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Abstract

:

Land use/land cover (LULC) change driven by land use policy always leads to dramatic change in carbon storage and sequestration, especially in a rapidly urbanizing region. However, few studies explored the influences of land use polices on carbon storage and sequestration in a rapidly urbanizing region. Through Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model, the spatial-temporal pattern of carbon storage altered by LULC transformation and its linkage with land use policies were analyzed in five periods (1990–1995, 1995–2000, 2000–2005, 2000–2010, 2010–2015) in the Yangtze River Delta (YRD) Region. The results indicated that: (1) the carbon storage in the YRD was substantially altered by continuous LULC transformation, totally decreased by 1.49 × 107 Mg during 1990–2015. (2) The total amount of carbon storage increased from 2.91 × 109 Mg in 1990 to 2.95 × 109 Mg in 1995, and then decreased to 2.90 × 109 Mg in 1995–2015. Thus, the total economic value of carbon storage increased approximately from 467.42 million dollars in 1990 to 472.99 million dollars in 1995, and then decreased to 465.01 million dollars in 2015. (3) The carbon storage and sequestration were influenced by LULC transformation driven by land use policies in five periods: large areas of grassland converted to woodland in 1990–1995 led by Forest Law, then clustered areas of cropland converted to built-up land in 1995–2015 around large cities of YRD Region led by Land Management Law and Development Plans, and finally, the conversion of cropland to built-up land was decreased and scattered in the entire region influenced by land use polices led by early stage of ecocivilization construction. The study can facilitate to develop regional land use policy for carbon storage conservation and carbon neutrality in a rapidly urbanizing region.
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1. Introduction


The world is experiencing significant urban expansion, which is likely to continue in the future [1,2], that had caused global land landscape alteration resulting from land use/land cover (LULC) change. Rapidly urbanizing regions with deforestation largely reduce the provision of ecosystem service, especially service related to carbon that LULC change is one of the most important source of CO2 emissions [1,3,4]. Regional carbon storage was greatly affected due to the increase of built-up land and the loss of natural vegetation, which seriously threatens the provision of regional ecosystem services and sustainability. Timely and effective assessment of regional carbon storage impacted by urban expansion is essential to maintain carbon storages service while enhancing other ecosystem services [5,6,7], and thus to improve regional sustainable development through informing regional land management decision-making [1,3,4,8,9].



Regional changes of LULC were a process across a broad range of spatiotemporal scales, caused by natural causes and human activities, which directly affect soil carbon and carbon cycle [10,11,12]. With intensive land use and human activities, environmental policies have become mainly driver and changed LULC constantly. The irrational use of land led to serious land degradation, reducing the provision of carbon storage of all ecosystems lower than the potential carbon storage for a long time [13]. For example, the expansion of built-up land damaged ecosystems such as forest, grassland, that decrease the storage of atmospheric carbon dioxide taking up by trees, grasses, and other plants through photosynthesis [13], thereby reducing the value of ecosystem carbon sequestration services. Previous studies on the impact of LULC change on ecosystem carbon storage have provided important insights and directions for land and environmental policy makers [3,4,8,9,14,15,16]. For instances, Nelson et al. applied InVEST to assess the impact of global urban land change on carbon storage [5]. Leh et al. analyzed the impact of land use and land cover change on carbon storage during 2000–2009 by using InVEST model [17]. Polasky et al. assessed the impact of actual land use change and a series of alternative land use change scenarios on carbon storage in Minnesota from 1992 to 2001, and how to improve regional carbon storage through land management policies was further discussed [18]. Previous studies studied the impact of LULC changes on carbon storage and sequestration. However, few studies explored the influences of land use polices influences on carbon storage and sequestration in a rapidly urbanizing region [15].



