber production in the last 10 years was 83.31 million
m-3 yr-1. We used this value as the baseline value and assumed that this timber demand would
be maintained at this level in the next decades.

Assuming a linear increase, the average timber harvesting volume in 2020-2030 is predicted
to be 89.73 million m-3 yr-1, an increase of 6.42 million m-3 yr-1 (7.706%) relative to the
baseline production. In 2020-2060, the average timber harvesting volume is predicted to be
96.1 million m-3 yr-1, a relative increase of 12.78 million m-3 yr-1 (15.345%). The annual
carbon emission caused by timber harvesting was as high as 34.25 Tg C yr-1 (of the 83.31
million m-3 yr-1) [56]. A reduced carbon emission will come from a reduction in timber
harvesting. The carbon sequestration potential can be calculated as follows:

Annual C sequestration potential (2020-2030) = 7.71%*34.25=2.64 Tg C yr-1 =9.68 Tg CO2

yr-1

Annual C sequestration potential (2020-2060) = 15.34%*34.25=5.25 Tg C yr-1 =19.27 Tg
CO2 yr-1

In addition to reducing the harvested amount, improved disposal of the logging residues can
also reduce carbon emission. There are four ways to deal with the remaining timber: 1)
cutting only the stem and leaving the rest of the timber in place (Stem Only, abbreviated SO),
2) the removal of all above-ground timber, including branches, leaves, and other
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aboveground parts (Floor Removed, FR), 3) removing the whole harvested tree (Whole Tree
Harvest, WH) and 4) removing dry timber after cutting down the trees and burning the
remaining aboveground parts (Stem Only and Burning, SB). Compared to untreated
management for logging residues, the additional average annual carbon sequestration rates
are 2.36, 2.03, 1.96, 1.91 Mg C ha-1 yr-1 using the four ways (SO>FR>SB>WH), respectively
under poor site conditions, and the average values are 5.73, 4.91, 4.76, 4.53 Mg C ha-1 yr-1

(SO>FR>SB>WH), respectively, under good site conditions. The mean value of additional
carbon sequestration rate under poor and good site conditions are used in our calculation [57]
(Table S19). According to the data from 2001 to 2019 obtained from Global Forest Watch
(https://www.globalforestwatch.org/) [29], the annual area of forest harvesting was estimated
to be 466584.30 ha in China. Based on the existing treatment methods of logging residues,
more reasonable treatment methods of logging residues are assumed to be adopted in the
future. We assume that the annual timber cutting in the next decade is increasing at the rate of
the past two decades [58].

The proportion of timber harvest volume in each province was calculated based on the timber
harvest volume data recorded in the National Statistical Yearbook from 2010 to 2019. The
proportion was used as a coefficient to calculate the carbon emission that could be reduced by
reducing wood harvesting and changing the methods of treatment of forest residues in each
province.

Carbon sequestration through improved management of plantations

Collectively, the carbon sequestration potential is contributed by reducing the amount of
harvest by 9.68 Tg CO2 yr-1 (95% CI: 4.66-14.70Tg CO2 yr-1) and changing the methods of
treatment of forest residues by 7.37 Tg CO2 yr-1 (95% CI: -1.92-14.03 Tg CO2 yr-1), with a
total maximum carbon sequestration potential of 17.05 Tg CO2 yr-1 (95% CI: 9.58-24.52Tg
CO2 yr-1) during 2020-2030. For the period 2020-2060, the carbon sequestration potential due
to reducing the amount of harvest is 19.27 Tg CO2 yr-1 (95% CI: 5.84-32.70Tg CO2 yr-1) and
changing the methods of treatment of forest residues 29.48 Tg CO2 yr-1 (95%CI: -7.68-56.12
Tg CO2 yr-1), with a total maximum carbon sequestration potential of 48.75 Tg CO2 yr-1 (95%
CI: 20.81-76.69Tg CO2 yr-1).

Uncertainty for improved plantations

The mean value and standard deviation of reducing the amount of harvest is 9.68 ± 2.56 Tg
CO2 yr-1 during 2020-2030 and 19.27 ± 6.85 Tg CO2 yr-1 during 2020-2060. The mean value
and standard deviation of mitigation potential contributed by the forest residue treatment
methods is 7.37 ± 4.74 Tg CO2 yr-1 during 2020-2030 and 29.48 ± 18.96 Tg CO2 yr-1 during
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2020-2060. Based on the mean values and standard deviations of increased carbon
sequestration from reduced harvesting and improved plantation management practices, we
used a Monte Carlo simulation with 100,000 iterations and fitted the resultant data to a
normal distribution, to obtain a combined uncertainty estimate for both improving factors and
to estimate its 95% CI.

Co-benefits for improved plantations

Animals that depend on the forest for survival (such as birds) are vulnerable to logging.
Logging can reduce animal abundance and even have lasting effects on their populations [59].
Therefore, improved plantation management may enrich the biodiversity by decreasing
logging intensity. The method of removal of logging residues has no effect on the arboreal
community, but it may increase the richness, diversity and evenness of the understory species
[60]. Logging residues are one of the most important sources of exogenous nutrients in the
forest logging area. In the process of decomposition of logging residues, a large amount of
nutrients are released, which improves the physical and chemical properties of the soil [57,
61].

Marginal abatement costs for improved plantations

Using an analysis horizon of 20 years, Golub et al. [54] estimated the total average annual
timber supply of China for seven carbon price points (ranging from USD 5 to USD 500 per
Mg CO2) for combined changes in forest management and aging (“Intensive Margin”). We
used a best-fit equation (Polynomial fitting, R2 = 0.98) for seven data points [54] to estimate
abatement at the three carbon price points (USD 10, 50, 100 per Mg CO2) (Fig. S3) (Table
S20).

Comparison with previous studies

Different methods of plantation management lead to the incompatibility of carbon
sequestration estimates. In the USA, improved plantation focused on a limited extension of
economically optimal crop rotation length [24, 26]. As for methods of treatment of forest
residues in Canada, they modeled a 10% reduction of slash burning following clearcut (in
regions with slash burning) and used up to 50% of post-harvest residues for bioenergy
production. The area of 139 Mha (only 10% reduction of slash burning) will bring a
mitigation potential of 2 Tg CO2 yr-1 in the first 10 years [25]. Our results of with the methods
described above is 7.37 Tg CO2 yr-1 during 2020-2030.
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Pathway 4: Natural Forest Management (NFM)

In China, natural forest management has been carried out in conjunction with the
Natural Forest Protection Programme (NFPP) since 1998. For the period 1998-2015, the
forest areas in most of the upper reaches of the Yangtze River and the Yellow River, and
a large forest area in northeastern China has been gradually protected, with measures
including bans and/or restrictions on logging and intensive forest regeneration. The aim
is to recover natural forests and the environment in the key watersheds and protected
areas. During this period, 50.2% of the country's natural forests were under protection
through reduced harvesting [62,63]. During 2015-2020, more strict protective
measurements for natural forests were launched. Logging has been prohibited in all
natural forests in Northeast China [62]. Finally on July 1, 2020, the newly revised Forest
Law of the People's Republic of China came into effect. China has abolished the quota
for commercial logging of natural forests nationwide. This law ensures that the natural
forest management will remain in effect in China in the future and that forest rotation
will be extended indefinitely in China's natural forests.

As China's harvestable natural forest resources were almost depleted after decades of
exploitation prior to the implementation of the NFPP in 1998, the amount of harvesting
was greater than the increase in stockpiles in terms of harvestable resources [62].
Therefore, the calculation of the maximum mitigation potential only included the carbon
sequestered by the increase in forest carbon density due to the cessation of logging, but
not the CO2 emission from annual harvesting under a business-as-usual scenario. The
mitigation capacity under the natural forest management pathway is the annual
maximum area of managed natural forest multiplied by the annual increase in natural
forest carbon density (FluxNFM) within that area.

Area

According to the Fifth National Forest Inventory (1994-1998), there were 79.10 Mha of
timber and charcoal forests in China's natural forests [64]. We assume that the area
under natural forest management increased linearly from 0 to 79.10 Mha from 2000 to
2020 (equivalent to 41.24 Mha counting a mean flux rate of different age groups). And
after 2020 all of the 79.10 Mha of natural forests will be prevented from logging.

Flux

The FluxNFM is the annual natural forest carbon density increment in the NFM area,
which is defined here as the increase in carbon density due to the natural recovery of the
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natural forest with age. We calculated the difference between the carbon densities of the
natural forests of different age groups, divided by the number of years required to grow
to the different age groups, respectively, to obtain the fluxes.

�������,��� ����� �
= (������ ���������� ����� �
− ������ ���������� ����� �−1)/(������ ����� � − ������ ����� �−1)

Forest age. The major tree species in China were classified into five age groups: young,
middle-aged, pre-mature, mature and over-mature, according to the Forestry Industry
Standards of the People's Republic of China. The average age boundaries and average
ages of each age group were calculated using the age group boundaries of the major tree
species (Table S21). The area of natural forests under management (timber and charcoal
forests) by age was derived from the forestry inventory data of 1994-1998. The national
average age of the managed natural forests was 43 years in 2010, calculated as a
weighted average of the area of each age group and average ages of each age group
(Table S21). As there were relatively fewer sites with data for young, pre-mature and
mature forests, the young and middle-aged groups were combined. The groups pre-
mature and mature forests were also combined. There are three age groups after these
combinations, i.e., young & middle-aged, pre-mature & mature and over-mature (Table
S22). FluxNFM, age group n represents the flux when the managed natural forests grows from
the (� − 1)th to the �th age group.

Carbon density. We collected site-specific data from the papers published during 1992-
2020 to calculate the average carbon density of the different age groups in China. The
data were compiled from sites with one or more plots [65-105]. Carbon density consists
of two parts: vegetation carbon density of living trees (Extended Data Fig. 4), shrubs and
herbs; and carbon density of the floor layer, mainly composed of woody debris and litter.
Biomass density is converted to carbon density by multiplying the carbon fraction by 0.5.
For the sites that contained only aboveground biomass carbon density data, we estimated
the belowground biomass carbon density by multiplying it with a coefficient of 0.25
[106] and summed to obtain the total carbon density of the whole tree layer. Due to the
limited data available for estimating the change in soil carbon density, soil carbon
sequestration was not included in our analysis.

We investigated the non-linear relationship between carbon density and age in the tree
layer of the collected site-specific data (Extended Data Fig. 4). We found that the three
stages can roughly characterize the change of forest carbon density growth, i.e., the
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increasing rate of forest carbon density is highest at young and middle-aged groups,
lower at pre-mature and mature age groups, and lowest in the over-mature age group.

Forest carbon density was separately calculated for six regions including the East, North,
Northeast, Northwest, South Central and Southwest of China [105, 107]. For the tree
layer and the floor layer, Monte Carlo simulations were used to estimate the mean and
standard deviation of carbon density levels for each age group within each region
(100,000 simulations), and the resultant data fitted to a normal distribution. Shrubs and
herbs in the vegetation layer were combined into two parts for the north (North,
Northeast, Northwest) and the south (East, South Central, Southwest) of China because
of the lower data availability from these regions.

Carbon densityover-mature is the weighted average from the area of the managed natural
forest and carbon density of over-mature forest in the six regions, that is, the carbon
density when all the area was over-mature forest (139 Mg C/ha, Table S22 for detailed
figures). The calculated vegetation carbon density levels in the young and middle-aged
forest groups in each region were on average 42% of those in the over-mature forests.
The vegetation carbon density levels in the pre-mature and mature forest groups were on
average 74% of those in the over-mature forest (Table S22). Thus, the relative carbon
density in the young & middle aged, and the pre-mature & mature groups were
calculated as follows:

������ �������young & middle−aged = ������ �����������−������ × 42%

������ �������pre−mature & mature = ������ �����������−������ × 74%

According to Zhang et al. [108], the forest carbon density in the middle-aged and mature
forest groups accounts for 43% and 78% of the forest carbon density in the over-mature
group, respectively, which are similar to the values observed in this study. The
information including the number of plots in the site, age and the mean and standard
deviation of carbon density were summarized in Tables S21, S22, S23 and Extended
Data Fig. 4. The annual carbon density increment under different age groups in natural
forest management area is indicated in Table S24.

The maximum mitigation potential of natural forest management

The historical flux of carbon sequestration by natural forest management during 2000-
2020 was 189.01 (109-269) Tg CO2e yr-1 (95% CI). The future potential is 335.88 (0-
738.90) Tg CO2e yr-1(95% CI) during 2020-2030 and 2020-2060.
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Uncertainty for natural forest management

The area of the natural forest management is obtained from the Forest Resource
Statistics of China, and therefore, considered as determined and not a source of
uncertainty. The uncertainty of ������� is considered which originates from the
uncertainty of carbon density estimation for the different age groups. Data from Monte
Carlo simulations with 100,000 iterations and fitted to a normal distribution was used to
combine the uncertainty of vegetation and floor carbon density across the different age
groups.

Marginal abatement costs for natural forest management

We referred to two analyses that estimated the MAC for natural forest management in
China. Golub et al. [54] estimated the cost of forest carbon sequestration in China
through modified management (such as longer harvest rotation). They used seven carbon
price points (ranging from USD 2 to USD 200 Mg CO2-1) with a 20-year analysis
horizon and a discount rate of 5%. Austin et al. [109] estimated the cost of the carbon
sequestered by forest management and rotation in China for six carbon price points
(from USD 5 to USD 100 Mg CO2-1) under 1% and 3% discount rate scenarios for an
analysis period up to 2055 (Fig. S4). We developed best-fit functions for the results of
these two studies, respectively, and used the mean values of the three discount rates to
calculate how much carbon sequestration can be achieved at USD 10, 50 and 100 Mg
CO2-1. When the MAC estimates exceeded our biophysical analysis, the final MAC
estimates were determined using our estimates. For example, the estimated MAC at
USD 50 Mg CO2-1 in year 2015 was 220.42 Tg CO2 yr-1, which exceeded our
biophysical estimate, so this final MAC estimate was determined to be 189.01 Tg CO2

yr-1 (Fig. S4, Table S25).

Co-benefits for natural forest management

The implementation of NFM can benefit water, soil and biodiversity. A study shows that
assisted natural regeneration in China can trigger positive feedback among soil and
water conservation and substantially increase plant diversity [110]. Conversely, when
logging intensity increases, stream flows and flooding increase, the species richness of
invertebrates, amphibians and mammals decreases. The soil quality and productivity
also declines due to the removal of woody debris [111-113].
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Pathway 5: Forest Fire Management (FM)

Wildfire can induce large carbon emissions. Usually, there are two ways to reduce the
probability of wildfire: 1) prescribed fires applied to consume the fuel, and 2) fire control or
prevention practices. In China, the occurrence of forest fire is mainly distributed in six forest
ecoregions, including boreal, temperate, mixed temperate-subtropical, subtropical and
tropical forests (Fig. S5). The annual mean burnt area was 891,062.42 ha/yr during 1949-
1999 and it declined to 120,971.78 ha/yr during 2000-2017 (Extended Data Fig. 5) (Forestry
Knowledge Service System, http://forest.ckcest.cn/zh/lytjsjfx.html). In China, fire prevention
is the most effective measure to eliminate forest fires and prescribed fires are rarely applied
[114-119]. The large reduction in burnt area since 1987 was mainly due to fire prevention.
We quantified the net carbon sequestration from applying fire management.

Area

The reduced burnt area from 2000 to 2020 was calculated by subtracting the average annual
fire area from 1949 to 2000 from the average annual fire area from 2000 to 2017 (Extended
Data Fig. 5). We assumed that the burnt area in 2000-2020 is the area that needs to be
managed in 2020-2060. The total decline in area was obtained by multiplying the reduced
annual mean area (ha/yr) by the fire cycle (yr).

Due to the lack of burnt area data for the two fire management methods, we assumed that fire
prevention and prescribed fire accounted for 90% and 10% of the total burnt area during
2000-2020, respectively [120]. We also assumed that the total burnt area would be the same
as that in the past twenty years under the current fire management regimes but that prescribed
fire would be implemented on a larger scale (30% of total area) and fire prevention on 70%
of the total area during 2020-2060. For the future scenario (2020-2060), the fire management
would be implemented incrementally (50% of the area will be managed during 2020-2040
and 50% of the area in 2040-2060).

Reduced CO2 flux

By clarifying the fire type and burnt area, ecosystem productivity, and carbon emission, the
carbon balance by fire disturbance in a certain period can be obtained as follows [121]:

�������� = ����� + ����� − ��� − ���
where Cbalance represents the carbon balance in a given area. NEPWF and NEPRx represent the
net ecosystem productivity with wildfire (WF) and fire management (Rx), respectively. EWF

and ERx represent the carbon emission caused by wildfire and fire management, respectively.
We focused on the CO2 emission reduction (Ereduced) from prescribed fire or fire control
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practices, which is the discrepancy of Cbalance between un-managed wildfire and prescribed
fire (or fire control). It is calculated from the following equation:

�������� = � ∗ � ∗ � ∗ �� ∗ �� ∗ R

where A represents the annual burnt area; B represents the combustible biomass; P represents
the difference in the max proportion (%) of biomass loss between wildfire and prescribed fire
(or fire control); ef represents the carbon emission ratio of CO2 during the combustion
process [121]; T represents the fire cycle (yr); R represents the fraction of carbon in the
biomass (0.5).

