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Abstract


The scientific estimation of carbon budgets induced by land use and land cover change (LUCC) can improve the accuracy of carbon budget estimates for terrestrial ecosystems and deepen our understanding of the future carbon sink potential of these ecosystems. Previous studies have typically selected one of many LUCC-induced carbon budget methods and overlooked the differences in the results between the different methods. Taking Henan Province, China, as a case study, we used the IPCC method, the bookkeeping model, and the inventory method to estimate LUCC-induced carbon budgets and compared the differences in these methods. The results showed that LUCC in Henan Province was categorized as a carbon sink from 1980 to 2015 based on the IPCC method and the inventory method. However, the estimates were significantly different, and the total estimates of the IPCC method were 40% less than those of the inventory method. At the regional ecogeographical scale, the two methods were not consistent in assessing the carbon source/sink of LUCC. The bookkeeping model categorized LUCC as a carbon source in Henan Province for the same period, and the carbon storage change trend opposed those of the other two methods. The failure of the IPCC method and the bookkeeping model to include the dynamic changes in carbon density caused by climate and land use management led to the great differences between the three methods. The inventory method is recommended to estimate the carbon budget caused by LUCC for regions where carbon density varies greatly over time. Both the IPCC method and the bookkeeping model may have great uncertainty in estimating changes in LUCC-induced carbon stocks and should be used with caution.
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1. Introduction


Land use and land cover change (LUCC), one of the major impacts of human activities, has substantially influenced the terrestrial carbon budget by altering the structure and function of the ecosystem [1,2,3,4,5,6]. Globally, LUCC-induced carbon emissions are the largest contributor to the total volume of anthropogenic carbon emitted during the preindustrial period [7,8]. Previous studies show that LUCC-induced carbon emissions account for approximately 33% of total carbon emissions over the last 150 years, 20% of total carbon emissions between the 1980s and 1990s, 12.5% of total emissions from 2000 to 2009 [9], and 14% of total carbon emissions for 2009–2018 [10]. Although the proportion of LUCC-induced carbon emissions continues to decline with the rise in fossil fuel emissions, LUCC is still the second largest carbon emission source and plays an important role in the carbon cycle of terrestrial ecosystems. However, global and regional carbon budget estimates feature high uncertainty regarding LUCC-induced emissions [11,12,13,14,15]. Thus, accurate estimations of LUCC-induced emissions across local to global scales are essential for deepening the understanding of the carbon source or sink of terrestrial ecosystems, balancing regional carbon budgets, and mitigating carbon emissions [7,16,17,18,19,20].



In recent decades, several methods have been developed for estimating LUCC-related carbon budgets at different scales [21,22,23,24,25,26,27,28]. Among them, the IPCC method, bookkeeping model, and inventory method have been widely used to calculate LUCC-related carbon emissions at both global and regional scales due to their simple model structure and minimal requirement for basic data [4,19,24,25,26,27,28]. Unchanged carbon density data are used in the IPCC method and the bookkeeping model. This means that, other than LUCC, factors that affect carbon densities are not included. In contrast, the inventory method is based on direct measurements of the carbon stock of vegetation and soil at the site scale [28]. Thus, this method reflects not only the impact of LUCC on carbon density but also the change in carbon density over time. However, the carbon density inventory is usually performed at intervals of 5 years or longer, and few carbon density observations for different times are available for a given region. Overall, these methods make it possible to estimate carbon budgets in different regions where LUCC and carbon density data are either abundant or relatively scarce. However, their shortcomings are also clear.



Generally, scholars choose a method that matches the available data (LUCC and carbon density) to estimate the regional LUCC-induced carbon budgets. However, little attention has been given to the consistency of different methods in determining the source/sink of carbon in ecosystems and to the differences in the estimated amount of change in the carbon stock. In other words, comparative studies between different carbon budget estimation methods are rare.