China is one of the developing countries with rapid urbanization [19]. Over the past 40 years, China has experienced rapid urbanization and a substantial growth in population as the consequence of economic and political reforms in 1978 [20]. In 2020, China put forth an ambitious goal of carbon peaking by 2035 and carbon neutrality by 2060, which require carbon management-driven land use policies. The Yangtze River Delta (YRD) region is one of the most rapidly urbanized regions in China and experienced a remarkable period of population growth (at an annual growth rate of 3.0%), and urbanization (at an annual growth rate of 9.2%) [2]. Rapid urbanization has dramatically changed LULC patterns and ecosystems in the YRD region, causing decline of ecosystem services, e.g., carbon storage [1]. Facing the threats, China put forward New Revised Overall Land Use Planning (2006–2020) calls for scientific demarcation of ‘Prime farmland’ and comprehensive enhancement of ‘Prime farmland’ protection [21,22,23]. After the introduction of national strategy of ‘Eco-civilization’ in 2012, environmental planning policies e.g., Ecological Redline Policy [24], Prime Farmland Policy [21,22,23], and preliminary regional environmental cooperation were carried on in the YRD region. The ‘Development Plan of Yangtze River Delta Urban Agglomeration (2016–2030)’ put forward sustainable-development vision of conservation of key eco-space and cooperation for air and climate regulation in 2016 [25]. This study takes the YRD region as an example to investigate the land use policy influence on spatiotemporal change of carbon storage in an urbanizing region. The specific objectives of this study are to (1) identify the spatiotemporal dynamics of carbon storage in five periods (1990–1995, 1995–2000, 2000–2005, 2005–2010, 2010–2015); (2) analyze the LULC conversion in five periods and explore the land use policy influences in each period, thus providing a reference for future land management in carbon storage conservation and carbon neutrality in a rapidly urbanizing region.




2. Material and Methods


2.1. Study Area


The YRD region is located in the eastern coastal region of China (Figure 1). It is in the subtropical monsoon climate region. The wind direction is from southeast to northwest in spring and summer, while it is from northwest to southeast in autumn and winter. There is large spatial disparity in landforms and ecosystems in this region: the north part of the region is mainly covered by plain areas, while the south and west part of the region are mainly mountainous areas. Built-up land and cropland are mainly distributed in the northeast plain region, forest and grassland are mainly distributed in the southwest region. According to the ‘Development Plan of Yangtze River Delta Urban Agglomeration’ published in 2016, there are three provinces (Jiangsu Province, Zhejiang Province and Anhui Province, China) and one central municipality (Shanghai, China). The planned area covers 217,700 km2. In 2014, the GDP of the region reached 1267 trillion yuan, with a total population of 150 million, accounting for 2.2%, 18.5%, and 11.0% of the whole country, respectively [25].




2.2. Land Use and Land Cover


LULC raster dataset in 1990, 1995, 2000, 2005, 2010, and 2015 at 30 × 30 m spatial resolution were from the Chinese Academy of Sciences Geography Science and Resource Institute (http://www.resdc.cn/DataList.aspx: accessed on 6 June 2018). A kappa test was used to verify the classification quality by using historical land use maps and random sampling surveys. The overall accuracy for all images were greater than 75% for average 86%. The digital grids, which have a resolution of 30 m, were classified into six LULC categories: (1) Woodland: deciduous woodland, evergreen woodland, mixed woodland; (2) Grassland: typical grassland and shrub land; (3) Waterbodies: lakes, rivers, reservoirs, ponds, swamps, and wetlands; (4) Cropland: orchards, dry cropland and irrigated cropland; (5) Built-up land: urban construction land, rural residential land and traffic land; and (6) Unused land: bare exposed land and unutilized land.