The long-term dynamics of carbon banks can help us understand the potential of emission
reduction by fire management. The occurrence of wildfire and ecosystem recovery are
directly related to the change in biomass of the ecosystem. In fact, this process is complex
considering the biomass loss caused by fire and the biomass accumulation during post-fire
regeneration. A simplified diagram was constructed to depict the change in biomass in this
disturbance-recovery process (Fig. S6, the numbers in the figure correspond to the
proportions of aboveground biomass lost under wildfire and prescribed fire in the case of
temperate forest). The proportion of annual recovery was calculated by the ratio of reduced
biomass to the cycle period of fire, assuming that biomass is recovered in the period of a fire
cycle. According to previous research, the cycle of wildfire in China is about 20 and 10 years
in temperate and subtropical/tropical forests, respectively [118, 122]. It is 15 years for
temperate-subtropical mixed forests. The frequency of prescribed fire in the
subtropical/tropical forests is commonly referred to be 5 years [117, 123], whereas for
temperate-subtropical mixed forests it is 7.5 years and 10 years for the boreal forest in
northern China. Taking the example of a temperate forest, the discrepancy of biomass and the
Cbalance becomes zero at the 20th year (the biomass is represented with a relative biomass range
from 0 to 100%; where 100% indicates the initial state before burning) (Fig. S6). In this case,
the initial aboveground biomass loss due to wildfire and prescribed fire are 10.5% and 5.25%,
respectively (i.e., the remaining biomass is 89.5% and 94.75% of its initial value, reduced
biomass = initial biomass × combustion efficiency). The emission reduction was calculated
by using the mean discrepancy of biomass over a fire cycle. For example, the mean value is
equal to the area between the red line and blue line shown in Fig. S6. In that example, the
accumulated difference is 52.5%, so the mean value per year of the difference is 2.625%).

The proportion of emission reduction from aboveground or underground biomass was
calculated for the six forest ecoregions separately according to the diagram (Table S26). The
combustion efficiency and the proportion of carbon emission of wildfire for the six forest
ecoregions were obtained from Lu et al. [124]. We assume that the rate of recovery is the
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same for wildfire and prescribed fire, and the combustion efficiency (the ratio of the total
burnt biomass to the total flammable biomass) of prescribed fire is half that of wildfire. These
same procedures were used in the calculation of belowground biomass CO2 reduction. The
calculation procedures were also the same for fire prevention and other forest types with
different values of the fire parameters (Table S26, S27, S28). The aboveground biomass data
of the forest was obtained from ChinaBiomass (data source [125]). The belowground biomass
was calculated based on the root-to-shoot ratio.

Mapping Province-level Mitigation

With reference to the maps of forest biomass and forest distribution (Fig. S5), we calculated
the mean forest biomass for each province and the reduced burnt area of each province were
summed. We calculated the difference in the max proportion (%) of biomass loss between
wildfire and prescribed fire (or fire control) for each forest type with consideration of their
fire cycle length.

The maximum mitigation potential of fire management

The reduced CO2 emission by fire management was of 9.92 (4.83-15.01) Tg CO2e yr-1 (95%
CI) during 2000-2020 and the future potential is 0.73 (0.35-1.11) Tg CO2e yr-1 (95% CI)
during 2020-2030 or 2020-2060.

Uncertainty for forest fire management

The burnt area was obtained from statistical data and was not considered a source of
uncertainty. The data of means and SDs of combustion efficiency and emission factors of
forest fire were obtained from the literature [124] (Table S27, S28). The uncertainty of the
two parameters were combined together using Monte Carlo simulations with 100,000
iterations and assuming normal distributions.

The diagram of biomass change by prescribed fire or fire control practices is an ideal state. It
is to reduce the fuel amount below the level that can trigger a wildfire. From Fig. S6 we can
see that the higher the carbon storage is kept after a prescribed fire, the larger the reduction in
carbon emission. However, the closer the carbon storage is maintained to the initial state, the
more prone the forest is to wildfires. Therefore, a trade-off exists between the intensity of the
prescribed fire and the possibility of wildfire in management practices.

Co-benefits for forest fire management
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Fire management can provide other ecosystem services beside mitigating climate change,
including the facilitation of soil and water conservation [119], preserving biodiversity [114-
119], decreasing air pollution [126, 127] and enhancing the carbon cycle [128].

Marginal abatement costs for forest fire management

Few studies have estimated the economic cost of fire management. Generally, topography,
traffic, and other conditions directly affect the cost of fire management measures [26],
making the implementation of fire management costly and variable. Griscom et al. [26] set
30%, 60%, and 90% as low, medium, and high costs of emission reduction, respectively
(corresponding to 10, 50, 100 USD Mg CO2-1). Prescribed fires are still in the exploratory
stage in China and existing studies mainly focus on their technical aspects [129-131]. As for
fire suppression, the cost of their implementation could be very large. We assumed the
maximum emission reductions in fire management are 30%, 50%, and 70% of the total
emission reductions at low, medium, and high costs, respectively (Table S29).

Comparison with previous studies
This work provides the potential for emission reduction of China’s fire management,
including fire prevention and prescribed fire. The emission reduction from prescribed fire in
this study is significantly lower than the value in the U.S. (18.1 Tg CO2 yr-1) [24]. The
discrepancy is derived from the burnt area (17 Mha in the U.S. vs. 2.45 Mha in China). The
flux rate of emission reduction is relatively close, however, with 0.29 Mg CO2 ha-1yr-1 in the
US and 0.23 Mg CO2 ha-1yr-1 in China. The flux rate for fire prevention is 0.43 Mg CO2 ha-
1yr-1 in China.

Pathway 6: Biochar (BIOC)

Biochar, the solid product of biomass pyrolysis, can be an important natural climate solution
to mitigate global warming. Agricultural and forest waste biomass can be used to produce
biochar. The biochar produced by pyrolysis of crop residues could be incorporated into the
soil to achieve stable carbon storage [132]. The application of biochar can significantly
increase the soil carbon in croplands by improving the soil aggregation and physical
protection of aggregate-associated SOC from microbial attack, keeping the SOC at a low
decomposition rate and substantial negative priming by increasing the pool of recalcitrant
organic substrates [133-135].

In this study, we calculated the amount of biochar from the crop residues available for
pyrolysis, assuming that this would form the bulk of the biomass resource for any biochar
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industry [24, 26, 136]. Crop residue availability for biochar in 2030 and 2060 was estimated
as the proportion of total crop residue production, the fraction of residue that would be left in
croplands to increase SOC, the residue utilization rate and biochar production rate (2010-
2017). The available crop residue for biochar production in the past decade were calculated
as follows:

where CRbiochar_t is the crop residue amount for biochar production in year t; CRP2010-2017 is
the total crop residue production during that period; αt refers to the residue utilization rate (%);
CRbiochar (2010-2017) refers to the crop residue amount for biochar production during the 2010-
2017 period.

In China, the mean total amount of crop residue that could be collected and utilized was 708
million tons per year in 2010-2020 and the utilization rate reached 86.72% in 2020. However,
the average biochar production was only 0.24 million tons during 2010-2017 according to the
China Agricultural Statistical Report, corresponding to a 0.034% production rate. A previous
study reported that the biochar yields of rice, wheat, corn and soybean were 32.14%, 31.17%,
30.34% and 25.43%, respectively [137]. Here, we converted the biochar production to the
amount of crop residue (0.82 million tons, accounting for 0.11% of the total available
national crop residue) by using the fraction of 30% to adjust the estimate of crop residue
biomass for biochar production.

For the future projection, we assumed that the proportion of crop residue to produce biochar
remains stable during 2020-2060. The Ministry of Agriculture and Rural Affairs of China
reported that an improved crop residue collection, storage, and utilization system would be
established by 2030 and an industrial pattern of straw comprehensive utilization with
reasonable layout and diversified utilization will be achieved. We assume that the utilization
rate will increase to 100% by 2030. The carbon sequestration from biochar can be calculated
as:

CSbiochar = CRbiochar * CRcarbon * Biocharcarbon * Cstable
where CSbiochar is the carbon sequestration rate in soil from biochar per Mg crop residue (Mg
CO2e MgCe-1); CRbiochar is the amount of crop residue for biochar production; CRcarbon is the
mass conversion rate from crop residue to biochar (%); Biocharcarbon is the carbon content in
biochar (%); Cstable is the stable carbon content in biochar (%). Following previous studies,
CRcarbon and Biocharcarbon is 45% and 50%, respectively [138-140]. Cstable is 79.6%, which
equals to the fraction of biochar in one hundred years. Based on the three key parameters, we
can calculate CSbiochar (0.186 Mg Ce). The offset of pyrolysis process to fossil fuel use and the
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second order effects of biochar on soil organic matter were not considered in our estimation
[141].

Uncertainty for biochar

The uncertainties of carbon sequestration from biochar include the amount of crop residue
and mitigation potential per unit dry mass (dm). We first calculated the average and SD of the
proportion of crop residue (0.11 ± 0.02% of total crop residue) for biochar production during
2010-2017, according to the records from the China Agricultural Statistical Report. For the
uncertainty of biochar carbon sequestration rate (CSbiochar), a range of 18.7 ± 2.0% was used
[26]. We used the Mont Carlo simulation to combine the uncertainties of CSbiochar and crop
residue. Our results showed that the potential mitigation is 0.50 (0.42-0.64), 0.08 (0.06-0.1)
and 0.08 (0.06-0.1) Tg CO2 yr-1 for the periods of 2000-2020, 2020-2030 and 2020-2060,
respectively.

Marginal abatement costs for biochar

Due to the unavailability of cost data for the application of the biochar pathway, we used the
fractional values in the references to calculate the achievable mitigation under the cost 10
USD MgCO2-1 (95%), 50 USD MgCO2-1 (95%), and 100 USD MgCO2-1 (100%) [24, 26].

Co-benefits for biochar

Biochar is often cited to provide important benefits through carbon sequestration. Biochar
can help prevent soil erosion through its impacts on soil hydrology, soil wet aggregate
stability and water runoff [142, 143]. Because of its porous structure and large surface area,
biochar applications can increase the soil field capacity, nutrient availability, efficiency of
fertilizer and the cation exchange capacity [144-146].

Comparison with previous studies

Yang et al. [132] reported that the carbon mitigation potential would be more than 8,600 Mt
CO2 yr-1 (i.e., 86 Tg CO2 yr-1) by assuming 73% of national crop residues were used to
produce biochar. The biochar pathway estimation from Griscom et al. [26] also needs more
than 98 Tg of crop residue. However, according to our investigation, the crop residue utilized
to produce fertilizer, forage, fuel, base and raw materials accounted for more than 90% in
2020, and this ratio is still increasing gradually. Therefore, the amount of crop residues for
biochar production is actually very small. We provide a conservative estimation for the utility
of the biochar pathway in this study.
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Pathway 7: Cropland Nutrient Management (CNM)

By implementing cropland nutriment management measures (e.g., reducing the application of
N fertilizers), N2O emissions from croplands can be reduced. Moreover, CO2, CH4 and N2O
emission can be also reduced in the fertilizer production process by improving the production
technology (e.g., reducing the CO2 emitted during ammonia production and the excess
nitrous oxide during nitric acid production). Zhang et al. [147] reported that total greenhouse
gas emission could be reduced to 206 million ton by 2030 with the use of innovative
technology, the optimization of fertilizer production and its application in China.

The total consumption of nutrient fertilizer in China reached the historical maximum (24.00
Tg N yr-1) in 2012 and decreased to 19.30 Tg N yr-1 in 2019, according to the National
Bureau of Statistics (Extended Data Fig. 6, http://www.stats.gov.cn/tjsj/ndsj/). We assumed
that China started to improve management of the cropland fertilizer application in 2012. The
reduction in N2O emission due to the decrease in nutrient fertilizer applications during 2012-
2020 was regarded as a contribution to climate mitigation during this period. The decrease in
N fertilizer application (4.70 Tg N yr-1) accounted for 24% of total fertilizer applications in
2019.

For the future projections until 2030 and 2060, we derived the amount of cropland N fertilizer
to be applied from Gu et al. [148], who projected the total reactive nitrogen amount from
2010 to 2050 by designing a reasonable change in diet, nutrient use efficiency, and nutrient
recycling. They reported that N fertilizer use would decrease by 16.4 Tg N during 2010-2050,
accounting for a 70% reduction in the total applied in 2010. We used the trend described in
Gu et al.’s [148] results and projected the amount of N fertilizer to be applied in 2030, 2050
and 2060. Compared with 2020, the total amount of N fertilizer in 2030 and 2060 would be
reduced by 2.47 Tg N yr-1 (13% of total fertilizer application in 2020) and 9.40 Tg N yr-1

(49% of total fertilizer application in 2020), respectively. We used the value of 2.54% (11.9
MgCO2e per MgN-1) for the emission factor of translating N fertilizer to N2O emission
following Davidson et al. [149]. The total direct emission from cropland N fertilizer can be
calculated as:

ENF = MNF * EFNF
where ENF is the direct N2O emission from N fertilizer; MNF is the amount of N fertilizer;
EFNF is the emission factor.

It is known that fertilizer production itself is a significant source of greenhouse gas emission.
We used an overall upstream emission (including N2O, CO2, and CH4) of 4 kgCO2e kg N-1 to
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estimate the GHG emission of this process [150] in the future scenarios. We assumed that the
application of new technology in N fertilizer production envisaged in Zhang et al. [147] will
reduce the GHG emissions by 10%. Subsequently, the upstream emission of fertilizer will
decrease to 3.6 kgCO2e kgN-1, and the saved in N2O emission from this process can be
calculated as:

ENF-saving =MNF * EFNF
where ENF-saving is the saved N2O, CO2, and CH4 emission from upstream production of N
fertilizer; and MNF is the difference in amount of N fertilizer between base year and
projection year (i.e., 2030 and 2060); and EFNF is the emission factor.

The total N2O emission from N fertilizer application would decrease by 45.95 (34.83-57.08)
and 153.29 (111.0-195.58) Tg CO2e yr-1 in 2020-2030 and 2020-2060, respectively. We only
considered the uncertainty of the emission factor EFNF (11.9 ± 4.5 Mg CO2e Mg N-1) of N
fertilizer application, which was retrieved from Griscom et al. [26]. Compared with the
upstream emission (CO2, N2O, CH4) factor (11.3 Mg CO2e Mg N-1) used in Zhang et al. [147],
our estimation is also conservative for the upstream N2O emission.

Marginal abatement costs for cropland nutrient management

In China, low or negative costs are associated with avoiding the unnecessary use of excessive
fertilizers because the regulations have created perverse subsidies for excessive fertilizer
applications [26]. We used 50%, 60% and 95% as the fractional achievable CO2e emission
reduction at 10, 50, and 100 USD Mg CO2e-1, respectively [24, 26].

Co-benefits for cropland nutrient management

Cropland nutriment management can benefit biodiversity, water, soil and air [151-157]. The
positive effects on soil and water of managing cropland nutrients are often cited as important
co-benefits with reduced N2O emission. Better cropland nutrient management can protect soil
fertility, reduce freshwater eutrophication, and improve air quality [151]. A clean water
ecosystem can be restored by boosting the national nutrient recycling rate in China [158].

Comparison with previous studies

GHG emissions associated with the N fertilizer chain in croplands can decrease by 49-249 Tg
CO2e yr-1 during 2010-2030 according to Zhang et al. [147]. Our study used a similar
projection of improved manufacturing technologies and controlled N use and obtained a
lower estimates in mitigation potential for the same period (84.57-164.57 Tg CO2e yr-1). TNC
and Griscom et al. (Extended Data Fig. 7) reported that nutrient management pathway with a
total mitigation potential of 192.86 Tg CO2e yr-1 for the period of 2010-2030 in China. Our
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estimation is a little lower because we did not account for the mitigation potential from
manure application.

Pathway 8: Cover crops (CVCR)

Conservation Agriculture is a farming system that can prevent losses of arable land and
regenerating degraded lands. The major principle of conservation agriculture, such as tillage
management, residue-return and cover crops, is minimum mechanical soil disturbance,
maintaining permanent soil organic cover, and species diversification (FAO,
https://www.fao.org/conservation-agriculture/en/). The positive effects of planting cover
crops in fallow periods on the soil organic carbon have been reported in many studies [159,
160].

There is high potential to plant cover crops in winter fallow fields in South China [161]. The
planting area of cover crops was only 4.49 Mha in 2020, but the potential maximum planting
area for the cover crops was 25.66 Mha. We assumed that the planting of cover crops will
utilize the maximum planting area (25.66 Mha) by 2030. The total carbon sequestration of
cover crops can be calculated as follows:

CSca = LAca * CSRca
where CSca is the carbon sequestration in soil from cover crops; LAca is the potential planting
area for cover crop; CSRca is the soil carbon sequestration rate. We used a carbon
sequestration rate of 0.32 Mg C yr-1 to estimate the total carbon sequestration potential as
suggested by Poeplau and Don [159]. Tillage management was not considered because the
effects of no-tillage are still uncertain.

Uncertainty for cover crops

As the area available for cover crop planting was based on statistical data it was not
considered as a source of uncertainty. Following Poeplau and Don [159], we used a
sequestration rate in the range of 0.16-0.48 Mg C ha-1 yr-1 (95% CI) for the uncertainty
estimate using Monte Carlo simulations (100,000 iterations assuming a normal distribution).

Marginal abatement costs for cover crops

The mitigation by cover crops is 5.27 (2.64-7.91) Tg CO2 yr-1 during 2000-2020, and the
future potential is 24.86 (12.43-37.29) and 24.86 (12.43-37.29) Tg CO2 yr-1 during 2020-
2030 and 2030-2060, respectively. We assumed 0% mitigation is possible at 10 USD
MgCO2-1, 10% mitigation at 50 USD Mg CO2-1 and 100% mitigation at 100 USD Mg CO2-1.
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Co-benefits for cover crops

The co-benefits of climate mitigation for cover crops are mainly associated with their benefits
to water and soil [151, 162]. Cover crops can help improve soil fertility through capturing
excess nutrients and increasing soil organic matter [163, 164]. Moreover, cover crops also
can raise the soil moisture holding capacity, reduce soil erosion, improve water quality and
enhance biodiversity [165-167].