Henan Province is China’s largest province in terms of agricultural production, with a high intensity of land use and efficient land use management. The province straddles four important river basins in China and has rich and diverse ecosystem types. Additionally, vegetation and soil carbon density data have been obtained for three points in time (1980, 2010, 2015), which was useful for comparing different methods. Here, we took Henan Province as the study area to explore the differences between three representative and widely adopted methods of LUCC-induced carbon budget estimation, namely, the IPCC method, the bookkeeping model, and the inventory method. The objectives of the present study were to (1) provide a useful reference for the rational selection of LUCC-induced carbon budget estimation methods at the regional scale and (2) deepen our understanding of the regional terrestrial ecosystem carbon budget.




2. Materials and Methods


2.1. Study Area


Henan Province (110.35°–116.65° E, 31.38°–36.37° N) is located in east-central China and has a total area of 16.7 × 104 km2. The landforms within this region are plains, hills, and mountains, and the region demonstrates a great deal of environmental variability; extensive alluvial plains characterize the east, while the western areas are dominated by hills and mountains (Figure 1a). This province has a semihumid and humid monsoonal climate, and the major climatic zones are temperate, with subtropical conditions in the south. Henan Province’s territory spans four river basins, namely, the Yangtze River Basin, Huai River Basin, Yellow River Basin, and Hai River Basin (Figure 1b). There are 98.83 million permanent residents in this region, according to official statistics for 2021. The natural conditions and population resources are very conducive to agricultural development; thus, Henan Province has been traditionally viewed as a cultivated region throughout history [29] and is one of the current 13 major grain-producing areas designated by the Chinese government [30]. Moreover, Henan Province, located in the lower reaches of the Yellow River, plays a significant role in environmental protection as it is the center of a major national strategy for ecological conservation and high-quality development in the Yellow River Basin, which was established in 2019.




2.2. Data Sources


Data used in the study include (1) a map of ecogeographical regions of China; (2) remote-sensing-based LUCC datasets in 1980, 2010, and 2015; and (3) soil organic carbon (SOC) and vegetation carbon (VC) densities in 1980, 2010, and 2015.



2.2.1. Ecogeographical Regions


The map of Chinese ecogeographical regions was downloaded from the Resources and Environmental Sciences Data Center, Chinese Academy of Sciences (http://www.resdc.cn, accessed on 8 July 2022). To explore regional changes in SOC and VC storage, Henan Province’s terrestrial ecosystems were divided into 4 ecogeographical regions (Figure 1b) based on this map, namely, the North China Plain warm temperate semihumid regions (R1); the mountains and hills in the North China warm temperate semihumid regions (R2); the Hanzhong Basin in the north subtropical humid regions (R3); and the southern Huai River Basin and the middle and lower reaches of the Yangtze River in the north subtropical humid regions (R4).




2.2.2. LUCC Dataset


The 30 × 30 m LUCC raster datasets in Henan Province related to 1980, 2010, and 2015 were obtained from the remotely sensed Chinese LUCC dataset (CLUD, available at http://www.resdc.cn, accessed on 15 February 2022) [31]. The CLUD categorizes land use by six primary types (cropland, forestland, grassland, waterbodies, built-up land, and unused land) and 25 secondary land use types in total. This dataset for Henan contains 21 subclasses (see Supplementary Table S1). To better contextualize Henan Province’s land use and to correlate the carbon density data, we used data on primary land use categories to characterize change.




2.2.3. Carbon Density of the Soil and Vegetation


The 1980 SOCdensity data at 0–100 cm in Henan Province were calculated based on soil profile properties (including organic matter content, bulk density, soil depth, and the volumetric percentage of the fraction >2 mm) from the Second National Soil Survey of China in 1979–1985 [32] (Equation (1)).


  S O  C  d e n s i t y   =   ∑   k = 1  n  S O  C k  × S  D k  × B  D k  ×   1 −  α k    × 0.1 ,  



(1)




where SOCk, SDk, BDk, and αk represent the content of SOC (%), soil depth (SD) (cm), bulk density (BD) (g/cm3), and the volumetric percentage of the fraction >2 mm, respectively, in soil layer k. n represents the number of soil layers across the 0–100 cm depth. For samples with soil depths over 100 cm, only the carbon density at 0–100 cm depth was calculated. For soil samples for which bulk densities were not recorded, the pedo-transfer function was used to estimate bulk density [33].