2.3. Carbon Storage and Sequestration


We applied the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model in this research, which was widely used to estimate carbon storage with regard to LULC types [4,26,27,28,29,30]. The InVEST model maps and quantifies the amount of carbon stored and sequestered (the difference in carbon storage between two years) at 30 × 30 m spatial resolution based on the different land uses and carbon densities per unit area of the four major carbon pools [14,31]. The carbon density for LULC type i can be expressed as:


   C i  =  C  i  _ above    +  C  i  _ below    +  C  i  _ dead    +  C  i  _ soil     



(1)






   C  t o t   =   ∑  i = 1  n    C i  ×  S i     



(2)




where i is a type of LULC; Ci is the carbon storage of LULC type i (Mg/ha); Ci_above is the aboveground carbon storage of LULC type i (Mg/ha); Ci_ below is the belowground carbon storage of LULC type i (Mg/ha); Ci_ dead is the dead organic carbon storage (Mg/ha) of LULC type I; Ci_ soil is the carbon storage (Mg/ha) of soil with soil use type I; Ctot is the total carbon storage (Mg) of the ecosystem; Si is the area of LULC type i (ha); and n is the number of LULC types, with the n in this paper being 6. In this study, we derived carbon storage per unit area of each LULC type (Table 1) from the following references in China [4,32,33,34].



The economic value could also be estimated by carbon price (23. 72 RMB/ton) in 2015 of national carbon exchange pilots according to ‘Technical specification for accounting gross ecosystem product (GEP)— Terrestrial ecosystems’ published by Zhejiang Provinces in September 2020 (http://db33.cnzjqi.com/ewebeditor/uploadfile/20200930145340879.pdf: accessed on 16 September 2021), and annual average exchange rate as of 2015: 1 USD ≈ 6.23 RMB (http://www.pbc.gov.cn/rmyh/108976/109428/index.html: accessed on 16 September 2021).





3. Results


3.1. Status Quo of Carbon Storage and Carbon Sink


There is an obvious uneven distribution of carbon storage in the south and north of the YRD region in 2015 (Figure 2). The spatial distribution of each time period was similar. The entire region was mainly covered by two value-area: the areas with the highest value (20.34 Mg C ha−1) and the areas with value lower than 13.46 Mg C ha−1, while the distribution of areas with value between 13.46 Mg C ha−1 and 20.34 Mg C ha−1 was very rare. The areas with the highest value (20.34 Mg C ha−1) were continuously and densely distributed in mountainous area in the south of the region, in Zhejiang Province, southwest of Jiangsu Province, and south of Anhui Province. In addition, small patches of this value area scattered in the middle and north of the region. On the contrast, the areas with value (6.48–13.46 Mg C ha−1) were densely distributed in plain area in the middle and north of the region (in Shanghai Municipality, Jiangsu Province and east of Anhui Province), and they patchily scattered in the south of the region. The areas with the lowest carbon storage (6.48 Mg C ha−1) had patchy pattern in the region and relatively clustered in the middle of the region, (in Shanghai Municipality and south of Jiangsu Province near the Yangtze River Estuary and east of Zhejiang Province near Hangzhou Bay).



In 2015, the two main carbon sinks were woodland and cropland in the YRD region, totally accounted by 85.27% of total carbon storage (Figure 2). Woodland and cropland accounted for 44.37% and 40.90% of total carbon storage, respectively. The woodland has the largest contribution of total carbon storage, while the unused land had very few contributions. The total carbon storage in these two types were much higher than the two types: the total carbon storage of woodland is 14.99-times of grassland, 8.95-times of waterbodies, and 7.26-times of built-up land, while the total carbon storage of cropland is 13.82-times of grassland, 8.25-times of waterbodies, 6.69-times of built-up land.




3.2. Spatiotemporal Dynamics of Carbon Storage and Sequestration


The total amount of carbon storage presented a trend of increasing first and then decreasing (Figure 3). There was an increase in 1990–1995 in the total carbon storage, and then the total carbon storage kept decreasing in 1995–2015. The total amount of carbon storage increased from 2.91 × 109 Mg in 1990 to 2.95 × 109 Mg in 1995, and then decreased to 2.90 × 109 Mg in 2015. Thus, the total economic value of carbon storage increased approximately from 467.42 million dollars in 1990 to 472.99 million dollars in 1995, and then decreased to 465.01 million dollars in 2015. The amount of carbon sequestration largely decreased from 3.47 × 107 Mg in 1990–1995 to −1.20 × 107 Mg in 2000–2015. The change rate of carbon sequestration decreased from 1.19% in 1990–1995 to −0.41% in 2000–2015.