Comparison with other studies

The cover crops practice is an essential agricultural management practice to improve
cropland soil organic carbon. In the United States, about 88 Mha of cropland can implement
cover crops practice and the carbon mitigation potential is 103 Tg CO2 yr-1 [24, 26]. Our
results show that about 25 Mha of cropland can be used for cover crops in China, and the
carbon mitigation potential is 24.86 Tg CO2 yr-1 during 2020-2060.

Pathway 9: Improved rice cultivation (IMRC)

Much of the rice is planted in standing water, leading to methane CH4 emission under
anaerobic conditions. CH4 emission can be reduced by implementing alternate wetting and
drying drainage and mid-season drainage to shorten the time that the rice crop is in an
anaerobic state [168]. Also, the management of fertilizer application, residue and tillage can
reduce the amounts of nitrogen and carbon emission [169].

The U.S. Environmental Protection Agency (EPA) provides a consistent and comprehensive
set of historical and projected estimates of emissions, and technical and economic mitigation
estimates of non-CO2 GHG for 195 countries from 2015 to 2050 [169]. They used the
DeNitrification-DeComposition (DNDC) model to estimate the global CH4 mitigation
potential from rice production by analyzing 26 mitigation scenarios. For China, the EPA
reported that the total CH4 emission are 203 and 185 Mt CO2e yr-1 with maximum mitigation
potentials of 25 and 19 Mt CO2e yr-1 in 2030 and 2050, respectively [169]. We used linear
interpolation of this data and estimated the maximum mitigation to be 13 Mt CO2e yr-1 in
year 2060. The co-benefits of climate mitigation for improved rice cultivation are mainly
associated with water [168, 170].

Uncertainty for improved rice cultivation
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We estimated the uncertainty of CH4 emission reduction by combining uncertainties of the
CH4 emission flux and rice planted area. For the flux uncertainty, we reviewed the previous
studies focusing on improved water management and found that the average emission
reduction was ± 12% [24]. To estimate the uncertainty for the rice planted area, we obtained
the annual planted rice acreage from the National Bureau of Statistics of China
(http://www.stats.gov.cn/english/). During 2011-2020, the total rice planted area ranged from
29.69 to 30.78 Mha. We used the Monto Carlo method to combine the two uncertainties,
resulting in the estimated uncertainty of 12.09%.

Marginal abatement costs for improved rice cultivation

The potential mitigation of improved rice cultivation is estimated to be 33.0 (29.0-37.0) and
44.0 (38.7-49.3) Tg CO2e yr-1 during 2020-2030 and 2020-2060, respectively. We assumed
an 50% mitigation is possible at 10 USD MgCO2e-1, 80% mitigation at 50 USD MgCO2e-1,
and 80% mitigation at 100 USD MgCO2e-1 [24].

Co-benefits for improved rice cultivation

The positive effects on water of improved rice cultivation are often cited as important co-
benefits of its CH4 reduction. For example, improved rice cultivation can reduce crop water
consumption through irrigation management measures (e.g., mid-season drainage and
alternate wetting and drying) [171, 172].

Comparison with previous studies

Previous studies reported that the total CH4 emission from rice paddy land in China ranged
from 4.80-28.00 Tg CH4 yr-1 (120-700 Tg CO2e yr-1, if GWP100=25) [173-176]. The large
range of CH4 emission can be explained by the estimation methods, including (1)
extrapolating averaged emission over all rice types, (2) calculation of emission as a fraction
of net primary production (NPP) and (3) emissions derived from model simulations [176].
Though the EPA estimation is conservative and has some uncertainties, it gives a reasonable
magnitude of national CH4 emission for China and can be used as reference for rice CH4

emission reduction. The mitigation potential of improved rice cultivation is estimated to be
30.85 Tg CO2e yr-1 by TNC (Extended Data Fig. 7), which is close to our estimation (29.0-
37.0 Tg CO2e yr-1).

Pathway 10: Avoided Grassland Conversion (AVGC)

We only focused on conversion from grassland to cropland and the other types of conversions
were not considered (e.g., grassland to built-up area). As aboveground biomass of grassland
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is usually removed by burning annually or grazing and aboveground biomass of croplands is
harvested every year, we only considered the avoidable emission from belowground biomass
and soil organic carbon.

Area

We obtained the area and spatial distribution of grassland conversion to cropland based on
land cover data (2000 to 2018, 30m resolution) [177]. We calculated the mean conversion
rate of 0.51 ± 0.12 (SD) Mha yr-1 of the four time periods: 2000-2005, 2005-2010, 2010-2015
and 2015-2018. Similarly, the conversion rates of temperate grassland and alpine grassland
were determined to be 0.506 ± 0.119 and 0.007 ± 0.001 Mha yr-1, respectively. We assume
that the conversion rates will be the same in the following decades.

Flux
Belowground biomass

We assumed that all root biomass would be lost when converting grassland to cropland. We
used empirical models to estimated belowground biomass (BGB) based on the relationship
between mean annual precipitation (MAP) and belowground biomass [178]. Alpine
grasslands and temperate grasslands were estimated separately using the empirical models as
they have different empirical parameters. We extracted the spatial distribution of alpine and
temperate grassland from the vegetation type map of China (1000m resolution,
http://www.resdc.cn/) based on the spatial location of the converted area. The precipitation
data (during 1982 to 2015, spatial resolution 1000 m) were obtained from the China
Meteorological Data Service Center. We calculated the average BGB loss, using a coefficient
of 0.45 to convert vegetation biomass density to C density [179]. The average biomass loss
by grassland conversion in temperate grasslands and alpine grasslands was estimated to be
4.25 ± 1.02 and 2.71 ± 0.72 Mg C ha-1, respectively (the SDs were obtained from each of the
pixels).

Soil organic carbon

We considered soil organic carbon losses to a depth of 1 m soil depth and in different
durations of cropping. The percent loss of SOC in the top 1 m of converted grassland was
estimated to be 13.8 to 28.0% according to the a previous study [180], which calculated the
difference in SOC between agricultural plots and paired remnant native vegetation plots
across the globe. Another study showed that SOC decreased in soil depths of 0–60 cm after
grassland conversion, but no significant differences were found at depths deeper than 60 cm
[181]. SOC may also decline significantly with time and become constant after 20 years of
grassland cropping [181]. We assume that the average percent loss of soil organic carbon

http://www.resdc.cn/
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from the top 1 m after conversion with grass cropping to be 25.57% within a short period
(~10 year; (N=11, 95% CI: 12.99-38.15%), and 21.71% after a longer period (~20-40 year)
with grassland cropping (N = 36, 95% CI: 16.99-26.43%) [182-199].

According to the spatial location of conversion of grassland to cropland, we obtained the data
of initial SOC stocks in the areas where grassland conversion occurred based on the
SoilGrids250m v.2 soil carbon database [200]. We applied the loss rates of short-time and
long-time cropping to the initial SOC to get the national maps of potential soil carbon
emission. We calculated the SOC loss as:

����� = ���������� ∗ � ∗ 10

where ����� is the SOC loss after conversion (Mg C ha
-1
), ���������� is the initial soil organic

carbon stocks (kg m-2) and R is the average percent loss of SOC from the top 1 m (%). The
average soil carbon loss was estimated to be 26.19 ± 11.78 Mg C ha-1 and 22.24 ± 10.01 Mg
C ha-1 (the SDs were obtained from each of the pixels) during 2020-2030 and 2020-2060,
respectively.

The maximum mitigation potential of avoided grassland conversion

The total mitigation potential from avoided carbon loss of belowground biomass and soil
organic carbon in temperate and alpine grasslands was 57.42 Tg CO2 yr-1 and 49.96 Tg CO2

yr-1 during 2020-2030 and 2020-2060, respectively (Table S30).

Uncertainty for avoided grassland conversion

We estimated the uncertainties for area and flux. We used Monte Carlo simulations to
combine the uncertainties and calculated the 95% CI, yielding a result of 57.42 (8.36-106.2)
Tg CO2 yr-1 for 2020-2030 and 49.96 (8.51-91.61) Tg CO2 yr-1 for 2020-2060.

Co-Benefits for avoided grassland conversion

Avoided grassland conversion has the potential to produce strong co-benefits. Increasing the
proportion of permanent grassland can increase cereal yields under certain conditions [201].
Grasslands can intercept precipitation and have high permeability and water retention
capacity, which is important for water conservation. The permanent grassland has higher
permeability because of its developed fine root system, which is mostly distributed in the
topsoil layer. The abilities to conserve soil water and prevent soil erosion are also higher than
that of cropland [202]. Many plants in the grassland have the ability to absorb some toxic
gases in the air [203]. In addition, the grassland ecosystem contains abundant biological
resources, is an important habitat for animals and microorganisms, and is a gene bank that
stores a large amount of genetic material [204].
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Marginal abatement costs for avoided grassland conversion

We used cost data in the Returning Farmland to Forest and Grassland in Twenty Years in
China (1999-2019)[3]. The standard of this policy was to provide subsidies for retired lands
based on the equivalent to 2250 kg ha-1 yr-1 of raw grain in the Yangtze River basin and
southern region, and 1500 kg ha-1 yr-1 of raw grain for the retired land in the Yellow River
basin and northern region. The raw grain subsidy was calculated at 1.4 CNY/kg. Direct
subsidies for retired land were given to the farmers who were retired from farming. The
subsidy standard was 1575 CNY ha-1 yr-1 in the Yangtze River Basin and southern areas, and
1050 CNY ha-1 yr-1 in the Yellow River Basin and northern areas, with an additional 300
CNY ha-1 yr-1 for living expenses for two years after land retirement. Since most of our
grassland conversion areas were identified to be located in the northern regions, we used a
subsidy based on the subsidy in the northern regions. Thus, the cost per hectare of avoided
grassland conversion to cropland in the northern region can be calculated as:

Cost = (1500*1.4+300)*2+(1050+300)*2=7500 CNY/ha

We adjusted payments to 2015 USD. We calculated the carbon sequestration potential and
cost of carbon sequestration by province, arranged the data in descending order of carbon
sequestration potential and then used the cumulative value of carbon sequestration potential
and cost to create a MAC curve. The curves were drawn at 3% and 5% discount rates,
respectively (Fig. S7).

Comparison with previous studies

We estimated a rate of grassland conversion to cropland in China of 0.51 Mha yr-1,
approximately twice as high as that in Canada (0.25 Mha yr-1) [25]. For soil carbon flux, we
considered soil carbon loss to a depth of 1 m, but only the top 30 cm soil carbon loss during
the conversion of grassland to cropland was considered in Canada (Extended Data Fig. 7).
These differences made our maximum mitigation potential much greater than Canada's. We
have a closer grassland loss rate to the U.S. (0.69 Mha yr-1), but the average percentage soil
carbon loss (28%) in the 1 m soil depth in the U.S. is higher than ours (22%) [24]. In addition,
the U.S. study also considered the loss of shrub biomass, including aboveground biomass,
belowground biomass and litter, which resulted in their higher maximum mitigation potential.
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Pathway 11: Grazing optimization (GROP)

Area

The Chinese government launched a national conservation program “Returning Grazing Land
to Grassland (RGLG)” in 2003. Fencing management and pasture sowing are two major
options to increase plant productivity and enhance soil carbon accumulation in degraded
grasslands. According to the data provided by the National Forestry and Grassland
Administration, the total area of fencing management and pasture sowing was increased
during 2003-2020, reaching up to 99.56 Mha in 2020, mainly within 13 provinces (Fig. S8).
The RGLG program ended in 2020, but management measures such as fencing and pasture
sowing are still included in the "Major Projects for the Protection and Restoration of
Important Ecosystems (2021-2035)" released in 2020 [205]. According to the outline of the
14th Five-Year Plan for Forestry and Grassland Protection and Development, 230 million mu
of degraded grassland will be restored in China by 2025 [206], which means that the average
annual grassland restoration area will be 3.07 Mha. According to the Report on the status of
China's land greening in 2021, 1.56 million hectares of grassland ecological restoration will
be carried out in China in 2021 [207]. These restoration programs included fencing, reseeding
and other management measures. To conservatively estimate the future carbon sequestration
potential of fencing and pasture sowing measures, we assumed 1.56 Mha per year will be
managed for grassland recovery during 2020-2030 and 2030-2060. According to the main
data bulletin of the third National Land Survey, the existing grassland area in China is 264.53
Mha [208], 70% of which is degraded to different degrees (i.e., 185.17 Mha) [206].
According to the assumptions, 15.60 and 62.40 Mha of degraded grassland will be restored
by 2030 and 2060, respectively.

Carbon flux

The carbon sequestration rate (Mg C ha-1 yr-1), including aboveground biomass, belowground
biomass and soil organic carbon, was estimated according to Xiong et al. [209], which
presented data of 462 and 457 sampling sites inside and outside the fencing areas by carrying
out an extensive field survey covering the main project areas. The differences of the carbon
stocks in aboveground biomass (0.06 ± 0.003 Mg CO2 ha-1 yr-1), root biomass (0.43 ± 0.02
Mg CO2 ha-1 yr-1), and soil carbon (0.42 ± 0.03 Mg CO2 ha-1 yr-1) are the additional carbon
fluxes of the managed compared to the unmanaged sites. We used these values to calculate
the future carbon sequestration potential (Table S31), assuming that carbon sequestration rate
would remain the same during 2020-2030 and 2020-2060. The calculation used the following
formula:

���� = ����� − ����� /�
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where CSRi was the carbon sequestration rate in province i, CDINi was the carbon density
inside the project area in province i, CDEXiwas the carbon density outside the project area in
province i, and T was the duration of the project (y).

The total carbon sequestration potential (Mg C yr-1) was calculated as:

������ ������������� = �=1
�

�=2003
2020 ���� ∗ ����� /�

where p is the number of provinces in the project (p=13), CSRi is the carbon sequestration
rate in province i, Aij, the total project area in province i in year j, and T is the duration of
project implementation (y).

The maximum mitigation potential of grazing optimization

The total mitigation potential of grazing optimization was 59.08 (53.29-64.20) Tg CO2 yr-1

during 2000-2020, and it is projected to be 7.83 (7.11-8.49) and 29.17 (26.60-32.06) Tg CO2

yr-1 during 2020-2030 and 2020-2060, respectively.

Uncertainty for grazing optimization

The area of the grazing optimization measure was obtained from the National Forestry and
Grassland Administration, and was not considered a source of uncertainty. Using the Monte
Carlo method, we combined the uncertainties associated with the three carbon fluxes to get
the overall uncertainty of climate mitigation by grazing optimization.

Co-benefits for grazing optimization

Grazing optimization has the potential to produce strong co-benefits. The biodiversity of soil
animals can be improved with fencing management [210]. Fencing management obviously
improved the soil water-retention capacity, and significantly enhanced the total coverage and
average height of the plant community [211]. Reseeding can markedly increase species
richness and group densities [212], as well as promote the recovery of vegetation in degraded
grassland [213]. There are also debates about the effects of fencing management. The
positive or negative effects largely depend on the initial state of the fencing on the grassland
and time of fencing. Studies suggest that fencing on degraded grassland can promote
biodiversity and carbon sequestration, but have negative impacts if applied to well-
conditioned grasslands. Four to eight years of fencing is preferable for the recovery of
severely overgrazed area, followed by fence removal for the benefits of wildlife [214-220].
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Marginal abatement costs for grazing optimization

We used province-level average payments per hectare and the carbon sequestration potential
to create the MAC curves of grazing management. The financial investment data of each
province were obtained from the National Forestry and Grassland Administration. During
2003-2010, the average land compensation for fencing management and pasture sowing was
211.10 CNY per hectare (including subsides for fence construction, supplementary sowing of
grass seeds and feed grain, not including payment for other items such as labor), and we
adjusted payments to 2015 USD. We ranked the data of different provinces in descending
order of carbon sequestration potential, and then used the cumulative values of carbon
sequestration potential and cost for curve fitting with 3% and 5% discount rates, respectively
(Fig. S9).

Comparison with previous studies

A previous global study found that the climate mitigation of “grazing-optimal intensity”
pathway in China was only 25.04 Tg CO2 yr-1 [221]. Our estimate of mitigation potential for
grazing optimization in China was higher, i.e., 59.08 Tg CO2 yr-1 during the 2000-2020
periods (Extended Data Fig. 7). The difference is partly due to the method in consistency.
The earlier global study defined the “optimum” as the maximum forage production and
predict the management effect using a modeling approach (the Century model) [222]. Our
study considered the carbon sequestration in aboveground biomass, belowground biomass
and soil carbon, and thus, obtained higher estimates of the mitigation potential.

Pathway 12: Grassland Restoration (GRR)

Restoration area

The croplands, which are not suitable for farming (e.g., steep slope cropland (>15 degrees),
rocky desertification cropland, and desertification cropland), are required to be restored to
forests or grasslands in the Grain for Green project since 1999 in China. We identified 5.80
Mha area of grassland restoration (i.e., conversion from cropland to grassland) during 2000-
2020 using the land use and cover data obtained from the Data Center for Resources and
Environmental Sciences, Chinese Academy of Sciences (RESDC) [177].