A dataset for carbon density in Chinese terrestrial ecosystems (2010s) was developed based on the literature featuring carbon density data in Chinese terrestrial ecosystems from 2004 to 2014 and from relevant experimental data for the same period [34]. The SOCdensity data for Henan Province within this dataset are mainly concentrated in the period of 2008–2011. Simultaneously, an additional SOCdensity dataset for 2010 was calculated by utilizing soil profile properties from the Chinese soil series of Henan Province [35] and Equation (1). The present study obtained 2010 SOCdensity data at soil depths of 0–100 cm in Henan Province from these two datasets. The 2015 SOCdensity data at 0–100 cm in Henan Province were collected from Tian et al. [36], Zhao et al. [37], and Zhang et al. [38].



Finally, SOCdensity data of different ecogeographical regions in Henan Province (Table 1) were obtained based on the above collected SOCdensity dataset, soil profile property data related to SOC, and a calculation method for SOCdensity, which included the years 1980, 2010, and 2015.



The 1980 VC density data in Henan Province were collected from Fang et al. [39] and Lai et al. [24]; the 2010 VC density data in Henan Province were obtained from the carbon density dataset in Chinese terrestrial ecosystems (2010s) [34]; and the 2015 VC density data in Henan Province were derived from Tang et al. [1]. The details of the VC density data in Henan Province are given in Table 1.



Although carbon density sources are different, these data were collected from widely used datasets and the published literature, and the sample determination and carbon density calculation were consistent. Moreover, the depth of all SOC samples selected in this study was 100 cm to ensure data consistency. Comparative studies using carbon density data from different periods have also proven feasible [34]. Thus, we believe that Henan’s carbon density data obtained in this way are available and can be used to reflect the change in carbon density over time.





2.3. Methods


The present study took Henan Province as the study area to estimate LUCC-induced carbon budgets using the IPCC method, the bookkeeping model, and the inventory method and compared the differences in these methods. Specifically, the total and subregional land use category areas in 1980, 2010, and 2015 were counted, their spatial distributions were mapped, and the changes between study periods were presented by the land use transfer matrix. Then, SOC storage changes in Henan Province caused by LUCC for 1980–2010 and 2010–2015 were calculated using three methods, namely, the IPCC method [40], the bookkeeping model [9,41], and the inventory method [16,28]. Finally, the values of carbon storage change calculated by different methods were compared in this study.



2.3.1. The IPCC Method


Carbon storage change related to LUCC comes mainly from two sources: VC storage change and SOC storage change in topsoil (0–100 cm in this study). The calculation is as follows [40]:


  Δ  C  s t o r a g e   =   ∑   R n ,   i     V  C  2010     a f t e r ,   R n ,   i     − V  C  2010     b e f o r e ,   R n ,   i       × Δ  Area    R n ,   i      +   ∑   R n ,   i   S O  C  2010     100 ,   R n ,   i     ×  F  i m p a c t    i    × Δ  Area    R n ,   i      



(2)




where ΔCstorage denotes all of the carbon storage changes caused by LUCC. Rn denotes the number of ecogeographical regions. i denotes the land use type. VC2010 (after,Rn,i) and VC2010 (before,Rn,i) denote the VC density of land use type i in the Rn region in 2010 after land conversion and before land conversion, respectively. ΔArea(Rn,i) denotes the transformed area of land use type i in the Rn region. SOC2010 (100,Rn,i) denotes the SOCdensity (0–100 cm depth) of land type i in the Rn region in 2010. Fimpact (i) denotes the impact factors of SOC change (see details in Table 2).



Notably, the IPCC method (a static model) assumes that the SOC and VC density of each land use type remain unchanged with time and consists of temporally fixed inventory data while also emphasizing that SOC and VC storage change occurred due to LUCC. Therefore, the 2010 SOC and VC densities with high sampling density are used in this method.




2.3.2. The Bookkeeping Model


The bookkeeping model has been extensively used to calculate the carbon storage change induced by LUCC. This model calculates annual net carbon emissions from land use changes, mostly on regional or global scales [2,9,19,42]. The model is also a static counting model; thus, the 2010 SOC and VC density are used in the bookkeeping model.