There was a decreasing trend of proportion of carbon storage in cropland at average decline rate of 2.25%, while proportion of carbon storage in woodland presented a trend of increased first (5.27%) in 1990–1995 and decreased later (average −0.26%) in 1995–2015 (Figure 3). Proportion of carbon storage in grassland presented a trend of decreased first (−20.71%) in 1990–1995 and remained relatively stable in 1995–2015. There was a relatively stable trend in proportion of carbon storage in waterbodies, while the proportion in unused land fluctuated in 1990–2015.



In general, the carbon sequestration increased first in the south of the region, while decreased in the middle and north of the region in 1990–1995 (Figure 4). Then, the carbon sequestration remained stable in the south, while the carbon sequestration in the middle of the region kept decreasing in the next four periods, especially in Shanghai Municipality and south of Jiangsu Province near the Yangtze River Estuary and east of Zhejiang Province near Hangzhou Bay.



In 1990–1995, the increased areas of carbon sequestration were concentrated in the south in Zhejiang Province, while the decreased areas were distributed in the middle and west of the region (Figure 4). The increased areas were mainly concentrated in the south of the region in Zhejiang Province. The three largest patches of increased areas were distributed in the south of the region in Zhejiang Province. The decreased areas were distributed in Shanghai Municipality, middle and south of Jiangsu Province and Anhui Province. In 1995–2000, the decreased areas were distributed in Shanghai Municipality, south and east of Jiangsu Province and Anhui Province, while the distribution of increased areas were very rare. In 2000–2005, intensive expansion of decreased areas appeared in the middle of the region, especially in Shanghai Municipality and south of Jiangsu Province near the Yangtze River Estuary and east of Zhejiang Province near Hangzhou Bay. The increased areas were relatively rare and scattered in the entire region. In 2005–2010, the decreased area was concentrated in Jiangsu Province and Shanghai Municipality along with the Yangtze River. In 2010–2015, intensive expansion of decreased areas weakened in central of the region, while the increased areas’ distribution was still very rare.




3.3. Land Use Policy Influences on LULC and Spatiotemporal Pattern of Carbon Storage


The spatial disparity of carbon storage mainly caused by uneven distribution of natural resources and intensity of LULC, while spatiotemporal dynamics of carbon storage were mainly influenced by LULC change led by land use policies and environmental policies. On one hand, the natural causes of large spatial disparity of carbon storage is mainly related to landform and landscapes distributions of the YRD region: the north and the middle are covered mainly by low-land plain with cropland and built-up land, while the south is mainly covered by mountainous woodland [19]. On the other hand, the spatiotemporal dynamics of carbon storage were mainly influenced by LULC change and land conversion led by land use policies and environmental policies.



The area of built-up land continuously expanded during 1990–2015 at an average of 14.32%, with a considerable net increment (11,956.80 km2), while the area of cropland kept decreasing in 1990–2015 at average 2.25%. Secondly, the area of forest was increased by 4.18% during 1990–2015, showing the largest increase during 1990–1995, and then kept decreasing during 1995–2015 at average 0.26%, while the area of grassland had a large decrease first during 1990–1995 at 20.71%, and then kept decreasing gently during 1995–2015. The above two pairs of dynamics of LULC were strong correlated with land conversion from each other that will be showed in the following Table 2, Table 3, Table 4, Table 5 and Table 6.