According to the ‘Measures for the inspection and acceptance of a new round of Grain for
Green project’, the types of returned farmland include slope farmland > 25 degrees, severely
desertified farmland, and slope farmland of 15-25 degrees in important water sources,
excluding basic farmland. We extracted the croplands with a slope greater than 15 degrees
based on the land use map of 2018 and the Digital Elevation Model in China. This amounted



36

to 6.93 Mha (including potential restoration to grasslands or forests). This number is very
close to the estimation constrained by the farmland red line (7.90 Mha) (Table S6).
According to the White Paper issued by the National Forestry and Grassland Administration
of China [3], the proportion allocated for the restoration to grassland during 2014 to 2019
accounted for 7.86% of the total restoration area (i.e., 92.14% was for forest restoration). We
assumed that 7.86% of the total potential restoration area (0.54 Mha) would be converted into
grasslands in the next decades. The 3rd National Land Survey provided a relatively higher
number for the sloping farmland (11.96 Mha)
(http://www.mnr.gov.cn/dt/ywbb/202108/t20210826_2678340.html). Using the fraction of
7.86%, the maximum area for grassland restoration from sloping farmland would be 0.93
Mha. We used the conservative value of 0.54 Mha in our calculation considering the
constraint of the farmland red line. The government of the People's Republic of China issued
a planning document, which declared that all unsuitable croplands should be restored before
2030 [223]. Thus, we assumed that the 0.54 Mha of cropland would be restored by 2030.

Carbon flux

We considered carbon sequestration in soil and root biomass. Aboveground biomass is
annually harvested, grazed or decomposed within a few years, and therefore, is not
considered in our calculations.

For soil carbon sequestration, we assume the average increase of soil carbon stocks in the top
1 m to be 0.91 ± 0.40% per year after restoration. This estimate was calculated based on
published studies, including 27 observations in China [224-232]. The soil carbon stock data
was obtained from the SoilGrids250m data set [200]. The average SOC sequestration rate
was estimated to be 3.35 Mg CO2 ha-1 yr-1 (SD = 2.56) during 2000 to 2020, and 4.28 Mg
CO2 ha-1 yr-1 (SD=1.49) during 2020 to 2030.

We assume that the perennial root biomass become constant over 60 years after restoration
and the annual increase is in a linear fashion [233]. We used the empirical model of below-
ground biomass as the function of the mean annual precipitation (MAP) [178]. We estimated
the average accumulation of root biomass per hectare on the location of cropland that could
be returned to grassland, under the assumption that the precipitation in these areas is
consistent in the future. The precipitation data (during 1982 to 2015) was obtained from the
China Meteorological Data Service Center:

(http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html). The
conversion coefficient of 0.45 was used to convert vegetation biomass density to C density

http://data.cma.cn/data/cdcdetail/dataCode/SURF_CLI_CHN_MUL_DAY_V3.0.html
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[179]. The average rates were 0.29 (SD = 0.11) and 0.48 Mg CO2 ha-1 yr-1 (SD = 0.12) for
root biomass carbon during 2000-2020 and 2020-2030, respectively.

SOC rate (Mg C ha-1 yr-1) = ���������� ∗ 0.91% *10

CRB rate (Mg C ha-1 yr-1) = 1.3551∗���+304.2
60

∗ 0.45 ∗ 0.01

Mitigation potential (Tg CO2 yr-1) = (CRB rate+ SOC rate) * Area * 3.67

The total sequestration rates were 3.64, 4.77 and 4.77 Mg CO2 ha-1 yr-1 during 2000-2020,
2020-2030 and 2020-2060, respectively.

The maximum mitigation potential of grassland restoration

The historical mitigation flux of grassland restoration is estimated to be 21.09 (95% CI: -
7.94-50.37) during 2000-2020 and the future potential is 2.59 (95% CI: 0.49-6.52) Tg CO2 yr-
1 during 2020-2030 (and 2020-2060).

Uncertainty for grassland restoration

The restoration area during 2003-2020 was obtained from the land use data and determined as
a constant, and the uncertainty of the mitigation capacity is only associated with the carbon
flux. For the future mitigation potential during 2020-2030 and 2020-2060, uncertainties are
associated with both restoration area and flux. We used Monte Carlo simulation to combine
the uncertainties of soil carbon sequestration rate and the root biomass sequestration rate, as
well as restoration area (0.94 Mha as the upper boundary).

Co-benefits for grassland restoration

Grassland restoration has the potential to produce strong co-benefits. Soil chemical and
microbiological properties can be significantly improved after cropland abandonment [234]
and runoff and soil erosion can be reduced in the early stages of restoration following the
cropland abandonment [235]. Grassland restoration can also improve biodiversity [236].

Marginal abatement costs for grassland restoration

We used province-level averages per hectare payments and total mitigation potential to create
the MAC curves. The ecological compensation for conversion from cropland to grassland
was 7500 CNY per hectare (the same as in Pathway 10: Avoided Grassland Conversion
(AVGC)) [3], and we converted it to 2015 USD. The curves were calculated at 3% and 5%
discount rates (Fig. S10).
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Comparison with previous studies

The higher carbon sequestration rate of 3.64 Mg CO2 ha-1 yr-1 (including belowground
biomass and soil organic carbon) and the larger restoration area of 0.54 Mha observed in our
calculations indicates that grassland restoration in China has a higher carbon sequestration
potential compared to Canada [25] (Extended Data Fig. 7) where the assessment considered
only soil organic carbon. As a result, by 2030, a rate of 2.59 Tg CO2 yr-1 is predicted to be
achieved in China compared to 0.7 Tg CO2 yr-1 in Canada. In the Canadian study, a
sequestration rate of 2.55 Mg CO2 ha-1 yr-1 and a restoration area of 0.27 Mha were used. In
contrast, in the U.S., grassland restoration with a sequestration rate of 4.37 Mg CO2 ha-1 yr-1

(including soil organic carbon and root biomass) on an area of 2.1 Mha will sequester 9 Tg
CO2 yr-1 by 2030. The carbon sequestration potential of grassland restoration from cropland
in the three countries is relatively small and the difference mainly comes from differences in
the areas and the evaluation methods used, where the factors considered in the carbon
sequestration rate varied.

Pathway 13: Avoided Coastal Impacts (AVCI)

The coastal wetlands contain important ecosystems such as mangrove forests, saltmarshes,
and seagrass beds, which are key blue carbon sinks and have been reduced globally. In recent
years, the mangroves have been protected and restored in China with a series of actions and
policies. However, the protection of saltmarshes and seagrass beds in China is still inadequate.
Avoiding losses of these ecosystems in the coastal wetlands, which has been mainly due to
human activity, is an opportunity to enhance CO2 sequestration and reduce emissions of CO2

and other GHGs.

Area

We assumed that future potential losses of the saltmarsh and seagrass ecosystems will be of
the same magnitudes as those during 2000-2015. The area of saltmarshes in 2015 was 2,979
km2 according to the literature [237]. For the area in 2000, we used the average estimated
area (4,613 km2) by subtracting the area of mangroves [238] from that of the coastal wetlands
[239] given in the same period. The mean annual loss rate of saltmarshes from 2000 to 2015
was 10,894.97 ± 131.42 ha yr-1. Due to the lack of seagrass area data in China, we determined
the mean annual loss rate of seagrass beds (241.04 ha yr-1) as the average of the global loss
rate (ranging from 0.4-7%) [240].
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Flux

The ecosystem carbon stock and the percent of committed emission after disturbance were
used to calculate the avoided CO2 flux. The ecosystem soil carbon stocks were 935.85 Mg
CO2 ha-1 for saltmarshes and 396.36 Mg CO2 ha-1 for seagrass beds [241]. According to the
estimated half-life of 7.5 years [242, 243], the estimated committed emission were 60% of
the soil carbon stock in the first 10 years and 97% of the soil carbon stock in the first 40 years.
Hence, the mitigation potential of avoided costal wetland conversion can be projected for
different time periods (Table S32).

Uncertainty for avoided coastal impacts

The 95% confidence intervals of area and carbon flux were calculated for saltmarshes and
seagrassbeds using Monte Carlo modeling, and then the uncertainties of the total were
combined according to the IPCC Approach 1. The total climate mitigation potential of AVCI
were estimated to be 6.21 ± 1.32 Tg CO2 yr-1 during 2020-2030 and 10.04 ± 2.13 Tg CO2 yr-
1during 2020-2060.

Co-benefits for avoided coastal impacts

Avoided coastal impacts have the potential to produce strong co-benefits. Coastal wetlands
can improve the water and air quality of estuaries by acting as a sink for abundant matters
such as nitrogen and heavy metals. In addition, they can provide indispensable habitats for
juvenile fish, shellfish, and crustaceans [244, 245]. Land use close to existing wetlands often
involves the oxidization of acid sulfate soils that either are or were once part of a wetland,
causing the flushing of acid from the soil. Avoiding disturbance of wetlands can conserve soil
from erosion [246].

Marginal abatement costs for avoided coastal impacts

There are very limited studies about the cost of avoided coastal wetland loss in China. Hence,
we used the MAC of avoided mangrove loss in the global studies [26, 247], which included
the estimate of the cost of avoided coastal wetland loss in China. We assumed that protecting
a large area of coastal wetland is possible at low cost. 60%, 75%, and 90% of climate
mitigation from coastal wetland protection were determined under the cost of 10, 50, and 100
USD MgCO2-1 [247]. This corresponds to 3.72, 4.65 and 5.59 Tg CO2 yr-1 during 2020-2030,
and 6.02, 7.53, and 9.03 Tg CO2 yr-1 during 2020-2060, respectively.

Comparison with previous studies

Our estimate (0.09 Tg CO2 yr-1 in 2020-2030) of avoided CO2 emission from seagrass is close
to that of Canada (0.1 Tg CO2 yr-1)[25], but lower than that of the U.S. (7 Tg CO2 yr-1)[24],
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largely due to the lower rate seagrass bed area loss in China used in this study (estimated as
241 ha yr-1 in China; 20,000 ha yr-1 in the U.S.). However, as the protection of seagrass bed is
difficult, only a low portion of the total mitigation potential can be achieved under a cost of
100 USD MgCO2-1. There is still large uncertainty in the estimates for avoided seagrass
impacts in China due to the lack of accurate surveys on the current and historical areas of
seagrass.

Pathway 14: Avoided Peatland Impacts (AVPI)

Peatlands are widely distributed in China. A large amount of carbon can be released when
peatlands are degraded or converted to other land types. The climate mitigation from this
pathway is regarded as reduced or avoided carbon emission from vegetation and soil carbon
stocks due to protection of peatlands from human disturbances.

Area

There is very limited data and large uncertainty about the peatland area in China. After a
careful comparison of the available literature, the data of peatland area from a comprehensive
investigation (17,523.5 km2) was determined as the reference of the peatland area in 1990
[248]. From Mao et al. [249], the areas of swamp and marsh were 7,760.7 km2 and 157,304.4
km2 in 1990, and 7,923.7 km2 and 139,552.1 km2 in 2010, respectively. Considering the slow
rate of peat accumulation (it usually takes hundreds of years to form a sizeable peatland area),
we assumed that the area of forested peatland is constant although the swamp area increased.
Consequently, a peatland area of 15,638.8 km2 in 2010 was used, assuming that the future
loss rate of peatlands is in the same magnitude as that in the past decades.

Flux

As carbon emission of peatland varies with different climatic conditions, we calculated the
avoided emission in each of the climatic zones: tropical, subtropical, temperate, and plateau
climate zone in China (http://geodata.pku.edu.cn, Fig. S11). The annual peatland loss rates
and avoided emission rates were used to determine the total avoided emission fluxes in each
climate zone. We assumed that the proportion of peatland in the inland marsh in each climate
zone is the same.

According to the literature, we assumed that 100% of the biomass carbon and 92% of the soil
organic carbon would be released after peatland loss [250]. We calculated the carbon density
of the peat biomass [251] and soil carbon [252] in the four climate zones, from which the
mean and SD of potential carbon emission could be determined (Table S33).

http://geodata.pku.edu.cn
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Mapping Province-level Mitigation

Based on the mitigation potential in each climatic zone and the proportion of marsh area in
each province [253], the avoided CO2 emission from peatland protection was estimated on the
provincial scale. For the provinces that cover more than one climate zones, we classified
them into the climate zone that contained most of the land area in that province. For Sichuan
Province, we considered the combined mitigation potential in subtropical and plateau climate
zones.

Uncertainty for avoided peatland impacts

There is a large uncertainty about the peatland area in China. We found another two records
of Chinese peatland area [254, 255] for determining the uncertainty range of Chinese
peatland area, assuming that the areas’ uncertainty range for each climate zone were the same
as the national range (78%). Based on estimates of peatland areas and carbon stock from
different studies, we calculated 95% confidence intervals of the mitigation potential by
Monte Carlo uncertainty modeling and combined the overall uncertainties. The estimated
avoided CO2 emission of peatland conversion in China would be constant at 23.97±13.67 Tg
CO2 yr-1 (95% CI) in the next decades (2020-2060).

Co-benefits for avoided peatland impacts

Peatlands play vital roles in regulating the global carbon cycle, maintaining biodiversity, as
well as storing and purifying water [256]. Because of their rich plant diversity, peatlands
harbor a multitude of characteristic microorganisms, insects, birds and other animals [257].
The exposure of peat soil to the air causes it to become fully oxidized and leached, resulting
in a mineral soil after drainage [258], and the increased risk of peat fires can lead to future air
pollution [259].

Marginal abatement costs for avoided peatland impacts

The cost for avoided peatland impacts was estimated using the same method as that of
avoiding coastal wetland loss since no other data can be used. We assumed that 60%, 75%,
and 90% of climate mitigation from avoided peatland impacts could be achieved under the
cost of 10, 50, and 100 USD MgCO2-1, respectively.

Comparison with previous studies

This study showed the great climate mitigation potential from avoided peatland impacts in
China. The estimated max potential (24 Tg CO2 yr-1) was twice as that for Canada (10.1 Tg
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CO2 yr-1) (Extended Data Fig. 7). Although the area of avoided peatland impacts in China
(0.01 Mha yr-1) accounted for only 1% of the global estimate (0.78 Mha yr-1), its achieved
potential under the cost of 100 USD MgCO2-1 (14 Tg CO2 yr-1) reached 2% of the global
potential (678 Tg CO2 yr-1). This disproportionate result was partly due to the higher carbon
storage in peat soils in China relative to the global average. Specifically, peat soils in China
contain 17,439.3 Mg C ha-1 in the tropics, 11,78.9 Mg C ha-1 in the subtropics, 889.4 Mg C
ha-1 in temperate zones and 608.3 Mg C ha-1 in plateau climate zone. For comparison, the
global averages for peat soil carbon contents are 217.5 Mg C ha-1 in the tropics, 141.9 Mg C
ha-1 in temperate zones, and 56.6 Mg C ha-1 in boreal zones.

Pathway 15: Coastal Wetland Restoration (CWR)

We considered the mitigation potential of restoring mangroves, saltmarshes, and seagrass
beds in China. Wetland restoration by re-wetting can capture more carbon in the vegetation
and soil. Here only CO2 sequestration by vegetation and soil of mangrove forests and by the
soil of saltmarshes and seagrass beds were considered. The CH4 emission during the re-
wetting process was not considered.

Area

In recent years, much attention has been paid to mangrove restoration, which currently
increased to occupy 29,227 ha [237]. Based on the planned mangrove area (9,375 ha) that
will be restored in 2020-2025 [260, 261] (Table S34), we first assumed that the area for
mangrove restoration in 2020-2030 will be more than that in 2020-2025. The maximum
restoration area for mangrove plantation is estimated to be 16,220 ha in 2020-2030 and
14,457.2 ha in 2030-2060, according to the National Mangrove Source Survey [262] (Table
S35). We assumed that the maximum restoration area of saltmarshes and seagrass beds was
the extent of historical losses. According to the current occupied areas (297,937 ha for
saltmarshes and 8,765 ha for seagrass beds) [237, 263] and the percentage loss in area (57%
for saltmarshes and 74% for seagrass beds) [264], the calculated maximum restoration area
was 320,422.81 ha for saltmarshes and 24,946.54 ha for seagrass beds. We assumed that
saltmarshes and seagrass beds would be restored at an even rate from 2020 to 2060, and
therefore, 25% of the maximum potential area can be restored in 2020-2030.

Flux

Carbon accounting for the coastal wetland restoration contains both an avoided emission
component and a sequestration component. The carbon stock references used were 1303.77
Mg CO2 ha-1 for mangroves, 935.85 Mg CO2 ha-1 for saltmarshes and 396.36 Mg CO2 ha-1 for
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seagrass beds [241]. Considering the large area of coastal wetland loss before 1980s and the
estimated carbon stock half-life of 7.5 years [242, 243], we estimated a release of 84% of the
original carbon stock in the first 20 years after the loss of the wetlands, and that the remaining
16% of the carbon stock will be lost in the following years (by 2060 for our study) (Table
S36). Therefore, restoring the wetlands can retain the remaining carbon from being released.
The mean emission rate is 0.27%‧yr-1.

Also, restoring the degraded wetlands can sequester additional carbon in soil and/or biomass.
The carbon sequestration potential in restored saltmarshes and seagrass beds were calculated
based on their carbon sink rates, i.e., 6.09 Mg CO2 ha-1 yr-1 [265] and 5.06 Mg CO2 ha-1 yr-1

[266], respectively. We considered the carbon sequestration in soil and biomass for the
carbon sink potential of restored mangroves. Although some mangrove restoration projects
were started before 2020, these mangrove ecosystems are still unstable. Hence, for the carbon
sequestration potential of the restored mangroves at different periods, we collected the data of
ecosystem carbon contents and calculated the carbon sequestration potential of soil and
biomass [267-270] (Fig. S12). According to the literature [267], the biomass carbon content
of mangroves restored more than 15 years will be relatively stable, but its SOC content
remains much lower than that of the initial mangrove ecosystem.

Uncertainty for coastal wetland restoration

It was difficult to directly estimate uncertainty due to the limited data available. Therefore,
we refer to the uncertainty percentage (21%) of avoided coastal wetland impacts. The total
climate mitigation potentials of coastal wetland restoration were estimated to be 1.44 ± 0.31
Tg CO2 yr-1 during 2020-2030 and 3.56 ± 0.76 Tg CO2 yr-1 during 2020-2060.