To reflect various ecological response processes to human-activity-related disturbances, the model introduces tabulated functions of carbon losses and gains. Tabulated functions of carbon losses and gains suitable for China were collected (see Supplementary Tables S2 and S3) and included two zones (i.e., subtropical climate zone and temperate climate zone) and five land use disturbance scenarios (conversion of forest to cropland, conversion of grassland to cropland, wood harvesting, reforestation and afforestation, and grassland restoration). Each function contained three scenarios (i.e., low, medium, and high) to index the intensity of the carbon storage changes.




2.3.3. The Inventory Method


The inventory method analyzes the ecosystem carbon stock inventory (mainly vegetation and soil) at different periods to estimate the carbon budgets of terrestrial ecosystems [28]. That is, this method considers not only the change in LUCC-induced carbon storage but also the change in the carbon density of each land use type over time (dynamic carbon density). The calculation is as follows:


  Δ  C  s t o r a g e   =   ∑   R n ,   i     V  C    R n ,   i ,   T a     + S O  C    R n ,   i ,   T b       ×  Area    R n ,   i ,   T a     −   ∑   R n ,   i     V  C    R n ,   i ,   T a     + S O  C    R n ,   i ,   T b       ×  Area    R n ,   i ,   T b      



(3)




where VC(Rn,i,Ta) and VC(Rn,i,Tb) represent the VC density of land type i in the Rn region in years Ta and Tb, respectively. SOC(Rn,i,Ta) and SOC(Rn,i,Tb) represent the SOCdensity of land type i in the Rn region in years Ta and Tb, respectively. Area(Rn,i,Ta) and Area(Rn,i,Tb) represent the area of land type i in the Rn region in years Ta and Tb, respectively.






3. Results


3.1. LUCC in Henan Province between 1980 and 2015


The areas and spatial distribution of LUCC in Henan Province in 1980, 2010, and 2015 are illustrated in Table 3 and Figure 2. Cropland was the largest land use type in Henan Province (over 60% of the total area), followed by forestland (accounting for approximately 16%), while built-up land, grassland, and waterbodies had proportional areas less than 10%, and unused land comprised less than 1% of all land. For example, in 2015, the areas of LUCC were 1041.65 × 104 ha (62.89% of the total area) for cropland, 270.82 × 104 ha (16.35%) for forestland, 211.59 × 104 ha (12.78%) for built-up land, 89.49 × 104 ha (5.40%) for grassland, 42.42 × 104 ha (2.56%) for waterbodies, and 0.22 × 104 ha (0.01%) for unused land. Spatially, most cropland and built-up land were mainly distributed in regions R1 and R4, and forestland and grassland were mainly concentrated in R2 and R3 (Figure 2).



The period of 1980–2015 in Henan Province and its four ecogeographical regions were characterized by the reduction in cropland and the expansion of built-up land. The land use conversion matrix in each region is shown in Table S4. From 1980 to 2010, 9.34% of the land use areas changed in Henan Province. Specifically, the conversion of cropland into built-up land was the most significant land cover change in R1 (Figure 3a) and R2 (Figure 3b) during this period, with a net change of 17.4 × 104 ha in R1 and 5.21 × 104 ha in R2 (Table S4). During the same period, large areas of forestland and grassland were converted to cropland. For example, the conversion of forestland to cropland and grassland to cropland accounted for 2.98 × 104 ha and 4.94 × 104 ha in R1, respectively, while the conversion of grassland to cropland was 3.28 × 104 ha in R2. In R3, the land cover change was not significant, and the largest areas of conversion were from cropland to grassland (Figure 3c), with only 0.61 × 104 ha (Table S4). The conversion of cropland to forestland and built-up land predominated in R4 (Figure 3d), accounting for 4.30 × 104 ha and 2.26 × 104 ha, respectively (Table S4).



From 2010 to 2015, the loss of cropland was mainly caused by the expansion of built-up land in R1, R2, and R4 (Figure 4a,b,d); the net decrease in cropland in the three regions was 14.49 × 104 ha, 1.53 × 104 ha, and 1.65 × 104 ha (Table S4), respectively. In R3, the largest net change was the conversion of forestland to grassland (accounting for 1.18 × 104 ha) (Figure 4c), followed by the conversion of cropland to waterbodies (0.75 × 104 ha) and the conversion of cropland to built-up land (0.57 × 104 ha).




