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Abstract

:

Land use imbalances are a critical driving factor contributing to regional disparities in carbon storage (CS). As a significant component of China’s Yangtze River Economic Belt, Hunan Province has undergone substantial shifts in land use types, resulting in an uneven distribution of ecosystem CS and sequestration capacity. Therefore, within the framework of the “dual carbon” strategy, examining the effects of land use changes driven by regional resource imbalances on CS holds practical importance for advancing regional sustainable development. This study focuses on Hunan Province, utilizing the PLUS-InVEST model to assess the spatiotemporal evolution of CS under land use changes from 1990 to 2020. Additionally, multiple scenario-based development modes were employed to predict county-level CS. The results indicate the following: (1) From 1990 to 2020, Hunan Province experienced continuous urban expansion, with forest land and cultivated land, which are core ecological land types, being converted into construction land. (2) Over these 30 years, the province’s total CS increased by 2.47 × 108 t, with significant spatial differentiation. High-value zones were concentrated in bands along the province’s borders, while lower values were observed in the central and northern regions. The highest CS values were recorded in forested areas at the province’s periphery, whereas the lowest values were observed in the northern water bodies. (3) The scenario-based predictions revealed notable differences, with the ecological protection scenario demonstrating a substantial carbon sink effect. By prioritizing forest and cultivated land, CS could be maximized. This research provides valuable insights for enhancing CS and optimizing land use structures in regions facing resource imbalances.
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1. Introduction


Carbon storage, a key indicator of carbon sequestration efficiency, plays a vital role in the contribution of terrestrial ecosystems to the global energy cycle. As global environmental issues become increasingly prominent, CS has become a central focus, serving as a critical metric of ecosystem health and stability [1,2]. In this context, China has set clear targets to reach peak carbon emissions by 2030 and achieve carbon neutrality by 2060. As a result, reducing carbon emissions and enhancing carbon sequestration has become pressing research priorities for scholars [3,4], aiming to optimize and increase regional CS. The uneven distribution of regional resources is a primary driver of land use change, which, in turn, influences the carbon cycle within ecosystems by modifying their structure, functions, microclimate conditions, and physicochemical properties. This leads to spatial differentiation in regional CS [5,6]. Thus, it is imperative to understand the spatiotemporal evolution of CS and regional land use differences, explore the underlying mechanisms, and predict future changes. These efforts are essential for developing policies and measures for ecological protection and restoration and for promoting the harmonious development of both natural and social systems [7].



In recent years, significant progress has been made in studying the relationship between land use change and CS. Quantitative assessment methods for CS are foundational to carbon cycle research. Traditional approaches such as plot surveys, biomass estimation, and accumulation methods have gradually shifted towards remote-sensing models, which address issues related to limited research scales, challenges in cross-temporal and spatial analysis, and difficulties in visualization [8]. Among these models, the Integrated Valuation of Ecosystem Services and Tradeoffs (InVEST) model has gained widespread application in CS studies across various countries and regions owing to its low data requirements, fast processing capabilities, and high data accuracy [9,10,11,12,13]. In the simulation and prediction of future land use and land cover, research often employs models such as the CA-Markov, CBM-CFS3, FLUS, and CLUE-S models. For example, Shaw et al. [3] utilized the Carbon Budget model (CBM-CFS3) to project changes in CS within Canada’s forests. Similarly, Liang et al. [14] applied a combination of the SD-CLUE-S and InVEST models to simulate land use and CS changes in the Zhangye Oasis across various scenarios and scales. Their findings indicated that the strict protection scenario yielded the highest CS within the oasis. However, these models exhibit limitations in simulating the spatiotemporal evolution of different land use types at the patch scale and struggle to capture the complex relationships between land use types [15]. Furthermore, these models are constrained by their inadequate representation of patch landscape evolution and inability to accurately assess the potential drivers of land cover changes [16]. The advanced land use simulation model, PLUS (Patch-generating Land Use Simulation) [17], combines the strengths of the TAS and PAS approaches. It employs an innovative multi-type random patch seeding mechanism based on threshold descent, enabling comprehensive exploration of various land use drivers. It enhances the accuracy of land use evolution simulations, enabling more precise predictions of land use and land cover patches, thus addressing some of the limitations of earlier models. Subsequently, CS assessment methods combining models with RS and GIS technologies have increasingly emerged. Wang et al. conducted a historical analysis of current land use and CS, while Liu et al. examined land use changes over a 20-year period [18,19,20,21]. However, existing studies largely focus on evaluating historical CS capacity, with room for further development in constructing multi-scenario CS models for the future.