Co-benefits for coastal wetland restoration

The creation or restoration of large coastal ecosystems can provide several benefits, including
flood defense and water quality improvement [244]. In China, the restoration project
conducted in a degraded coastal wetland has proved to be successful with increased biota
species richness and habitat quantity with desalination of the soil [271].

Marginal abatement costs for coastal wetland restoration

Very limited information was available on the costs of restoration projects in China [272].
We used the global cost proportion of mangroves and salt marsh restoration reported in the
literature [26], which was based on more than 50 studies mostly conducted in developed
countries. This may cause the overestimate on the associated costs of restoration in this study.
Generally, the construction of seagrass beds is expensive, and no successful case has been
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reported yet in China, so we assumed that it is impossible to implement at a cost of 100 USD
MgCO2-1 or less.

Comparison with previous studies

The total area of suitable land available for mangrove plantation is very small in China (7202
ha). Therefore, the estimated potential of mangrove restoration in China (0.21 Tg CO2 yr-1)
accounted for only a small part of on the global total [26] (11 Mha, 179 Tg CO2 yr-1 in 2020-
2030 under the cost of 100 USD MgCO2-1) (Extended Data Fig. 7). In terms of the mitigation
potential from salt marsh restoration, the estimation of China (0.41 Tg CO2 yr-1) was much
lower than that of the U.S. [24] (7 Tg CO2 yr-1) in 2020-2030, which mainly reflects the
lower recovery rate (0.08 ha yr-1 in China and 0.48 Mha yr-1 in the U.S.) and the lower carbon
sequestration rate (2.3 Mg C ha-1 in China and 6.7 Mg C ha-1 in the U.S.). As seagrass beds
restoration remains a worldwide problem, it is challenging to restore under the cost of 100
USD MgCO2-1 for both developed and developing countries [24, 26].

Pathway 16: Peatland Restoration (PTR)

Peatland restoration by re-wetting can reduce CO2 emission and dissolved organic carbon
(DOC) loss, and increase the biomass carbon stock. However, it also raises CH4 emission. As
the biomass of non-forested peatlands becomes stable quickly after restoration, we only
included reduced CO2 emission, DOC loss and increased CH4 emission for estimating the
mitigation potential of drained peatlands in this study. The 100-year global warming potential
(GWP) of 25 for CH4 was used.

Area

Due to the lack of historical peatland area data in China, we refer to the peatland area in 1990
as the maximum historical area, and only the change in area of non-forested peatland since
then (Table S37) [231,232]. Therefore, a maximum restorable area in China was estimated to
be 188,459.6 ha. We assume that the lost peatland area will be restored at an even rate during
2020-2060, and 25% of the lost area would be restored during 2020-2030 (47,114.9 ha)
(Table S37).

Flux

The published data of peatlands in China have focused in the northeastern area (temperate
zone) and the Zoiga plateau (plateau climate zone). The mean CO2 emission rate from the
drained peatlands in the plateau climate zone is 28.82 Mg C ha-1 yr-1 [273]. Since there are
limited studies on the CO2 emission rate from drained peatlands in the other climatic zones
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and restored peatlands in all climatic zones, we used the data reported by IPCC [274]. The
values of the subtropical, temperate and plateau climate zones in our study used that of the
temperate zone in the IPCC report, and the factors in rich status were used because almost of
the peatlands in China are eutrophic [275]. The DOC loss factors reported by IPCC [274]
were also used.

We assumed that CH4 emission rate from restored (by re-wetting) peatlands is one-tenth of
that from natural peatlands since 92% of SOC stock has been lost in drained peatland [250].
We used the average values of the CH4 emission rate from natural peatlands in the literature
[273, 276-282], i.e., 0.36 Mg CH4 ha-1 yr-1 in the temperate zone and 0.37 Mg CH4 ha-1 yr-1 in
the plateau climate zone. Due to the lack of observed data, the emission rate from restored
peatlands in the tropical and subtropical regions was estimated to be one-tenth of the natural
peatlands in tropical and temperate regions [274]. The mean emission rate from the drained
peatlands was estimated to be 0.02 Mg CH4 ha-1 yr-1 for the plateau climate zone based on
literature [273, 283, 284], and the values used for the other regions were obtained from the
IPCC report.

Mapping Province-level Mitigation

Based on the mitigation potential in each climatic zone and the published proportion of marsh
area in each province [253], we estimated the mitigation potential for each climate zone
(Table S38). For the province that covers more than one climate zone, we classified that
province into the climate zone that contains most of the land area in that province. For
Sichuan Province, we considered the combined mitigation potential in subtropical and plateau
climate zones.

Uncertainty for peatland restoration

We found another two records of Chinese peatland area [254, 255] for determining the
uncertainty range of Chinese peatland area, assuming that uncertainty range for each climate
zone area were the same as the national range. Based on estimates of peatland areas and
carbon fluxes from different studies, we calculated the 95% confidence intervals of potential
in each climatic zone by Monte Carlo uncertainty modeling. The climate mitigation potential
of peatland restoration is 3.61 (-0.83~8.05) Tg CO2e yr-1 (95% CI) during 2020-2030 and
14.47 (-3.23~32.17) Tg CO2e yr-1 (95% CI) during 2020-2060.

Co-benefits for peatland restoration

Regeneration of peatlands reestablishes diverse biological communities [285, 286].
According to previous studies, the longer the time peatland is allowed to restore, the greater
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the accumulation of its plant residues and organic matter, which help to improve soil
properties [287]. The peatland restoration in the high-altitude region of China would maintain
high altitude peatland functions such as downstream water supply and biodiversity
conservation [286]. In addition, peatland rehabilitation will reduce the likelihood of peat fires
[258], which help to reduce the risk of damage to human health from exposure to air
pollutants [259].

Marginal abatement costs for peatland restoration

The cost of peatland restoration in China is assumed to be the same as that in the global study
[26], in which the achievable percentage are 18% and 48% under the cost of 10 and 100 USD
Mg CO2e-1, respectively. The achievable percentage under the cost of 50 USD Mg CO2e-1 is
assumed as the mean of the percentage (33%) under the cost of 10 and 100 USD Mg CO2e-1.

Comparison with previous studies

As most peatlands are located in the tropics or high latitudes, the potential of peatland
restoration in China (2 Tg CO2e yr-1) only accounted for a very small part of the global
potential (394 Tg CO2e yr-1) during 2020-2030 under the cost of 100 USD Mg CO2e-1.
Compared with the potential of this pathway estimated by other studies on the country level
under the cost of 100 USD Mg CO2e-1 in the future decade, the potential of China (2 Tg CO2e
yr-1) was greater than that of Canada (0.1 Tg CO2e yr-1), but lower than that of the U.S. (9 Tg
CO2e yr-1) (Extended Data Fig. 7). This was mainly due to the differences in recoverable
peatland areas (0.3 Mha in Canada, 0.05 Mha in China, and 3 Mha in the U.S.). In addition,
the higher costs for peatland restoration in China (48% of max potential could be achieved
under the cost of 100 USD Mg CO2e-1) was also one of the reasons for the lower carbon
sequestration potential compared with that in the U.S. (where almost 100% of max potential
could be achieved at 100 USD Mg CO2e-1). Under the cost of 100 USD Mg CO2e-1, the
potential of China in 2020-2060 (7 Tg CO2e yr-1) was closer to the potential of the U.S. in
2025 (9 Tg CO2e yr-1).
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Fig. S1. The MAC curve for carbon sequestration through reforestation.
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Fig. S2. The MAC curve for carbon sequestration through avoided forest conversion.
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Fig. S3. The MAC curve for carbon sequestration through improved plantations.
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Fig. S4. The MAC curve for carbon sequestration through natural forest management in China after

Golub et al. [54] and Austin et al. [109].
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Fig. S5. The distribution of forest types in China. Data derived from Resource Environment and Data

Science Center (http://www.resdc.cn/data.aspx?DATAID=98).

http://www.resdc.cn/data.aspx?DATAID=98


52

Fig. S6. A simplified diagram for the biomass change after fire disturbance (the values are for the

case of temperate forest for aboveground biomass). The discrepancy of biomass under wildfire and

prescribed fire means the capacity of fire management to reduce CO2 emission.
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Fig. S7. The MAC curve for carbon sequestration through avoided grassland conversion.
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Fig. S8. The accumulated area for grassland fencing and sowing from 2003 to 2019 (Data source: the

National Forestry and Grassland Administration).
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Fig. S9. The MAC curve for carbon sequestration through grazing optimization during 2000-2020

(a), 2020-2030 (b), and 2020-2060 (c).



56

Fig. S10. The MAC curve for carbon sequestration through grassland restoration during 2000-2020

(a), 2020-2030 (b), and 2020-2060 (c).
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Fig. S11. The classification of Chinese climate zone in estimating reduced carbon emission from

avoiding peatland impacts (Data is obtained from http://geodata.pku.edu.cn).

http://geodata.pku.edu.cn
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Fig. S12. The rates of change in biomass (a) and soil organic carbon (b) in restoring mangroves.
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Table S1. Definition of NCS pathways.

Pathway name Pathway description Pathway type Consideration for avoiding double-counting

Reforestation

(RF)

Additional CO2 sequestration potential from converting non-forest

(including slash land, barren land and mountain, sloping cropland) to

forest.

Restoration In order to avoid double counting, the area

suitable for mangrove planting has been

removed from the total area of slash/suitable

land

Avoided Forest

Conversion

(AVFC)

Avoided carbon emission resulting from changing forestland types after

deforestation (to cropland or urban area). The carbon loss mainly

includes the loss of biomass and the carbon stored in soil when forest

conversion occurs.

Protection Forest conversion is estimated based on the area

of forested land using the latest land use data,

avoiding the double calculation of paths such as

avoiding grassland conversion.

Improved

Plantations

(IMP)

Reducing harvest and improving the disposal of logging residues of

plantations are the main approaches to improve plantation management

and reducing carbon emission. As the commercial logging of natural

forests will be canceled nationwide since the implementation of the

Forest Law of the People's Republic of China in 2020, timber harvest

can be only made for artificial plantations.

Management Efforts to reduce harvest and improve the

disposal of logging residues are limited to

plantations. Natural forests are not allowed to

harvest in the next decades and thus Natural

forest management (NFM) is separated with this

pathway..

Natural Forest

Management

(NFM)

The climate mitigation potential provided by natural forest management

stems from carbon sequestration through the low cost of natural

regeneration of natural forests and the reduction of CO2 emission to the

atmosphere due to the cessation of natural forest logging. Since the

Forest Law of the People's Republic of China came into effect on July 1,

Management According to the Fifth National Forest

Inventory (1994-1998), there were 79.10 Mha

of timber and charcoal forests in China's natural

forests (Chinese Ministry of Forestry, 1999),

this figure does not include any planted forests,



60

2020, it stipulates that commercial logging of natural forests will be

canceled nationwide and all natural forests will be protected.

as well as other natural forests that have been

left uncut by people, i.e., shelter forests and

special-use forests.

Fire

Management

(FM)*

Additional CO2 (other GHG gases are not considered in this study)

sequestration by managed forest fire (prescribed fire or fire control)

compared to um-managed wildfire. Regeneration of biomass is also

included in the theoretical model base on the observed fire frequency.

Management No double-counting with other pathways.

Biochar

(BIOC)*

Amending agricultural soils with biochar can increases the soil carbon

pool by converting non-recalcitrant carbon to recalcitrant carbon

through pyrolysis. Here, the biochar mainly comes from crop residue.

The effects of biochar on emission of N2O and CH4 are not considered in

this study.

Management Potential maximum extent assumed to be the

total amount of available crop residue.

Cover Crop

(CVCR)

Additional soil carbon sequestration by cover crops (i.e., green manure

crops). Area suitable for planting cover crops includes cropland already

planted with a perennial or winter crop. In China, there are large

differences in dominant green manure types in different regions due to

the divergence of climate. For example, winter cover crops (e.g.,

Astragalus sinicus, Vicia villosa, Brassica napus) are mainly planted in

southern China, while cover crops like Vicia sativa,Medicago sativa are

planted in northern China[288].

Management No double-counting with other pathways.
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Cropland

Nutrient

Management

(CRNM)*

Improving crop nutrient management can reduce N2O emission by

reducing the overuse of fertilizer and improvement in N fertilizer use

efficiency. The total amount of fertilizer use of China had decreased

since 2012. Meanwhile, reducing the N2O emission during N fertilizer

production process can also be achieved by improving technology.

Management Potential maximum extent includes all

croplands, except for those already using best

nutrient management practices.

Improved Rice

Cultivation

(IMRC)

Reducing the emission of CH4 associated with anaerobic decomposition

by improving water management regime, residue management, tillage

and fertilizer management alternatives of upland or flooded rice lands.

Management Biochar is not considered in rice management.

Avoided

Grassland

Conversion

(AVGC)

Avoided CO2 emission of belowground biomass and soil carbon by

avoiding the conversion of grassland to cropland.

Protection No double-counting with other pathways.

Grazing

Optimization

(GROP)

Additional carbon sequestration in above- and below-ground biomass

and soil carbon by grassland fencing management and pasture sowing.

Management Fencing and sowing management is applied in

grassland area, which is not overlapping with

the area for grassland restoration pathway.

Grassland

Restoration

(GRR)

Additional carbon sequestration in below-ground biomass and soil

carbon by restoring grasslands from slope croplands. The applied extent

was determined by the actual conversion from cropland to grassland

during 2000-2020, and the potential extent was determined to be

cultivated lands on steep slope (>15°) and other low-quality or polluted

croplands.

Restoration Grassland restored from cropland, which is

separated with grassland restoration in the

fencing area of pastures.



62

Avoided Coastal

Wetland

Impacts (AVCI)

Avoided CO2 emission from soil carbon stocks by avoiding loss of

coastal wetlands including salt-marshes and seagrass beds.

Protection Including mangroves, salt marshes, and seagrass

beds. Mangroves are not include in the Avoided

Forest Conversion pathway to avoid double-

counting.

Avoided

Peatland

Impacts (AVPI)

Avoided CO2 emission of above- and below-ground biomass and soil

carbon due to avoided loss of peatlands (in four climatic zones including

tropical, subtropical temperate, and plateau climate zone).

Protection Including all non-tidal non-forested wetlands.

Non-tidal Forested wetlands were not

considered due to the unchanged trend in recent

decades.

Coastal Wetland

Restoration

(Mangrove, salt

marsh and

seagrass bed)

(CWR)

Avoided oxidation of soil carbon and enhanced ecosystem carbon sink

due to soil re-wetting in mangroves, salt marshes and seagrass beds. We

consider the changes of carbon burial rates of biomass and soil in

mangroves by different restoration time. CH4 emission during re-wetting

process is not considered.

Restoration Including restoration of mangroves, salt

marshes, and seagrass beds.

Peatland

Restoration

(PTR)

The net out of avoided oxidation and leaching of soil carbon but

enhanced methane emission due to soil re-wetting in peatlands.

Restoration Including all non-tidal non-forested wetlands.
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Table S2. The extents of implementing the 16 NCS pathways in different time periods. The extent of NCS implementation is determined either by the maximum

area that are assumed to be realized by a certain year or the assumed rate of change. Estimates for biochar and cropland nutrient management are not based on area

but the amount of usable agricultural residue and nitrogen fertilizer, respectively.

Pathway

name

Extent

(106 ha if not announced)
Determination or assumption of maximum extent

2000-

2020

2020-

2030

2020-

2060

Reforestation

(RF)

44.71 21.68 31.84

It is assumed that the rate of RF in the next decades is the almost same to that of 2009-2018 (6.67 Mha/yr,

compared with 6.28Mha/yr during 2009-2018) according to the ‘Plan for major projects for the protection

and restoration of major ecosystems nationwide (2021-2035)’published recently. If the estimated area is

larger than the maximum area available for RF in a province, the max area is used. Noting that the

projected total area for RF in the next decades include the area of the past two decades, i.e., during 2020-

2030 a total of additional 21.68 Mha of area will be forested, and during 2020-2060, a total of 31.84 Mha

of area will be forested.

Avoided

Forest

Conversion

(AVFC)

0 0.11 0.43
It is assumed that the rate of forest converting to cultivated land and construction land is constant at

10645.39 ha yr-1 (the rate of that in 1998-2020) (https://www.globalforestwatch.org/) during 2020-2060.

Improved

Plantations

(IMP)

0 4.67 18.68
It is assumed that the rate of the area of implementing harvest residues treatment is constant at 0.467×106

ha yr-1 (the rate of that in 1998-2020) (https://www.globalforestwatch.org/) during 2020-2060.
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Natural

Forest

Management

(NFM)
41.25 79.10 79.10

According to the Fifth National Forest Inventory (1994-1998), there were 79.10 Mha of timber and

charcoal forests in China's natural forests (Chinese Ministry of Forestry, 1999). In the recent decades, the

scale of commercial deforestation of natural forests allowed by the policy is gradually shrinking. And after

July 1, 2020, all commercial logging of natural forests is prohibited by law in China. It is assumed that a

total of 79.10 Mha of timber and charcoal forests harvesting in natural forests are linearly reduced to zero

from 2000 to 2020, and it will be zero after 2020. Therefore, the actual maximum area protected from

deforestation is equivalent to 41.25 Mha during 2000-2020. And it is assumed to be remains at 79.10 Mha

from 2020 to 2060.

Fire

Management

(FM)*
14.08 0.49 1.96

The mean annual burnt area due to wildfire was greatly reduced (0.89 Mha yr-1 during 1949-1999 to 0.12

Mha yr-1 during 2000-2017) since the implementation of fire prevention policy in 1987 [122], It is
assumed that the large reduction is the outcome of fire prevention. In the past 20 years, the total

accumulated burnt area is estimated to be 14.08 Mha. It is assumed that the burnt area will be constant at

the level of 0.12 Mha yr-1 under the current fire control regime in the next decades, of which 30% will be

managed by prescribed fire and 70% by fire prevention.