3.2. Carbon Storage Change Caused by LUCC


The changes in LUCC-induced carbon storage in Henan Province during 1980–2010 and 2010–2015 were calculated based on the proposed three methods. Overall, considerable differences exist among the results of these methods (Table 4). Based on the IPCC and inventory methods, the total carbon storage increased from 1980 to 2015, and the net carbon sink accounted for 4.89 Tg C and 8.15 Tg C, respectively. However, for the same period, the decrease in total LUCC-induced carbon storage ranged from 0.00 to 4.59 Tg C according to the proposed bookkeeping model; the moderate estimate was 0.79 Tg C.



The changes in LUCC-induced carbon storage in four ecogeographical regions between 1980 and 2010 and between 2010 and 2015 are illustrated in Figure 5. The carbon storage change results of these regions, as calculated by the IPCC method, bookkeeping model, and inventory method, show disparate trends in these two periods. For example, during the period of 1980–2010, the inventory and IPCC methods characterized the increase in carbon storage in R1, while the bookkeeping model indicated a decrease in carbon storage in R1 (Figure 5a); during the period of 2010–2015, the inventory method and bookkeeping model suggested that R1 was a carbon sink, while the IPCC method categorized R1 as a carbon source (Figure 5b). Furthermore, R4 was categorized as a significant carbon sink in 1980–2010 because this region was dominated by the conversion of cropland to forestland; R3 was characterized as a significant carbon source in 2010–2015 due to the expansion of built-up land. Nonetheless, based on the three proposed methods, R4 in 1980–2010 and R3 in 2010–2015 show large differences in values for carbon storage change.





4. Discussion


4.1. Differences among the IPCC Method, Bookkeeping Model, and Inventory Method


Taking Henan Province as the study area, we used three different methods to measure the carbon budget of terrestrial ecosystems. Among the proposed methods, the inventory method estimates LUCC-induced carbon budgets by comparing the ecosystem carbon stock inventories (including vegetation and soil) of different periods [28]. As a dynamic carbon storage calculation method, this method reflects not only the impact of LUCC on carbon storage but also the impact of land use management and climate on carbon storage (Figure 6). Therefore, the results based on the inventory method most accurately reflected LUCC-induced carbon storage change.



Both the IPCC method and the bookkeeping model assume that the SOC and VC densities remain constant [4,25]. That is, these methods calculate the change in carbon storage caused by LUCC without considering the possible impact of land use management on carbon storage in the LUCC process (Figure 6). This is mainly due to the universality of these methods. Generally, remote-sensing-based LUCC data are available; however, obtaining SOC and VC densities over multiple years is often challenging. Thus, we consider these as static estimations of carbon storage change. As a result, the principles behind the proposed three methods differ.



Moreover, the results presented in Section 3.2 show both disparate trends and large differences in values. Although the IPCC method and bookkeeping model introduce SOC impact factors for change in land use conversion (Table 2) and tabulated functions of carbon losses and gains in vegetation and soil (Tables S2 and S3), compared with the inventory method these two methods feature high uncertainties regarding LUCC-induced carbon budgets. They may mislead us in assessing carbon budgets for terrestrial ecosystems in a region and should be used with caution. Therefore, at present, the IPCC method and bookkeeping model are simple ways of estimating the carbon budget in the absence of carbon density data at different points in time. Additionally, these methods cannot be used to accurately measure carbon sources/sinks at the regional scale. Other methods, such as the InVEST model, that take carbon density data as a constant value to estimate the impact of LUCC on carbon storage in different periods may have problems similar to those of the IPCC method and bookkeeping model.



Furthermore, unlike the IPCC method, the bookkeeping model calculates annual net carbon emissions from land use changes and introduces tabulated functions of carbon losses and gains to reflect various ecological responses to disturbances related to human activity [41,42,43]. This method may be more suitable for estimating the historical carbon budget [42,43], as the intensity of human LUCC in the historical period was substantial and had a large impact on carbon storage, while historical land use management, limited by technology at that time, had a small impact on carbon budgets. The current situation differs from the historical period. That is, land use has intensified, and modern land management practices have been greatly improved.