In 1990–1995, the large areas of increased areas of carbon storage were mainly contributed to the conversion of grassland to woodland (2432.13 km2) in the south of the region thanks to forest restoration policy. The deceased areas of carbon storage were mainly contributed to the conversation of cropland to built-up land (3617.00 km2) in the middle and north region, which was the largest area of land conversion. In 1995–2000, the decreased areas of carbon storage were mainly contributed to the conversion of cropland to built-up land (1178.13 km2) in the middle and north of the region. In 2000–2005, 2005–2010, and 2010–2015, intensive growth of decreased areas in the middle and south of the region were mainly contributed to the conversion of cropland to built-up land. There was a decreasing trend of conversion of cropland to built-up from 2000 to 2015 (2000–2005: 3064.35 km2, 2005–2010: 2472.85 km2, 2010–2015: 2119.65 km2).



The implementation of the Forest Law and the Land Management Law both experiences three stages in the YRD region: (1) pre-conservation of forest and cropland, (2) serves land-centered urban development and economic development, and (3) early Eco-civilization stage.



In 1990–1995, the promulgation of ‘Forestry Law’ in 1981 imposed ‘strict controls of annual forest cutting and vigorously promoted afforestation’. As a result, large areas of grassland were restored into woodland. Farmers in the southern mountains no longer lived mainly on tree cutting and farming, while natural vegetation recovered at a quicker pace, and the forest coverage was increased thanks to the reform and opening-up [19,35,36,37,38].



In 1995–2010, the YRD region entered a period of rapid development period informed by ‘land-centered urban development’ and major planned expansion of large cities following the 10th and 11th Five-Year Plan (FYP) focused on economic growth [35], along with noticeably quicker urbanisation, rapid infrastructural construction. Natural ecological space, including cropland, was rapidly reduced due to urbanization, disorderly urban sprawl, and construction of infrastructural networks in the eastern plain [19,35,36,37,38]. The concept of Eco-civilization was introduced in the 17th CPC National Congress of China at the end of this period.



In 2010–2015, after the conceptualization of national strategy of ‘Eco-civilization’ in 2012, environmental policies, e.g., Prime Farmland Policy and Ecological Redline Policy. For ensuring the base line of crop protection and crop security, Anhui Province, Jiangsu Province and Zhejiang Province, and Shanghai Municipality delineated prime cropland protection area of 49,211.26 km2, 39,220.67 km2, 16,675.00 km2, 1334.00 km2, respectively, in 2015 according to National Bureau of Statistics (http://www.stats.gov.cn/: accessed on 3 June 2018). For regional ecological redline policy, the provinces and cities in the YRD metropolitan region are embarking on the delineation of ecological red lines and ecological functional zones. For example, Jiangsu Province completed the delineation of provincial ecological red lines, while Nanjing completed the work at the municipal scale. Due to different understandings and definitions of ecological red lines, the delineation results may vary even though the delineated zones are in the same province. Moreover, Zhejiang Province completed functional ecological zoning. For two identical zones, there can be two division versions. Now that the results are not even unified within a province, there may be greater differences when more provinces are involved, and convergence can be more difficult. Therefore, it is imperative to have unified zoning at the regional scale. Therefore, urban expansion and land conversion to built-up land were started to be restrict to a certain extent.





4. Discussion


In this study, we detected that the transformation of land use polices in different periods led to spatiotemporal change of carbon storage and sequestration. This result are consistent with Han et al., 2017’s findings from 1995–2010 in the two provinces and Shanghai municipality in the YRD region [1]. Our results also detected a totally decreased by 1.49 × 107 Mg during 1990–2015 with spatial differences in Shanghai Municipality, Jiangsu Province, Zhejiang Province and Anhui Province. This implies that if Shanghai Municipality, Jiangsu Province, Zhejiang Province, and Anhui Province only focused on their own carbon storage conservation planning and were unable to establish cooperation mechanisms, it would have a negative impact on the carbon storage in the entire region. Hence, we suggested that areas with high carbon storage can make more effort on trans-provincial boundary conservation planning and management of LULC types of carbon storage, e.g., Shanghai Municipality and Jiangsu Province could establish integrating ecological redline policy with developing cities in mountainous areas in Zhejiang Province and Anhui Province for carbon storage conservation. Moreover, restriction land polices such as prime cropland policy for urban expansion restriction on cropland area will be critical to future conservation of carbon storage.