Biochar

(BIOC)*
0.64

Tg dry

mass

0.23

Tg dry

mass

0.23

Tg dry

mass

The national total production of biochar during 2010-2017 accounted for 0.11% of total production of crop

residue according to the China Agricultural Statistical Report. We assume that the proportion of crop

residue to produce biochar is stable during 2020-2060, but the the amount of available crop residue will

increase. We assume that the utilization ratio of crop residue to produce biochar equals to that during 2010-

2017, and the total amount of crop residue is 708 Tg dry mass yr-1. The comprehensive utilization ratio

(CUR) of crop residue increased from 78.00% to 86.72% during 2014-2020. The Ministry of Agriculture

and Rural Affairs (MARA) reported that the national crop residue collection, storage and utilization system
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would be established by 2030, and most of crop residue can be utilized

(https://www.sohu.com/a/270736500_100252878). We assumed that the CUR will increase to 94.08% and

100% with same increasing rate during recent 5 years (from 2016 to 2020) in 2030 and 2060, respectively.

Cover Crop

(CVCR)
4.49 25.66 25.66

The planting area of cover crop in China was about 4.49 Mha in 2010s, while it reached maximum extent

in 1970s. Here, we assumed that the planting area of cover crops would reach the maximum extent (25.66

Mha) in 2030 and 2060.

Cropland

Nutrient

Management

(CRNM)* 164.81 164.81 164.81

The extent of cropland applied for improved crop nutrient management is 164.81 Mha including multiple

cropping. The national total amount N fertilizer use (23.99 Tg N yr-1) reached historical maximum in 2012

and decrease during 2012-2020. N fertilizer use would decrease by 16.4 Tg N in 2050 compared to 2010

[148]. We assume a 13% and 49% reduction of N use in 2030 and 2060, respectively, compared to the

2020. And this reduction will not affect crop yield according to [289]. A decrease of 10.0 % of the N2O

emission is assumed due to the improvement of N producing technology [147].

Improved

Rice

Cultivation

(IMRC) 0 30.45 30.45

The U.S. Environmental Protection Agency (EPA) provides a consistent and comprehensive set of

historical and projected estimates of emission and technical and economic mitigation estimates of non-CO2

GHGs for 195 countries from 2015 to 2050. Projected national total emission of China associated with rice

cultivation in 2030 and 2050 are estimated to be 203 and 185 TgCO2e yr-1 [169]. We use the national total

emission of China associated with rice cultivation from the EPA report. Meanwhile, we assume that the

planted area of rice of is consistent with the average planted area during 2011-2020.
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Avoided

Grassland

Conversion

(AVGC)
0 5.10 20.40

The rate of grassland converting to cropland is determined according to land use and cover data from 2000

to 2018, we assume that this rate (0.51Mha yr-1) is constant during 2000-2060, of which the loss rates of

temperate and alpine grasslands are 0.506 Mha yr-1 and 0.007 Mha yr-1, respectively. We assume the

average percent loss of SOC from the top 1 m to be 25.57% after short-time (~10 year) conversion, and

21.71% after long-time (~20-40 year) grassland cropping. For the avoided loss of BGB, we used an

empirical model based on the relationship between BGB and mean annual precipitation (MAP) [178].

Grazing

Optimization

(GROP) 99.56 15.60 62.40

The area of 99.56 Mha is probably the maximum area that was implemented with fencing and pasture

sowing by 2020, and the data was obtained from the National Forestry and Grassland Administration of the

People's Republic of China. According to the Report on the status of China's land greening in 2021, 1.56

Mha of grassland ecological restoration will be carried out in China in 2021. We assumed that 1.56 Mha yr-

1 is the rate to imply fencing and pasture sowing measures during 2020-2030 and 2020-2060.

Grassland

Restoration

(GRR)

5.80 0.54 0.54

We identified the area of conversion from cropland to grassland during 2000-2018 according to land use

and cover data. We extracted the croplands with slope > 15 degree as total potential restoration area

(including restoration to grasslands and forests) based on the land use map in China in 2018 and Digital

Elevation Model. According to the white paper issued by National Forestry and Grassland Administration

of China (National Forestry and Grassland Administration, 2020), the proportion of restoration to grassland

accounted for 7.86% of the total restoration area during 2014 to 2019. We assumed that 7.86% of the total

potential restoration area could be converted into grasslands during 2020-2060. China issued a planning

document, which declared that all unsuitable croplands be restored before 2030 (National Development

and Reform Commission, 2016). It is assumed that this declaration will be realized by 2030.
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Avoided

Coastal

Wetland

Impacts

(AVCI)

0 0.10 0.41
We assume that the loss rates of saltmarshes (0.01×106 ha yr-1) and seagrass beds (241.04 ha yr-1) in the

next decades are the same as that in the past two decades [237-239, 242].

Avoided

Peatland

Impacts

(AVPI)

0 0.09 0.38

We calculate the loss rate in the past two decades in each climatic zone by the changes of Chinese inland

wetlands and the proportion of peatlands to inland wetlands. We assume that the loss rate of peatland in the

next decades is the same as that in the past two decades [248, 249].

Coastal

Wetland

Restoration

(Mangrove,

salt marsh

and seagrass

bed) (CWR)

0.01 0.10 0.38

We estimate the reconstructed area of mangrove in 2000-2020 based on the literature [237]. The future
reconstruction area of mangrove is determined according to the national policy (National Forestry and

Grassland Administration, 2020; State Forestry Administration, 2002). We assume that the historical loss

of salt marshes[237, 264] and seagrass beds [264] would be restored by 25% by 2030 and completely

restored by 2060.

Peatland

Restoration

(PTR)

0 0.05 0.19

We assume that there is no peatland restoration in 2000-2020 as no data records. The maximum extent of

potential restoration is determined by the degraded area in the past two decades in each climatic zone. We

also assume that the historical loss of peatland [248, 249] would restore 25% by 2030 and 100% by 2060.
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Table S3. The historical capacity (2000-2020) and futuremaximum mitigation potential of NCS in 2020-2030 and 2020-2060.

Pathway

name

Pathway

Element

Intensity
Time

Horizon

Max

(95% CI bounds)
MAC USD

Avoidable flux

Mg CO2 ha-1 (if not

announced)

(95% CI bounds)

Additional

Sequestration, Mg CO2 ha-1

yr-1 (if not announced)

(95% CI bounds)

Years

until

saturation

10 50 100

Tg CO2 yr-1

Reforestation

(RF)

Biomass

Soil carbon

All

References

---

---

---

---

2020: 5.52 (4.78-6.31)

2030: 3.54 (2.84-4.32)

2060: 7.37 (6.45-8.383)

＞70

---

---

2020: 247 (214-282)

2030: 77 (62-94)

2060: 235 (205-267)

0

0

60

89

26

166

136

39

211

Avoided

Forest

Conversion

(AVFC)

Biomass

Soil carbon

---

2020: 0

2030: 57.95 (36.24-145.15)

2060: 88.21 (48.32-155.70)

--- ＞100

2020: 0

2030: 3 (3-4)

2060: 3 (3-4)

2020: 0

2030: 2

2060: 3
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All

References 2020: 0

2030: 212.48 (132.88-532.21)

2060: 323.43 (177.17-570.89)

2020: 0

2030: 6 (3-8)

2060: 7 (4-9)

0

3

2

0

6

4

0

6

7

Improved

Plantations

(IMP)

Reduced

harvest

Treatment of

residues

All

References

2020: 0

2030: 1.51

2060: 1.51

Mg CO2 yr-1m-³

2020: 0

2030: 15.80 (5.64-25.96)

2060: 63.19 (22.54-103.84)

---

--- ＞100

2020: 0

2030: 10 (8-11)

2060: 19 (17-21)

2020: 0

2030: 7 (4-11)

2060: 29 (14-45)

2020: 0

2030: 17 (10-25)

2060: 49 (21-77)

0

17

24

0

17

49

0

17

49

Natural

Forest

Management

(NFM)

Vegetation

---

2020: 4.13 (2.22-6.04)

2030: 3.85 (0-8.89)

2060: 3.85 (0-8.89)
>100

2020: 172 (922-251)

2030: 305 (0-703)

2060: 305 (0-703)
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Floor

All

References

2020: 0.42 (0.13-0.71)

2030: 0.39 (0-1.16)

2060: 0.39 (0-1.16)

2020: 4.55 (2.62-6.48)

2030: 4.25 (0-9.34)

2060: 4.25 (0-9.34)

2020: 18 (6-30)

2030: 31 (0-92)

2060: 31 (0-92)

2020: 189 (109-269)

2030: 336 (0-739)

2060: 336 (0-739)

72

72

72

189

220

220

189

336

336

Fire

Management

(FM)*

Fire

prevention

Prescribed fire

All

---

2020: 0.86 (0.42-1.3)

2030: 1.73 (0.84-2.62)

2060: 0.43 (0.19-0.65)

2020: 0.46 (0.21-0.71)

2030: 0.92 (0.42-1.42)

2060: 0.23 (0.11-0.35)

2020: 1.32

2030: 2.65

2060: 0.66

>40

2000-2020: 9 (5-15)

2020-2030: 1 (0.4-1.1)

2020-2060: 1 (0.4-1.1)

2000-2020: 1 (0.3-0.9)

2020-2030: ~0

2020-2060: ~0

2000-2020: 10

2020-2030: 1

2020-2060: 1

3

0.2

0.2

0.2

0

0

3

0.2

0.2

5

0.3

0.3

0.3

0

0

5

0.4

0.4

7

0.4

0.4

0.4

0

0

7

1

1
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Biochar

(BIOC)*
All

References
---

0.18 (0.17-0.21)

MgCe Mg dm-1
>100

2020: 0.5 (0.4-0.6)

2030: 0.08 (0.06-0.1)

2060: 0.08 (0.06-0.1)

0

0.08

0.08

0

0.08

0.08

0

0.08

0.08

Cover Crop

(CVCR) All

References
--- 0.32 (0.16-0.48)

MgCe ha-1
>50

2000-2020: 5

2020-2030: 25 (12-37)

2020-2060: 25 (12-37)

0

0

0

0

3

3

0

25

25

Cropland

Nutrient

Management

(CRNM)*
All

References

15.9

Mg CO2eMg N-1

11.4-19.4

Mg CO2e Mg N-1
>100

2000-2020: 79 (56-101)

2020-2030: 46 (35-57)

2020-2060: 153 (111-

196)

0

23

77

0

28

92

0

44

145

Improved

Rice

Cultivation

(IMRC)

All

References
--- --- >100

2000-2020: 0

2020-2030: 33 (29-37)

2020-2060: 44 (39-50)

0

17

22

0

26

35

0

26

35
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Avoided

Grassland

Conversion

(AVGC)

Temperate

biomass loss

Alpine

biomass loss

Soil carbon

loss

2020: 0

2030: 15.60 (8.29-22.90)

2060: 15.60 (8.29-22.90)

2020: 0

2030: 9.95 (4.77-15.12)

2060: 9.95 (4.77-15.12)

2020: 0

2030: 96.12 (11.45-180.82)

2060: 81.62 (9.91-153.66)

--- >100

2020: 0

2030: 57 (8-106)

2060: 50 (9-92)

0

9

0

0

31

11

0

41

20

Grazing

Optimization

(GROP)

Vegetation

Soil

---

2020: 0.32 (0.30-0.34)

2030: 0.27 (0.26-0.28)

2060: 0.25 (0.24-0.27)

2020: 0.27 (0.25-0.30)

2030: 0.23 (0.21-0.25)

2060: 0.22 (0.20-0.23)

>50

2020: 32 (28-36)

2030: 4 (3.9-4.5)

2060: 16 (14-17)

2020: 27 (23-31)

2030: 4 (3-4)

2060: 13 (11-16)
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All

References 2020: 0.59 (0.57-0.62)

2030: 0.50 (0.48-0.52)

2060: 0.47 (0.45-0.49)

2020: 59 (53-64)

2030: 8 (7-8)

2060: 29 (27-32)

46

4

20

59

8

28

59

8

29

Grassland

Restoration

(GRR) Vegetation

Soil

All

References

---

2020: 0.29 (0.18-0.40)

2030: 0.48 (0.37-0.60)

2060: 0.48 (0.37-0.60)

2020: 3.35 (0.78-5.91)

2030: 4.28 (2.79-5.77)

2060: 4.28 (2.79-5.77)

2020: 3.64 (1.07-6.20)

2030: 4.77 (3.27-6.26)

2060: 4.77 (3.27-6.26)

>50

2020: 2 (0.5-3)

2030: 0.3 (0.1-0.6)

2060: 0.3 (0.1-0.6)

2020: 19 (-10-49)

2030: 2 (1-5)

2060: 2 (1-5)

2020: 21 (-8-50)

2030: 3 (0.5-7)

2060: 3 (0.5-7)

3

0.2

0.2

11

1

1

15

1

2
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Avoided Peat

Impacts

(AVPI) Tropical

Subtropical

Temperate

Plateau

All

References

59249.77

4062.21 (-559.71-8676.74)

3025.90 (-539.50-6585.81)

2075.41 (1738.31-2408.74)

>100

2020: 0

2030, 2060:

1

6

3

14

24 (10-38)

0

14

0

18

0

22

Avoided

Coastal

Wetland

Impacts

(AVCI)

Salt marsh

Seagrass

All

References

2020: 0

2030: 564.46

2060: 912.64

2020: 0

2030: 239.06

2060: 386.53

>64

2020: 0

2030: 6

2060: 10

2020: 0

2030: ~0

2060: ~0

2020: 0

2030: 6 (5-8)

2060: 10 (8-12)

0

4

6

0

0

0

0

4

6

0

5

7

0

0

0

0

5

7

0

6

9

0

0

0

0

6

9
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Coastal

Wetland

Restoration

(Mangrove,

salt marsh

and seagrass

bed) (CWR)

Mangrove

Salt marsh

Seagrass

All

References

3.48

2.50

1.06

2020: 29.81

2030: 40.35

2060: 18.01

6.09

5.06 > 100

2020: 0

2030: 1

2060: 1

2020: 0

2030: 1

2060: 3

2020: 0

2030: 0

2060: 0

2020: 0

2030: 2 (1-2)

2060: 4 (3-4)

0

0

0

0

0

0

0

0

0

0

0

0

0

0.1

0.1

0

0.2

1

0

0

0

0

0.3

2

0.1

0.2

0.2

0

0.4

2

0

0

0

0.1

1

2

Peatland

Restoration

(PTR)

Tropical 7.15 (-0.37-14.67)

>100

2020: 0

2030: 0

2060: 0
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Subtropical

Temperate

Plateau

All

References

1.65 (0.09-3.21)

7.08 (0.05-14.11)

102.73 (54.13-151.33)

2020: 0

2030: 0

2060: 0

2020: 0

2030: 0

2060: ~0

2020: 0

2030: 4

2060: 14

2020: 0

2030: 4 (-1-8)

2060: 14 (-3-32)

0

1

3

0

1

5

0

2

7
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Table S4. The change of forest area during 1970s to 2018 in China. Data source: the National Inventory of Forest Resources, http://www.forestry.gov.cn.

Rank Inventory period
Area of forest

land (102 Mha)

Area of forest

(102 Mha)

Percentage of forest

cover (%)

1 1973-1976 2.58 1.22 12.70

2 1977-1981 2.67 1.15 12.00

3 1984-1988 2.67 1.25 12.98

4 1989-1993 2.63 1.34 13.92

5 1994-1998 2.63 1.59 16.55

6 1999-2003 2.85 1.75 18.21

7 2004-2008 3.06 1.96 20.36

8 2009-2013 3.13 2.08 21.63

9 2014-2018 3.26 2.20 22.96
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Table S5. Provincial data of slash and suitable land for forestry according to the 9th National Inventory of Forest Resources (Due to data limitation, Hong

Kong, Macao and Taiwan are not included in this study).

Province
Area of forest land

(Mha)

Area of forest

(Mha)

Area of slash

/suitable land (Mha)

% of slash

/suitable land

Area of slash/ suitable land

(excl. mangroves) (Mha)

National 325.91 220.45 52.65 52.59

Beijing 1.07 0.72 0.02 2.06 0.02

Tianjin 0.20 0.14 0.00 1.57 0.00

Hebei 7.76 5.03 1.47 18.95 1.47

Shanxi 7.87 3.21 2.60 33.00 2.60

Inner Mongolia 44.99 26.15 17.14 38.10 17.14

Liaoning 7.36 5.72 1.06 14.37 1.06

Jilin 9.05 7.85 0.97 10.68 0.97

Heilongjiang 24.54 19.90 4.19 17.08 4.19

Shanghai 0.10 0.09 0.00 0.10 0.00

Jiangsu 1.75 1.56 0.06 3.43 0.06

Zhejiang 6.60 6.05 0.26 3.91 0.25

Anhui 4.49 3.96 0.18 3.99 0.18

Fujian 9.24 8.12 0.48 5.15 0.46
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Jiangxi 10.80 10.21 0.15 1.42 0.15

Shandong 3.49 2.67 0.33 9.37 0.33

Henan 5.21 4.03 0.46 8.87 0.46

Hubei 8.76 7.36 0.69 7.93 0.69

Hunan 12.58 10.53 1.27 10.11 1.27

Guangdong 10.80 9.46 0.79 7.32 0.77

Guangxi 16.30 14.30 1.17 7.20 1.16

Hainan 2.18 1.94 0.16 7.39 0.15

Chongqing 4.22 3.55 0.24 5.59 0.24

Sichuan 24.55 18.40 1.19 4.83 1.19

Guizhou 9.28 7.71 1.00 10.76 1.00

Yunnan 25.99 21.06 1.85 7.13 1.85

Xizang 17.98 14.91 0.37 2.04 0.37

Shaanxi 12.37 8.87 1.90 15.36 1.90

Gansu 10.46 5.10 3.68 35.13 3.68

Qinghai 8.19 4.20 3.38 41.27 3.38

Ningxia 1.80 0.66 0.83 46.30 0.83

Xinjiang 13.71 8.02 4.77 34.78 4.77
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Table S6. Projections of provincial data of reforestation from cropland for 2020-2030 and 2020-2060 (Mha).