4.2. The Effects of Land Use Change and Land Use Management on Carbon Storage


From 1980 to 2010, the area of land use change in Henan Province accounted for 9.34% of the total land, and the corresponding carbon storage increased by 5.38 Tg C according to the inventory method (Table 5). For the same period, 90.66% of the land use areas were unchanged in this region, and with land use management improvements, the carbon storage of this part of the land increased, up to 197.62 Tg C. From 2010 to 2015, the changed land use area was only 1.59% of the total land area, and the carbon storage caused by LUCC became slightly negative, indicating carbon emissions (−0.49 Tg C). The carbon storage increase due to land use management in the same period was as high as 204.14 Tg C. As a result, when the areas of changed land use are far less than those of unchanged land use, carbon storage change in terrestrial ecosystems is dominated by land use management. That is, land use management induces the shift of terrestrial ecosystems in Henan Province from a carbon source or slight carbon sink to a strong carbon sink.



For eastern China, where the land use structure and development processes are similar, the effect of land use management on the increase in terrestrial ecosystem carbon storage is widespread. While western China has a high proportion of natural forestland and grassland, eastern China is dominated by cropland [31]. The management measures for croplands in these provinces, including pesticide spraying, chemical fertilization, straw returning, no-tillage, and highly efficient irrigation, maintain and promote high agricultural yields and enhance carbon stocks [44]. However, these regions face problems such as agricultural nonpoint source pollution and water resource shortages. Thus, trade-offs between agricultural output, carbon sequestration services, water resources, and ecosystems are crucial.



Forestry management, including greening national land, implementing afforestation, and protecting natural forests, is a significant way to increase terrestrial ecosystem carbon storage. For example, greening is very obvious in R4 (Figure 2); the area in this region where cropland was converted to forestland accounted for 4.30 × 104 ha between 1980 and 2010 (Figure 3 and Table S4), and the corresponding carbon storage increased by 3.26 Tg C. Moreover, by overlaying the spatial distribution data of landform types and LUCC data for 2020 at 1 km resolution (http://www.resdc.cn, accessed on 25 July 2022), we see a 67.37% coverage rate for forests in the mountainous areas of Henan Province, which has a great potential to increase. Overall, agriculture and forestry management have a positive impact on terrestrial carbon storage.



Over the past 40 years, a large number of studies and experiments have been conducted in China on the carbon density of terrestrial ecosystems. Overall, these studies are mainly focused on natural ecosystems, including cropland, forestland, and grassland [1,34]. However, experimental data on the carbon density of built-up land and waterbodies are limited [45,46,47]. Thus, previous studies first obtained carbon densities of soil types based on the experimental carbon density sample data. Then, these data were overlaid with remote-sensing-based LUCC data at spatial scales to obtain the corresponding carbon density of each land use type [2,24]. However, according to the Second National Soil Survey of China, the land use types where experimental carbon density samples were collected in eastern China are mostly cropland. As a result, based on the method of “sample to soil type and then to land use”, the derived carbon density of each land use type features high uncertainty. In recent years, some progress has been made regarding improvements in quantifying the carbon density of Chinese urban ecosystems, such as the Urumqi [48], Guangzhou [49], and Xi’an ecosystems [50]. The results indicate that some land types in urban areas, such as urban forests and lawns, have higher carbon densities than their rural counterparts. Thus, previous studies simplified the SOCdensity of built-up land to 0, 1, or 0.33 kg C/m2 [51,52], which overestimated carbon emissions caused by urbanization. For Henan Province, few studies have focused on urban SOC and VC densities. Therefore, carbon budgets caused by the conversion of only three land use types, cropland, forestland, and grassland, were calculated in the present study. However, urban ecosystems undoubtedly have considerable carbon sink potential.