The period 2010–2015 was the land policy formation period of Eco-civilization strategy. The national objectives of ecological redline policy and prime farmland was put forward officially at the end of the period. During this periods, local land management strategies gradually formed in pilot areas. In the YRD region, pilot areas put forward local pollical objectives and regulations of cropland conservation and ecological zones during this period, e.g., Jiangsu Province initially delineated prime cropland areas, Zhejiang Province formulated forest conservation regulations, and Shanghai Municipality put forward Chongming Ecological Island. These progresses gradually influenced the land use change and carbon storage dynamics during 2010–2015. This was just a beginning that the land use policy of the YRD region started to focus on the quality of ecological land and cropland conservation. High-quality of ecological land and cropland conservation will be the prospective trend for the study area in the near future.



It is vital to reduce carbon emissions in areas that already have low carbon storage, and where carbon sources are important (for instance due to manufacturing/industries). For example, the China National Energy Administration issued ‘the action plan for clean and efficient utilization of coal (2015–2020)’, which comprehensively stimulated the improvement of coal utilization efficiency from the perspective of total coal control, transformation, and utilization efficiency improvement, and supported the development of clean coal technology. The application of clean coal technology in three provinces and one city in the YRD Region is at the leading level in China. Such polices were far from enough for the YRD Region. Green-development policies for quality of urbanization should be taken to improve the capacity of built-up areas of carbon storage, i.e., vegetablization, urban agriculture, and limitation of carbon sources are urgently needed for low-carbon development and carbon neutrality for this highly urbanizing region.



The InVEST model could not fully reflect the actual situation of the YRD region. The carbon storage module assumes that the only change in carbon storage over time is due to changes from one land use type to another [4,30]. However, in fact, many areas are recovering from past land use or are experiencing natural succession [4,30]. In this study, the carbon pool parameters of six main LULC types used for InVEST model were collected from the previous research for large-scale study in China [4,30,32,33,34]. To reduce the uncertainties of this method, future results could be optimized by local investigation of carbon pool in more detailed LULC types in our further study at local scale, although we thought they are suitable for regional scale study in China. The accuracy of historical land cover map will lead to uncertainty in spatial pattern identification of land cover change and in detection of land cover conversion. The overall accuracy of the land cover map in this study was around 79.8–86.1%. It affected the accuracy of land cover change-based results and policy links inference, though the map accuracy met the scientific criteria of the regional scale studies. In addition, an immediate change in carbon storage after LULC change is assumed in this study, though inevitable change in storage to a new steady state can take many decades [39]. In future studies, the spatiotemporal assessment of the relationships between multiple ecosystem services and natural causes and environmental policies in the YRD region also need to be further explored.




5. Conclusions


Through InVEST model, the spatial-temporal pattern of carbon storage altered by LULC transformation and its linkage with natural causes and urban expansions were analyzed in YRD Region from 1990–2015: (1) the carbon storage in the YRD was substantially altered by continuous LULC transformation, totally decreased by 1.49 × 107 Mg during 1990–2015. (2) The total amount of carbon storage increased from 2.91 × 109 Mg in 1990 to 2.95 × 109 Mg in 1995, and then decreased to 2.90 × 109 Mg in 2015. (3) Large areas of grassland converted to woodland in 1990–1995 led by Forest Conservation Law, then clustered areas of cropland were converted to built-up land in 1995–2015 around large cities of YRD region led by Five Year Plans, and finally, the conversion of cropland to built-up land was decreased and scattered in the entire region led by land polices related Eco-civilization.