Province

Existing

cultivated

area

Warning

limit of

arable land

Land needed

for urban

construction

Total potential

area for cropland

restoration

Potential area for

restoring

cropland to forest

Restoration

rate

Mha/yr

Max restoration

area

2020-2030

Max restoration

area

2020-2060

National 134.70 124.33 3.19 7.90 7.25 0.64 3.21 5.58

Beijing 0.21 0.11 0.01 0.09 0.08 0.00 0.03 0.08

Tianjin 0.43 0.33 0.02 0.08 0.08 0.00 0.01 0.03

Hebei 6.49 6.05 0.18 0.26 0.24 0.04 0.24 0.24

Shanxi 4.05 3.84 0.06 0.15 0.14 0.03 0.14 0.14

Inner Mongolia 9.32 7.67 0.15 1.50 1.38 0.05 0.55 1.38

Liaoning 4.95 4.60 0.07 0.28 0.26 0.02 0.16 0.26

Jilin 6.97 6.07 0.05 0.86 0.79 0.01 0.14 0.54

Heilongjiang 15.84 13.87 0.06 1.92 1.77 0.01 0.10 0.39

Shanghai 0.19 0.19 0.01 0.00 0.00 0.00 0.00 0.00

Jiangsu 4.57 4.57 0.13 0.00 0.00 0.00 0.00 0.00

Zhejiang 1.97 1.88 0.12 0.00 0.00 0.01 0.00 0.00

Anhui 5.86 5.82 0.11 0.00 0.00 0.02 0.00 0.00

Fujian 1.34 1.26 0.09 0.00 0.00 0.02 0.00 0.00
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Jiangxi 3.09 2.93 0.13 0.03 0.00 0.02 0.00 0.00

Shandong 7.56 7.53 0.18 0.00 0.00 0.02 0.00 0.00

Henan 8.08 8.02 0.19 0.00 0.00 0.02 0.00 0.00

Hubei 5.20 4.83 0.16 0.21 0.20 0.03 0.20 0.20

Hunan 4.16 3.97 0.11 0.08 0.07 0.04 0.07 0.07

Guangdong 2.60 2.48 0.21 0.00 0.00 0.03 0.00 0.00

Guangxi 0.72 0.71 0.02 0.00 0.00 0.02 0.00 0.00

Hainan 4.37 4.36 0.11 0.00 0.00 0.00 0.00 0.00

Chongqing 2.33 1.91 0.07 0.35 0.32 0.02 0.21 0.32

Sichuan 6.72 6.30 0.18 0.24 0.22 0.04 0.22 0.22

Guizhou 4.50 4.19 0.14 0.17 0.15 0.04 0.15 0.15

Yunnan 6.20 5.85 0.17 0.19 0.17 0.04 0.17 0.17

Xizang 0.45 0.39 0.03 0.02 0.02 0.01 0.02 0.02

Shaanxi 3.98 3.61 0.09 0.28 0.26 0.03 0.26 0.26

Gansu 5.37 4.98 0.09 0.30 0.27 0.03 0.27 0.27

Qinghai 0.59 0.55 0.03 0.00 0.00 0.01 0.00 0.00

Ningxia 1.29 1.17 0.04 0.09 0.09 0.01 0.08 0.09

Xinjiang 5.29 4.29 0.21 0.79 0.73 0.02 0.20 0.73
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Table S7. Projections of the total area available for reforestation of 31 provinces in China.

Province
Area of slash and

suitable land (Mha)

RF area from cultivated land during (Mha) Total area available for RF during (Mha)

2020- 2030 2020- 2060 2020-2030 2020-2060

National 52.59 3.21 5.58 55.81 58.17

Beijing 0.02 0.03 0.08 0.05 0.10

Tianjin 0.00 0.01 0.03 0.01 0.04

Hebei 1.47 0.24 0.24 1.71 1.71

Shanxi 2.60 0.14 0.14 2.74 2.74

Inner Mongolia 17.14 0.55 1.38 17.69 18.52

Liaoning 1.06 0.16 0.26 1.21 1.32

Jilin 0.97 0.14 0.54 1.10 1.51

Heilongjiang 4.19 0.10 0.39 4.29 4.58

Shanghai 0.00 0.00 0.00 0.00 0.00

Jiangsu 0.06 0.00 0.00 0.06 0.06

Zhejiang 0.25 0.00 0.00 0.25 0.25

Anhui 0.18 0.00 0.00 0.18 0.18

Fujian 0.46 0.00 0.00 0.46 0.46
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Jiangxi 0.15 0.00 0.00 0.15 0.15

Shandong 0.33 0.00 0.00 0.33 0.33

Henan 0.46 0.00 0.00 0.46 0.46

Hubei 0.69 0.20 0.20 0.89 0.89

Hunan 1.27 0.07 0.07 1.34 1.34

Guangdong 0.77 0.00 0.00 0.77 0.77

Guangxi 1.16 0.00 0.00 1.16 1.16

Hainan 0.15 0.00 0.00 0.15 0.15

Chongqing 0.24 0.21 0.32 0.45 0.56

Sichuan 1.19 0.22 0.22 1.41 1.41

Guizhou 1.00 0.15 0.15 1.15 1.15

Yunnan 1.85 0.17 0.17 2.03 2.03

Xizang 0.37 0.02 0.02 0.39 0.39

Shaanxi 1.90 0.26 0.26 2.16 2.16

Gansu 3.68 0.27 0.27 3.95 3.95

Qinghai 3.38 0.00 0.00 3.38 3.38

Ningxia 0.83 0.08 0.09 0.91 0.92

Xinjiang 4.77 0.20 0.73 4.97 5.50
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Table S8. Provincial data of warning limit of cultivated land

Province
Stock of cultivated land

(Mha)

Basic cropland conservation area

(Mha)

Land used for construction

(Mha)

National 124.33 103.07 40.72

Beijing 0.11 0.10 0.37

Tianjin 0.33 0.28 0.44

Hebei 6.05 5.15 2.25

Shanxi 3.84 3.26 1.10

Inner Mongolia 7.67 6.20 1.70

Liaoning 4.60 3.68 1.70

Jilin 6.07 4.92 1.13

Heilongjiang 13.87 11.10 1.69

Shanghai 0.19 0.17 0.32

Jiangsu 4.57 3.90 2.36

Zhejiang 1.88 1.60 1.35

Anhui 5.82 4.92 2.06

Fujian 1.26 1.07 0.88

Jiangxi 2.93 2.46 1.34



85

Shandong 7.53 6.39 2.91

Henan 8.02 6.80 2.68

Hubei 4.83 3.91 1.78

Hunan 3.97 3.30 1.71

Guangdong 2.48 2.11 2.09

Guangxi 0.71 0.61 0.37

Hainan 4.36 3.65 1.29

Chongqing 1.91 1.62 0.72

Sichuan 6.30 5.20 1.90

Guizhou 4.19 3.50 0.74

Yunnan 5.85 4.89 1.15

Xizang 0.39 0.32 0.16

Shaanxi 3.61 3.06 1.00

Gansu 4.98 3.99 0.95

Qinghai 0.55 0.44 0.37

Ningxia 1.17 0.93 0.34

Xinjiang 4.29 3.54 1.86
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Table S9. Projections of surviving area for reforestation of 31 provinces.

Province
Mean rate of RF

(Mha/yr)

Max area (Mha) Actual area (Mha) Surviving area (Mha)

2020-2030 2020-2060 2020-2030 2020-2060 2020-2030 2020-2060

National 6.41 64.13 256.54 33.84 57.45 21.68 31.84

Beijing 0.03 0.28 1.10 0.05 0.10 0.04 0.09

Tianjin 0.01 0.09 0.34 0.01 0.04 0.01 0.03

Hebei 0.43 4.26 17.02 1.71 1.71 1.71 1.71

Shanxi 0.28 2.80 11.19 2.74 2.74 1.92 1.92

Inner Mongolia 0.55 5.50 21.99 5.50 18.52 2.20 7.41

Liaoning 0.16 1.57 6.29 1.21 1.32 0.49 0.53

Jilin 0.14 1.35 5.41 1.10 1.51 0.44 0.60

Heilongjiang 0.10 0.96 3.86 0.96 3.86 0.39 1.54

Shanghai 0.00 0.02 0.10 0.00 0.00 0.00 0.00

Jiangsu 0.05 0.47 1.89 0.06 0.06 0.05 0.05

Zhejiang 0.05 0.53 2.13 0.25 0.25 0.21 0.21

Anhui 0.16 1.60 6.41 0.18 0.18 0.15 0.15

Fujian 0.18 1.81 7.24 0.46 0.46 0.39 0.39

Jiangxi 0.23 2.35 9.39 0.15 0.15 0.13 0.13
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Shandong 0.19 1.85 7.42 0.33 0.33 0.28 0.28

Henan 0.19 1.87 7.49 0.46 0.46 0.39 0.39

Hubei 0.27 2.68 10.71 0.89 0.89 0.76 0.76

Hunan 0.44 4.44 17.75 1.34 1.34 1.14 1.14

Guangdong 0.28 2.75 11.01 0.77 0.77 0.65 0.65

Guangxi 0.20 2.04 8.16 1.16 1.16 0.99 0.99

Hainan 0.02 0.18 0.72 0.15 0.15 0.13 0.13

Chongqing 0.21 2.11 8.43 0.45 0.56 0.38 0.47

Sichuan 0.37 3.69 14.77 1.41 1.41 1.20 1.20

Guizhou 0.41 4.13 16.51 1.15 1.15 0.98 0.98

Yunnan 0.44 4.41 17.63 2.03 2.03 1.72 1.72

Xizang 0.06 0.60 2.39 0.39 0.39 0.33 0.33

Shaanxi 0.30 3.04 12.18 2.16 2.16 1.51 1.51

Gansu 0.27 2.71 10.83 2.71 3.95 1.08 1.58

Qinghai 0.13 1.28 5.12 1.28 3.38 0.90 2.37

Ningxia 0.08 0.77 3.08 0.77 0.92 0.31 0.37

Xinjiang 0.20 1.99 7.97 1.99 5.50 0.80 2.20
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Table S10. Carbon flux calculation of reforestation for three tree species in Guangxi

province as an example.

Province Tree species
Stand age

(year)

Carbon flux

（MgC ha-1 yr-1）
References

Pinus massoniana 8 1.73 [290, 291]

Guangxi

Betula alnoides 13 1.93 [291, 292]

Cunninghamia lanceolata

（Lamb.）Hook
11 3.22 [291, 293]

Cunninghamia lanceolata

（Lamb.）Hook
13 4.41 [291, 294]
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Table S11. Provincial carbon fluxes of restored forests in different age classes.

Province

Carbon flux in 10-year-old forest

(Mg C ha-1 yr -1)

Carbon flux in 20-year-old forest

(Mg C ha-1 yr -1)

Value References Value References

National 2.02±0.14 2.55±0.16

Beijing 1.14 [295] 1.23 [291, 296]

Tianjin 2.52±0.55 [297, 298] 2.37 [297, 298]

Hebei 1.17 [291, 296] 1.23 [291, 296]

Shanxi 1.43 [298, 299] 2.95±0.02 [298, 300]

Inner Mongolia 1.71±0.14 [301] 1.87±0.25 [301]

Liaoning 3.35±0.36 [291, 302, 303] 3.18±0.74 [302]

Jilin 1.93±1.87 [304] 2.86±0.23 [304]

Heilongjiang 1.11 [291, 299] 1.27 [305]

Shanghai 2.58 [291, 296] 2.64 [291, 296]

Jiangsu 2.18 [306] 3.12 [307]

Zhejiang 1.77±0.50 [308] 3.28±0.31 [308-310]

Anhui 2.32±0.69 [311] 2.5 [312]

Fujian 2.58±0.46 [291, 313-315] 1.94 [291, 313]

Jiangxi 1.88 [291, 316] 2±0.24 [291, 317]

Shandong 1.17 [291, 296] 1.90±0.32 [318]

Henan 3.43±0.87 [319, 320] 3.75 [321]

Hubei 1.61 [322] 2.8 [322]

Hunan 3.61±0.28 [323, 324] 3.52±0.31 [325]

Guangdong 2.80±0.38 [326-329] 3.41±0.65 [326, 330]

Guangxi 2.69±0.45 [290-294] 5.24±0.55
[290, 291, 331-
333]

Hainan 2.47 [291, 299] 2.31 [291, 296]

Chongqing 1.03 [291, 299] 2.64 [291, 296]

Sichuan 3.88±0.37 [334] 3.46 [335, 336]

Guizhou 2.01 2.19±0.53 [336, 338, 339]
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Yunnan 1.84 [291, 299] 2.64 [291, 296]

Xizang 1.78 [291, 299] 2.64 [291, 296]

Shaanxi 0.60 [291, 299] 2.21±0.17 [340-342]

Gansu 1.58 [291, 299] 3.93 [343]

Qinghai 1.66 [291, 299] 1.23 [291] [296]

Ningxia 1.44 [291, 299] 1.23 [291, 296]

Xinjiang 1.44 [291, 299] 1.58 [291, 296]

Table S11 (continued):

Province

Carbon flux in

30-year-old forest

(Mg C ha-1 yr -1)

Carbon flux in 40-year-

old forest

(Mg C ha-1 yr -1)

Carbon flux in

60-year- old forest

(Mg C ha-1 yr -1)

Value References Value References Value References

National 3.53±0.20 3.12±0.19 3.14±0.18

Beijing 4.37±0.20 [344, 345] 2.74±0.43 [346] 3.53 [345]

Tianjin 2.01 [291, 296] 2.04 [291, 296] 2.04 [291, 296]

Hebei 2.52±0.26 [318] 2.42 [347] 3.20 [347]

Shanxi 2.87 [348] 3.24±1.27 [348, 349] 3.53±0.25 [318]

Inner Mongolia 1.93 [350] 1.71 [301] 1.71 [301]

Liaoning 3.68±0.21 [318] 3.64±0.25 [318] 1.87 [302]

Jilin 2.09 [304] 3±0.09 [304] 3±0.09 [304]

Heilongjiang 3.74 [351] 5.52±1.26 [351, 352] 4.71±0.49 [352]

Shanghai 3.42 [291, 296] 3.45 [291, 296] 3.45 [291, 296]

Jiangsu 1.97±0.28 [306, 353] 3.45 [291, 296] 3.45 [291, 296]

Zhejiang 2.58±0.26 [308] 2.93±0.49 [308] 3.72 [308]

Anhui 4.65 [354] 3.57 [354] 3.43±0.35
[291, 311,
312]

Fujian 3.20±0.20 [291, 313] 2.94±0.48
[291, 313,
355]

3.35 [291, 296]

Jiangxi 3.86±0.35 [291, 316] 3.44±0.45 [291, 317] 3.36±0.47 [291, 317]

Shandong 4.42±0.29 [318] 1.46 [356] 2.04 [291, 296]

Henan 4.97 [357] 3.63 [320] 2.04 [291, 296]
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Hubei 3.42 [291, 296] 1.43±0.30 [358] 3.45 [291, 296]

Hunan 4.62 [359] 3.45 [291, 296] 5.59±1.26 [324, 360]

Guangdong 5.59±0.90 [361, 362] 3.45 [291, 296] 1.57 [363]

Guangxi 4.44±0.88

[290, 291,
332, 333,
364]

4.71±1.18
[291, 333,
365]

4.02 [331]

Hainan 6.42±1.19 [366, 367] 3.12 [291, 296] 3.12 [291, 296]

Chongqing 3.42 [291, 296] 3.45 [291, 296] 3.45 [291, 296]

Sichuan 3.39±0.60
[318, 335,
336]

2.38 [335, 336] 3 [296, 336]

Guizhou 3.09±0.51 [336-338] 4.02 [339] 3 [296, 336]

Yunnan 3.42 [291, 296] 3.35±0.60 [291, 368] 3.45 [291, 296]

Xizang 3.42 [291, 296] 3.45 [291, 296] 3.45 [291, 296]

Shaanxi 2.50±0.45
[318, 340,
341]

2.54±0.32 [340] 2.53±0.23 [340]

Gansu 5.33 [343] 6.25 [343] 5.86 [369]

Qinghai 2.01 [291, 296] 1.67 [291, 370] 2.04 [291, 296]

Ningxia 3.76 [371] 2.04 [291, 296] 2.04 [291, 296]

Xinjiang 2.36 [291, 296] 2.39 [291, 296] 2.39 [291, 296]
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Table S12 Carbon sequestration capacity during 2000-2020 and future potential during 2020-2030 and 2020-2060 of reforestation of 31 provinces.