4.3. Uncertainties


The selection of the LUCC data years (1980, 2010, and 2015), analysis periods (1980–2010 and 2010–2015), and geographic units (four ecogeographical regions) in this study was mainly based on matching the collected carbon density data. Although LUCC data have detailed land use information (30 m resolution and 21 subcategories), we needed to merge LUCC data into the primary land types (upscaling) and calculate LUCC-induced carbon budgets at a subregional scale. Due to the insufficient SOC (100 cm depth or more) and VC density data, the spatiotemporal heterogeneity of carbon density at the grid scale was not considered. For example, the carbon densities of paddy fields and dry farmland are not the same, although these two land use types are both croplands. Modeling grid-scale carbon density based on large amounts of sample data and machine learning (e.g., the random forest algorithm) can reduce uncertainty in carbon budget estimation [53]. However, at present, only the 2010 sample data meet the grid-scale carbon density simulation (Figure S1). The upscaled LUCC data and insufficient carbon density data result in the large uncertainty in LUCC-related carbon budgets. Furthermore, the records of the data points are not paired for SOC and VC, and the potential impact of unpaired data points on the estimation of this study needs further study.





5. Conclusions


Terrestrial ecosystems play an important role in the global carbon cycle, but their carbon budget estimates feature high uncertainty. In this study, the carbon budgets related to LUCC in Henan Province from 1980 to 2010 and 2010 to 2015 were calculated using three methods, including the IPCC method, the bookkeeping model, and the inventory method. Cropland was the largest land use type in Henan Province, followed by forestland and built-up land. Henan Province experienced a reduction in cropland and the expansion of built-up land from 1980 to 2015. The total LUCC-induced carbon storage increased from 1980 to 2015, and the net carbon sink accounted for 4.88 Tg C using the inventory method and 8.15 Tg C using the IPCC method. However, according to the bookkeeping model, carbon storage decreased from 0.00 to 4.59 Tg C during the same period. The IPCC method and the inventory method were consistent in their overall estimation of the carbon budget related to LUCC but disagreed with the bookkeeping model. LUCC-induced carbon storage in the four ecogeographical regions between 1980 and 2010 and between 2010 and 2015 had large differences in trend and storage quantity.



The inventory method used the dynamic carbon density data. In addition to calculating LUCC-induced carbon budgets, this method also considers the effect of climate and land use management on carbon stocks. The results were close to the LUCC-induced carbon storage change. The IPCC method and the bookkeeping model used static carbon density data (which remain unchanged with time) and emphasized that carbon storage change occurred due to LUCC. Thus, the last two methods did not include the effects of climate and land use management on carbon density, resulting in the differences among the three methods. The IPCC method and bookkeeping model should be used with caution in calculating carbon budgets, especially for regions where carbon density varies greatly over time.
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Figure 1. Geographical location of Henan Province in China. (a) Four basins and (b) ecogeographical regions. 
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Figure 2. Spatial distribution of LUCC in Henan Province in 1980, 2010, and 2015. 
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Figure 3. The flow pattern of LUCC in Henan Province from 1980 to 2010. 
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Figure 4. The flow pattern of LUCC in Henan Province from 2010 to 2015. 
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Figure 5. Henan Province’s terrestrial system carbon stock change driven by land use type conversion between 1980 and 2010 and between 2010 and 2015 (bookkeeping in legend denotes the moderate scenario; the negative sign refers to carbon emission; R1–R4 refer to 4 ecogeographical regions). 
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Figure 6. Composition of the terrestrial ecosystem carbon budget. 
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Table 1. Values of SOC and VC in Henan Province in 1980, 2010, and 2015 (unit: kg/m2).
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Region