The study can facilitate to develop regional land use policy for carbon storage conservation and carbon neutrality in a rapidly urbanizing region, e.g., Yangtze River Delta Region. It is expected that high-quality land use polices in Eco-civilization, e.g., Ecological Redline Policy and Prime Farmland Policy, will improve the conversation of carbon sinks in the YRD region. However, it is far from enough to meet the demands of carbon neutrality for such a high urbanizing region. To confront the challenges, current studies should be combined with the evaluation of carbon sources to define a high-quality urbanization in the next stage studies, which will provide a useful tool to assess progress towards the objective of carbon neutrality.
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Figure 1. Location and land use/land cover of Yangtze River Delta Region (2015). 
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Figure 2. Spatial pattern and proportion % of carbon storage of Yangtze River Delta Region (2015). (a) Spatial pattern of carbon storage of Yangtze River Delta Region (2015); (b) proportion of carbon storage in LULC of Yangtze River Delta Region (2015). 
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Figure 3. Dynamics and change of proportion of carbon storage of Yangtze River Delta Region (2015). (a) Dynamics of carbon storage of Yangtze River Delta Region (2015); (b) change proportion of carbon storage in LULC of Yangtze River Delta Region (2015). 
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Figure 4. Spatiotemporal change of carbon storage (carbon sequestration) and progress in land use policy in Yangtze River Delta Region (1990–2015). (a) Spatiotemporal change of carbon storage in 1990–1995; (b) Spatiotemporal change of carbon storage in 1995–2000; (c) Spatiotemporal change of carbon storage in 2000–2005; (d) Spatiotemporal change of carbon storage in 2005–2010; (e) Spatiotemporal change of carbon storage in 2010–2015. The timeline above illustrates the progress in land use policy in the Yangtze River Delta Region (1990–2015). 
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Table 1. Carbon storage per unit area of each LULC type [30] (Unit: ton/ha).
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	LULC
	Woodland
	Grassland
	Surface Waters
	Cropland
	Built-Up Land
	Undeveloped Land





	above
	26.9
	17.7
	8.2
	15.8
	1.2
	11.3



	below
	59.2
	44.2
	39.5
	40.3
	27.6
	32.4



	soil
	122.3
	49.9
	40.6
	54.2
	43.2
	53.8



	dead
	17.6
	1
	0
	5
	0
	0



	density
	226
	112.8
	88.3
	115.3
	72
	97.5







Note: carbon storage per unit area of each LULC type was according to following studies: woodland [32], grassland [33], surface waters [34], cropland [34], built-up land [30], undeveloped land [4].
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Table 2. Land conversion in Yangtze River Delta Region (1990–1995) (area: km2).
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	Land Cover.
	Cropland
	Woodland
	Grassland
	Water Bodies
	Built-Up Land
	Unused Land
	Total





	Cropland
	108,718.05
	2125.24
	148.48
	630.60
	3617.00
	2.84
	115,242.21



	Woodland
	1310.42
	52,732.62
	447.53
	65.69
	67.19
	4.50
	54,627.96



	Grassland
	240.79
	2,432.13
	7243.86
	53.38
	15.00
	0.45
	9985.61



	Water bodies
	572.39
	79.03
	39.03
	15,537.09
	50.20
	0.25
	16,277.99



	Built-up land
	1258.34
	66.23
	8.73
	42.18
	11,276.71
	0.26
	12,652.44



	Unused land
	1.46
	22.07
	1.17
	0.14
	0.20
	23.62
	48.66



	Total
	112,101.46
	57,457.32
	7888.79
	16,329.08
	15,026.30
	31.92
	208,834.87
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Table 3. Land conversion in Yangtze River Delta Region (1995–2000) (area: km2).
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	Land Cover
	Cropland
	Woodland
	Grassland
	Water Bodies
	Built-Up Land
	Unused Land
	Total