Province
Area of reforestation (Mha) Maximum potential (Tg CO2 yr -1)

2000-2020 2020-2030 2020-2060 2000-2020 2020-2030 2020-2060

National 44.71 21.68 31.84 246.90 76.64 234.70

Beijing 0.20 0.04 0.09 0.58 0.09 0.61

Tianjin 0.06 0.01 0.03 0.37 0.05 0.21

Hebei 2.93 1.71 1.71 8.58 3.65 9.20

Shanxi 2.50 1.92 1.92 13.38 5.03 14.76

Inner Mongolia 4.99 2.20 7.41 21.82 6.89 39.24

Liaoning 1.23 0.49 0.53 9.84 2.98 5.35

Jilin 0.68 0.44 0.60 3.99 1.56 4.37

Heilongjiang 1.11 0.39 1.54 3.24 0.78 13.16

Shanghai 0.03 0.00 0.00 0.22 0.00 0.00

Jiangsu 0.48 0.05 0.05 3.11 0.20 0.40

Zhejiang 0.24 0.21 0.21 1.51 0.70 1.66

Anhui 0.79 0.15 0.15 4.63 0.65 1.46

Fujian 0.63 0.39 0.39 3.45 1.86 3.08
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Jiangxi 1.29 0.13 0.13 6.09 0.45 1.07

Shandong 1.42 0.28 0.28 5.33 0.59 1.82

Henan 1.69 0.39 0.39 14.79 2.47 4.54

Hubei 1.71 0.76 0.76 9.24 2.24 5.15

Hunan 2.19 1.14 1.14 19.06 7.55 12.71

Guangdong 0.80 0.65 0.65 6.06 3.35 7.30

Guangxi 1.18 0.99 0.99 11.46 4.88 12.39

Hainan 0.16 0.13 0.13 0.94 0.58 1.35

Chongqing 1.37 0.38 0.47 6.12 0.71 3.66

Sichuan 3.00 1.20 1.20 26.88 8.51 11.50

Guizhou 2.17 0.98 0.98 11.11 3.61 8.12

Yunnan 3.28 1.72 1.72 17.95 5.79 14.20

Xizang 0.35 0.33 0.33 1.89 1.07 2.72

Shaanxi 2.87 1.51 1.51 9.82 1.65 8.70

Gansu 2.03 1.08 1.58 13.64 3.13 19.79

Qinghai 0.86 0.90 2.37 3.04 2.72 11.38

Ningxia 0.82 0.31 0.37 2.68 0.81 2.27

Xinjiang 1.65 0.80 2.20 6.06 2.10 12.52
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Table S13. The MAC estimates for carbon sequestration through reforestation.

Discount

rate
USD Mg CO2-1

Tg CO2 yr-1

2000-2020 2020-2030 2020-2060

3% 10 - 0.00 34.72

3% 50 - 24.54 139.91

3% 100 - 37.16 185.22

5% 10 - 0.00 85.98

5% 50 - 28.11 191.17

5% 100 - 40.73 236.48

mean 10 0 0.00 60.35

mean 50 89.37 26.32 165.54

mean 100 135.89 38.95 210.85
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Table S14. The proportion of converting forest to cultivated land and construction land in the six

subregions of China.

Subregion

Conversion from forest land to

cultivated land

Conversion from forest land to

construction land

Total rate

(ha yr-1)
Fraction

Rate in

(ha yr-1)

Total rate

(ha yr-1)
Fraction

Rate in

(ha yr-1)

NEC

7903.02

0.38 3010.13

2742.38

0.03 76.14

NC 0.02 143.93 0.17 478.97

EC 0.07 575.74 0.13 345.69

SC 0.18 1399.33 0.46 1255.73

NWC 0.21 1664.33 0.11 292.92

SWC 0.14 1109.55 0.11 292.92

NEC: Northeast China; NC: North China; EC: East China; SC: South China; NWC: Northwest China; SWC:

Southwest China
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Table S15. The area of permanent deforestation and carbon loss through biomass from 2001 to 2019.

Year

Rate of permanent

deforestation

(ha yr-1)

Biomass loss

(Mg)

Carbon loss

through biomass

(Mg CO2 yr -1)

2001 4170.5 699437.8 1282302.6

2002 4376.0 720094.5 1320173.3

2003 3688.7 628590.6 1152416.1

2004 7941.6 1332923.4 2443692.9

2005 7281.8 1293485.6 2371390.3

2006 10040.3 1753102.9 3214022.0

2007 10734.7 1936904.6 3550991.7

2008 17062.0 3147175.5 5769821.8

2009 14343.3 2546320.6 4668254.4

2010 14039.0 2314585.0 4243405.8

2011 11792.0 2053195.7 3764192.2

2012 14955.1 2607984.3 4781304.5

2013 10407.1 1729134.4 3170079.7

2014 11126.9 1822471.9 3341198.6

2015 9363.0 1553448.8 2847989.5

2016 14100.9 2254260.9 4132811.7

2017 14900.4 2281671.1 4183063.6

2018 11074.1 1644533.5 3014978.1

2019 10864.9 1598272.4 2930166.1

Mean 10645.4 1785136.5 3272750.3
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Table S16. Carbon loss of forest to cultivated land and construction land in the six subregions of China

during 2020-2030.

Subregion

SOC of

forest

(0-1m)

kg m-2

Conversion from forest to

cultivated land

Conversion from forest to

construction land

Carbon

loss

rate

Annual

conversion

rate (ha yr-1)

Annual

carbon

loss (Tg

CO2 yr-1)

Carbon

loss

rate

Annual

conversion

rate (ha yr-1)

Annual

carbon

loss (Tg

CO2 yr-1)

NEC 15.68 30% 3010.13 0.52 55% 76.14 0.02

NC 14.07 30% 143.93 0.02 55% 478.97 0.14

EC 12.08 30% 575.74 0.08 55% 345.69 0.08

SC 12.14 30% 1399.33 0.19 55% 1255.73 0.31

NWC 17.69 30% 1664.33 0.32 55% 292.92 0.10

SWC 26.39 30% 1109.55 0.32 55% 292.92 0.16
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Table S17. Carbon loss of forest to cultivated land and construction land in the six subregions of China

during 2020-2060.

Subregion

SOC of

forest

(0-1m)

kg/m2

Conversion from forest to

cultivated land

Conversion from forest to

construction land

Carbon

loss

rate

Annual

conversion

rate (ha/yr)

Annual

carbon

loss (Tg

CO2 yr-1)

Carbon

loss

rate

Annual

conversion

rate (ha/yr)

Annual

carbon

loss (Tg

CO2 yr-1)

NEC 15.68 59% 3010.13 1.02 40% 76.14 0.02

NC 14.07 59% 143.93 0.04 40% 478.97 0.10

EC 12.08 59% 575.74 0.15 40% 345.69 0.06

SC 12.14 59% 1399.33 0.37 40% 1255.73 0.22

NWC 17.69 59% 1664.33 0.64 40% 292.92 0.08

SWC 26.39 59% 1109.55 0.63 40% 292.92 0.11
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Table S18. The MAC estimates for carbon sequestration through avoided forest conversion.

Discount

rate
USD Mg CO2-1

Tg CO2 yr-1

2000-2020 2020-2030 2020-2060

3% 10 - 3.20 2.49

3% 50 - 17.78(max 5.54) 5.04

3% 100 - 151.61(max 5.54) 12.20(max 6.72)

5% 10 - 2.65 2.21

5% 50 - 6.95(max 5.54) 2.76

5% 100 - 23.16(max 5.54) 3.64

mean 10 - 2.93 2.35

mean 50 - 12.37 (max5.54) 3.90

mean 100 - 87.38 (max 5.54) 7.92(max 6.72)
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Table S19. Annual carbon sequestration under different treatment methods of harvested residues.

Methods

The average of annual total carbon sequestration

(Mg C ha-1 yr-1)

Under poor site

condition

Under good site

condition
Average

Stem Only 2.36 5.73 4.05

Floor Removed 2.03 4.91 3.47

Stem Only and Burning 1.96 4.76 3.36

Whole Tree Harvest 1.91 4.53 3.22
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Table S20. The MAC estimates for carbon sequestration through improved plantations.

Discount

rate
USD Mg

CO2-1

Tg CO2 yr-1

2000-2020 2020-2030 2020-2060

3% 10 - 72.82 (max17.05) 33.39

3% 50 - 318 (max17.05) 142.62 (max48.75)

3% 100 - 583.04 (max17.05) 270.84 (max48.75)

5% 10 - 43.47 (max17.05) 14.00

5% 50 - 188.11 (max17.05) 49.38 (max48.75)

5% 100 - 352.39 (max17.05) 92.41 (max48.75)

mean 10 - 58.14 (max17.05) 23.69

mean 50 - 253.06 (max17.05) 96.00 (max48.75)

mean 100 - 467.72 (max17.05) 181.63 (max48.75)
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Table S21. The number and proportion of forest sites under natural forest management by age

group.

Site information Young
Middle-

aged

Pre-

mature
Mature

Over-

mature

Average age

boundaries of each

age group

<31 <51 <65 <93 >93

Average ages of each

age group
16 41 58 79 122

Tree sites number by

age group
88 154 57 98 365

Shrub sites number

by age group
37 52 17 9 27

Herb sites number by

age group
29 41 16 8 27

Floor sites number by

age group
49 81 34 33 63

Area by age group,

1994-1998 (Mha)
27.25 29.66 8.55 8.27 5.36

Area Proportion by

age group, 1994-1998

(%)

34 37 11 10 7
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Table S22 The specific variable values used in the calculation of carbon sequestration fluxes by nature

forest management.

East North Northeast Northwest South
Central Southwest China

Area (Mha) 11 13 21 4 13 17 79

Over-mature
vegetation
carbon density
（Mg C/ha）

150 89 125 113 152 180 139

Over-mature
floor layer
carbon density
（Mg C/ha）

8 9 10 8 8 18 11

Percent of
carbon density
in young &
middle-aged
to over-
mature forest
(%)

43 57 45 43 34 28 42

Percent of
carbon density
in pre-mature
& mature to
over-mature
forest(%)

83 88 72 65 74 60 74
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Table S23. The number of sites and plots for estimating carbon flux of natural forest management.

All

Vegetation Floor

Live tree biomass
(aboveground
and belowground)

Shrub Herb
Floor (woody
debris and
litter)

Sites 762 762 142 121 260

Plots
2363

2363 1202 821 1490
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Table S24 The annual carbon density increment (flux) under different age groups in managed

natural forest, with standard deviations. unit: Mg C ha-1 yr-1

Age group Young and
middle-aged

Pre-mature
and mature

Over-
mature

Before 51 52~93 After 94

Vegetation 1.13±0.28 1.05±0.70 0.64±0.76

Floor 0.12±0.04 0.11±0.11 0.07±0.12

All 1.25±0.29 1.16±0.71 0.71±0.77
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Table S25. The MAC estimates for carbon sequestration through natural forest management.

Carbon price Golub et al. [54] Austin et al. [109] Mean

2015 USD per Mg CO2-1 Tg CO2 yr-1

10 132.78 11.32 72.05

50 356.97 83.86 220.42

100 525.71 202.61 364.16
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Table S26. The proportion of reduced biomass by fire management compared to wildfire.

Forest type
Aboveground

biomass (%)

Underground

biomass (%)

Fire prevention

Tropical forest 11.25±2.25 22.5±18

Tropical-subtropical mixed forest 9.675±2.03 22.5±18

Subtropical forest 8.1±1.46 22.5±18

Temperate-subtropical mixed forest 6.53+0.93 23.3±18

Temperate 4.99±0.71 23.75±18

Boreal forest 11.88±4.51 23.75±18

Prescribed fire

Tropical forest 6.25±1.25 12.5±10.88

Tropical-subtropical mixed forest 5.375±1.125 12.5±10.88

Subtropical forest 4.5±0.8125 12.5±10.88

Temperate-subtropical mixed forest 3.484±0.4982 12.5±10.88

Temperate 2.625±0.375 12.5±10.88

Boreal forest 6.25±2.375 12.5±10.88
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Table S27. Combustion efficiency of different forest types in China.

Forest type
Combustion Efficiency, % [124]

Above Ground Ground Layer

Tropical forest 25.0(20.0-30.0) 50.0(3.0-90.0)

Tropical-subtropical mixed forest 21.5(17.0-26.0) 50.0(3.0-90.0)

Subtropical forest 18.0(14.5-21.0) 50.0(3.0-90.0)

Temperate-subtropical mixed forest 14.0(12.0-16.0) 50.0(3.0-90.0)

Temperate 10.5(9.0-12.0) 50.0(3.0-90.0)

Boreal forest 25.0(15.0-34.0) 50.0(3.0-90.0)
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Table S28. CO2 emission factors of forest fire of different forest types.

Forest type
Emission Factors, g/kg C

[124]

Tropical forest 3476±198

Tropical-subtropical mixed forest 3545±202

Subtropical forest 3614±206

Temperate-subtropical mixed forest 3683±210

Temperate 3752±214

Boreal forest 3590±70



110

Table S29. The MAC estimates of carbon sequestration through forest fire management.

Year Fire management

Tg CO2 yr-1

10 50 100

MAC USD Mg CO2-1

2000-2020
Fire prevention 2.81 4.68 6.55

Prescribed fire 0.17 0.28 0.39

2020-2030
Fire prevention 0.18 0.30 0.41

Prescribed fire 0.04 0.07 0.09

2020-2060 Fire prevention 0.18 0.30 0.41

Prescribed fire 0.04 0.07 0.09
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Table S30. The mitigation potential of avoided grassland conversion.

Year Type
Loss rate

(Mha yr-1)

Flux

(Mg C ha-1)

Max

(Tg CO2 yr-1)

All

(Tg CO2 yr-1)

2020-

2030

Alpine Veg 0.007 2.71 0.07

Temperate Veg 0.506 4.25 7.91 57.42

SOC 0.51 26.19 49.44

2020-

2060

Alpine Veg 0.007 2.71 0.07

Temperate Veg 0.506 5.25 7.91 49.96

SOC 0.51 22.24 41.98
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Table S31 Increased carbon fluxes of fenced grassland sites compared to degraded sites in the main

areas implemented the Returning Grazing Land to Grassland Program.
Province Carbon fluxes(Mg CO2 ha-1 yr-1)

AGB BGB SOC

Inner Mongolia 0.04 0.33 0.31

Sichuan 0.13 0.85 0.86

Xizang 0.04 0.26 0.28

Gansu 0.05 0.52 0.48

Qinghai 0.09 0.55 0.51

Ningxia 0.02 0.23 0.23

Xinjiang 0.04 0.28 0.29

Jilin 0.04 0.33 0.31

Liaoning 0.04 0.33 0.31

Heilongjiang 0.04 0.33 0.31

Shannxi 0.05 0.52 0.48

Yunnan 0.13 0.85 0.86

Guizhou 0.13 0.85 0.86
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Table S32. Avoiding fluxes and mitigation potential for saltmarshes and seagrass beds.

Year

Saltmarshes Seagrass beds

Avoiding fluxes

(Mg CO2 ha-1)

Potential

(Tg CO2 yr-1)

Avoiding fluxes

(Mg CO2 ha-1)

Potential

(Tg CO2 yr-1)

2020-2030 564.46±62.17 6.15±0.68 239.06±58.96 0.06±0.07

2020-2060 912.64±100.51 9.94±1.10 386.53±95.33 0.09±0.1
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Table S33. Carbon stocks and conversion rates of peatlands.

Climate zone
Conversion rate Biomass SOC

Avoiding

flux

ha yr-1 Mg C ha-1 Mg C ha-1 Tg CO2 yr-1

Tropical zone 11.10±8.67 100.10 17439.34 0.66±0.51

Subtropical zone 1390.16±1086.39 22.28±31.30 1178.90 5.65±6.03

Temperate zone 1081.56±845.22 6.24±8.63 889.41 3.27±2.57

Plateau climate zone 6940.16±5423.61 5.87±8.63 608.30 14.40±11.34
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Table S34. The areas of mangroves in different periods.

Province 2000 (ha) 2020 (ha) 2020-2025 (ha) Suitable area (ha)

Guangdong 9084 12100 5500 22260.6

Guangxi 8374.9 9330 1000 9274

Hainan 3930.3 6300 2000 9609.4

Fujian 615.1 1240 675 12508.6

Zhejiang 20.6 257 200 5195.6

National 22024.9 29227 9375 58848.2

Reference [372] [373-375] [260] [372]
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Table S35. The area available for mangrove restoration.

Province 2000-2020 (ha) 2020-2030 (ha) 2030-2060 (ha)

Guangdong 3016 10160.6 0

Guangxi 955.1 1000 0

Hainan 2369.7 3309.4 0

Fujian 624.9 1350 9918.6

Zhejiang 236.4 400 4538.6

National 7202.1 16220 14457.2
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Table S36. The historical flux and future mitigation potential of restored mangroves in China at the

provincial level.

Province
2000-2020 2020-2030 2020-2060

Tg C · yr-1

Guangdong 0.10 0.44 0.25

Guangxi 0.03 0.07 0.04

Hainan 0.08 0.19 0.11

Fujian 0.02 0.07 0.23

Zhejiang 0.01 0.02 0.10

National 0.24 0.78 0.73
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Table S37. The extents of peatland restoration in different periods.

Climate zones 2020-2030 (ha) 2020-2060 (ha)

Tropical zone 55.50 221.98

Subtropical zone 6950.81 27803.23

Temperate zone 5407.80 21631.20

Plateau climate zone 34700.80 138803.19
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Table S38. The future mitigation potential of peatland restoration.

Mg CO2 e ha-1 yr-1 CO2 CH4 DOC

Climate zone/Measure Drained Re-wet Drained Re-wet Drained Re-wet

Tropical zone 7.33 0.00 0.15 1.47 3.01 1.87

Subtropical zone 10.27 1.83 0.15 7.20 1.14 0.88

Temperate zone 10.27 1.83 0.15 1.77‡ 1.14 0.88

Plateau climate zone 105.67* 1.83 0.48 ꞙ 1.85⸙ 1.14 0.88

Note: * ꞙ ‡ ⸙: These values came from published data; other values came from the IPCC report [241,274].
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