	
Items

	
Land Use Type

	
1980

	
2010

	
2015






	
R1

	
SOC

	
Cropland

	
4.55

	
6.00

	
7.89




	
Forestland

	
7.85

	
8.08

	
9.16




	
Grassland

	
4.34

	
5.77

	
5.81




	
VC

	
Forestland

	
4.32

	
6.13

	
6.16




	
Grassland

	
0.38

	
0.38

	
0.69




	
R2

	
SOC

	
Cropland

	
6.38

	
6.80

	
7.19




	
Forestland

	
7.85

	
8.08

	
8.71




	
Grassland

	
4.34

	
5.77

	
5.81




	
VC

	
Forestland

	
4.32

	
6.13

	
6.16




	
Grassland

	
0.38

	
0.38

	
0.69




	
R3

	
SOC

	
Cropland

	
7.47

	
7.17

	
7.58




	
Forestland

	
7.85

	
8.08

	
11.71




	
Grassland

	
4.34

	
5.77

	
5.81




	
VC

	
Forestland

	
4.32

	
6.13

	
6.16




	
Grassland

	
0.38

	
0.38

	
0.69




	
R4

	
SOC

	
Cropland

	
6.62

	
8.71

	
9.20




	
Forestland

	
7.85

	
8.08

	
11.42




	
Grassland

	
4.34

	
4.42

	
4.49




	
VC

	
Forestland

	
4.32

	
6.13

	
6.16




	
Grassland

	
0.38

	
0.38

	
0.69








SOC: soil organic carbon, VC: vegetation carbon.













 





Table 2. SOC impact factors for change in land use conversion.
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	Items
	Forestland
	Grassland
	Cropland





	Forestland
	
	0.10
	0.27



	Grassland
	−0.90
	
	0.20



	Cropland
	−0.80
	−1.00
	







SOC: soil organic carbon.













 





Table 3. The area of land use types in the total and ecogeographical regions in Henan Province (unit: 104 ha).
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Region

	
Year

	
Cropland

	
Forestland

	
Built-Up Land

	
Grassland

	
Waterbody

	
Unused Land






	
Total

	
1980

	
1078.16

	
270.09

	
162.99

	
102.05

	
41.06

	
1.84




	
2010

	
1061.65

	
272.25

	
192.71

	
88.79

	
40.53

	
0.27




	
2015

	
1041.65

	
270.82

	
211.59

	
89.49

	
42.42

	
0.22




	
R1

	
1980

	
727.98

	
40.89

	
130.19

	
43.66

	
22.60

	
1.66




	
2010

	
721.17

	
39.67

	
150.79

	
34.59

	
20.65

	
0.10




	
2015

	
705.94

	
39.58

	
165.68

	
34.41

	
21.34

	
0.04




	
R2

	
1980

	
131.14

	
113.23

	
10.68

	
41.76

	
5.90

	
0.14




	
2010

	
129.07

	
113.03

	
16.76

	
37.21

	
6.66

	
0.11




	
2015

	
127.32

	
112.99

	
18.41

	
37.17

	
6.84

	
0.13




	
R3

	
1980

	
52.55

	
70.11

	
4.68

	
13.30

	
5.30

	
0.03




	
2010

	
51.77

	
69.88

	
5.13

	
13.81

	
5.35

	
0.03




	
2015

	
50.38

	
68.69

	
5.77

	
14.75

	
6.34

	
0.03




	
R4

	
1980

	
165.17

	
45.04

	
17.36

	
3.13

	
6.71

	
0.00




	
2010

	
158.16

	
48.84

	
19.91

	
2.98

	
7.48

	
0.02




	
2015

	
156.54

	
48.75

	
21.62

	
2.96

	
7.50

	
0.02











 





Table 4. Carbon stock change caused by land use type conversion from 1980 to 2015 in Henan Province (unit Tg C).
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Items

	
1980–2010

	
2010–2015

	
1980–2015






	
IPCC

	
8.63

	
0.48

	
8.14




	
Inventory

	
5.38

	
0.49

	
4.89




	
Bookkeeping

	
L

	
M

	
H

	
L

	
M

	
H

	
L

	
M

	
H




	
0.49

	
0.29

	
4.02

	
0.49

	
0.50

	
0.57

	
0.00

	
−0.79

	
−4.59








The negative sign refers to carbon emission; L, M, and H denote the low, moderate, and high scenario, respectively.













 





Table 5. The proportion of land use change and land use unchanged in total land and their corresponding carbon storage change.






Table 5. The proportion of land use change and land use unchanged in total land and their corresponding carbon storage change.





	
Period

	
Land Use Change

	
Land Use Unchanged




	
Proportion (%)

	
Carbon Storage Change (Tg C)

	
Proportion (%)

	
Carbon Storage Change (Tg C)






	
1980–2010

	
9.34

	
5.38

	
90.66

	
197.62




	
2010–2015

	
1.59

	
0.49

	
98.41

	
204.14








The negative sign refers to carbon emission.
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