	Cropland
	110,634.80
	10.03
	1.50
	316.45
	1178.13
	0.98
	112,141.89



	Woodland
	25.24
	57,304.73
	108.34
	4.86
	59.61
	4.24
	57,507.03



	Grassland
	95.45
	115.57
	7521.78
	103.45
	81.44
	0.03
	7917.71



	Water bodies
	25.34
	0.55
	4.58
	17,550.05
	18.83
	0.00
	17,599.35



	Built-up land
	24.00
	0.99
	0.10
	2.04
	15,015.07
	0.01
	15,042.22



	Unused land
	0.04
	1.37
	0.00
	1.24
	0.11
	29.48
	32.23



	Total
	110,804.86
	57,433.26
	7636.30
	17,978.08
	16,353.19
	34.73
	210,240.42
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Table 4. Land conversion in Yangtze River Delta Region (2000–2005) (area: km2).






Table 4. Land conversion in Yangtze River Delta Region (2000–2005) (area: km2).





	Land Cover
	Cropland
	Woodland
	Grassland
	Water Bodies
	Built-Up Land
	Unused Land
	Total





	Cropland
	107,058.77
	50.95
	1.74
	628.00
	3064.35
	0.77
	110,804.57



	Woodland
	65.98
	57,147.48
	35.84
	23.27
	158.72
	1.74
	57,433.04



	Grassland
	44.46
	25.95
	7513.26
	31.58
	19.44
	1.53
	7636.22



	Water bodies
	209.69
	8.24
	17.31
	17,645.56
	97.00
	0.00
	17,977.81



	Built-up land
	36.10
	2.06
	0.07
	10.90
	16,304.02
	0.01
	16,353.15



	Unused land
	0.00
	0.19
	0.00
	0.00
	2.68
	31.85
	34.73



	Total
	107,414.99
	57,234.86
	7568.23
	18,339.32
	19,646.20
	35.90
	210,239.51
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Table 5. Land conversion in Yangtze River Delta Region (2005–2010) (area: km2).
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	Land Cover
	Cropland
	Woodland
	Grassland
	Water Bodies
	Built-Up Land
	Unused Land
	Total





	Cropland
	104,793.56
	26.98
	3.42
	118.24
	2472.85
	0.01
	107,415.06



	Woodland
	5.98
	57,094.63
	24.69
	2.69
	106.68
	0.38
	57,235.05



	Grassland
	0.44
	0.71
	7537.49
	16.06
	13.56
	0.00
	7568.26



	Water bodies
	10.36
	0.64
	1.02
	18,271.06
	56.56
	0.00
	18,339.64



	Built-up land
	18.57
	1.15
	0.05
	2.35
	19,624.25
	0.00
	19,646.37



	Unused land
	0.01
	0.09
	0.29
	0.01
	0.42
	35.09
	35.90



	Total
	104,828.92
	57,124.20
	7566.95
	18,410.41
	22,274.31
	35.48
	210,240.28
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Table 6. Land conversion in Yangtze River Delta Region (2010–2015) (area: km2).






Table 6. Land conversion in Yangtze River Delta Region (2010–2015) (area: km2).





	Land Cover
	Cropland
	Woodland
	Grassland
	Water Bodies
	Built-Up Land
	Unused Land
	Total





	Cropland
	102,566.66
	6.02
	18.63
	107.20
	2119.65
	10.64
	104,828.80



	Woodland
	7.25
	56,901.69
	14.53
	4.34
	194.10
	1.97
	57,123.89



	Grassland
	28.06
	0.52
	7461.13
	39.60
	36.69
	0.83
	7566.84



	Water bodies
	89.32
	0.51
	93.86
	18,061.99
	152.49
	12.08
	18,410.24



	Built-up land
	128.49
	2.82
	18.09
	17.72
	22,105.87
	1.35
	22,274.35



	Unused land
	0.03
	0.01
	0.01
	0.64
	0.28
	34.52
	35.48



	Total
	102,819.82
	56,911.57
	7606.25
	18,231.49
	24,609.08
	61.39
	210,239.59
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