Most studies investigating the effects of future land use spatial patterns under different development modes on ecosystem CS have been conducted at the global scale [22], regional scale [14,23,24], provincial scale [25,26,27], and urban scale [19,28,29]. However, there is a notable lack of research examining land use change from a county-level perspective, particularly regarding how land use spatial patterns under various future scenarios and development modes impact ecosystem CS. Exploring the spatiotemporal distribution of CS at the district and county levels is crucial to enhancing such studies’ practical significance and applicability. This approach would provide more granular and actionable recommendations for ecosystem management and restoration at the county scale. In summary, although existing research has addressed the relationship between land use change and CS from multiple perspectives, several challenges still need to be addressed: (1) Commonly used models exhibit significant inaccuracies, underscoring the need for composite models to improve the precision of land use and CS assessments. (2) Current studies predominantly focus on macro-scale analyses, needing more micro-scale exploration of land use differentiation and its effects on CS. This is essential for generating detailed insights to support ecosystem management and restoration. (3) Striking a balance between enhancing CS and addressing regional development disparities continues to be challenging.



In response to the above challenges, this study selects Hunan Province, China, as the research area. Hunan Province, a core province in China’s Yangtze River Ecological Region, is a critical central city in achieving the “dual carbon” goals [30]. Under the drive of rapid urbanization and industrialization, the land use types in Hunan Province have undergone significant changes, exacerbated ecological encroachment and posing a threat to green and sustainable development [31,32]. This study explores the spatiotemporal evolution of land use in Hunan Province at the county level while simulating and predicting future land use changes and CS. The study’s objectives are as follows: (1) To quantitatively analyze the spatiotemporal evolution characteristics of land use and CS in Hunan Province from 1990 to 2020 and identify the driving factors of regional resource imbalance. (2) To simulate and predict land use and CS characteristics in Hunan Province for 2030 and 2040 under four scenarios. (3) To provide guidance and recommendations for county-level planning and protection based on enhancing regional CS.




2. Materials and Methods


2.1. Study Area


Hunan Province is in central China, in the middle reaches of the Yangtze River, between latitudes 24°38′ N and 30°08′ N and longitudes 108°47′ E and 114°15′ E (Figure 1). The province has a total of 122 county-level administrative divisions and covers an area of 211,800 km2. Hunan has abundant land resources, alternating semi-high mountains, low mountains, hills, plains, and lakes [33]. Additionally, in 2023, the GDP disparity among cities in Hunan reached a maximum of CNY 1.3718 trillion. The province’s diverse geographical conditions and significant economic disparities have led to uneven development. In recent years, due to climate change and localized high-intensity human activities, the region has faced accelerated changes in land use types and a decline in biodiversity, which have further contributed to regional ecological fragility and sensitivity [34].




2.2. Data Source and Processing


The data used in this study primarily include four periods of land use data for Hunan Province (1990, 2000, 2010, and 2020), natural factors data, socio-economic data, and accessibility data (Table 1). The land use data for 1990, 2000, 2010, and 2020 were obtained from the Resource and Environment Data Center of the Chinese Academy of Sciences. These data were reclassified based on the actual conditions in Hunan Province into six categories: cultivated land, forest land, grassland, water bodies, construction land, and unused land, with a resolution of 30 m × 30 m. Considering the impact of the natural environment and socio-economic conditions on land use in the study area [35], 13 driving factors, such as elevation and GDP, were selected to analyze land use patterns in Hunan Province. To ensure spatial precision consistency, ArcGIS10.8 was used to clip and unify the coordinate systems of the relevant data, and the projection was redefined as CGCS2000_3_Degree_GK_CM_108E.




2.3. Research Methods


First, based on land use data from Hunan Province for 1990, 2000, 2010, and 2020, ArcGIS10.8 was employed to calculate the transition matrix, allowing for the analysis of trends and correlations between different land use types, thereby revealing the patterns of land use evolution. Next, land expansion data from 1990 and 2020 were input into the LEAS module of the PLUS model 1.40 to identify areas where land type changes occurred. The random forest algorithm was then applied to determine the contribution values of driving factors for expanding different land use types. Subsequently, land use simulations for 2020 were conducted using the PLUS model 1.40, incorporating land use driving factors. The model’s reliability was validated by comparing the simulation results with actual data. The model was then applied to predict land use patterns for Hunan Province in 2030 and 2040 under four development scenarios: natural development, rapid development, farmland protection, and ecological protection. Finally, the InVEST model 3.14.2 was used to estimate ecosystem CS for 2000–2030 and 2040, based on revised carbon density data, and to analyze the spatiotemporal changes in CS under the four development scenarios. The technical framework of this study is illustrated in Figure 2.



2.3.1. Land Use Transition Matrix


The land use transition matrix is a tool that employs a matrix to represent the direction and magnitude of conversions between different land use types during the study period [36]. This matrix analysis can uncover trends and patterns in land use changes, offering critical insights for the development of informed land use policies and planning strategies. The calculation formula is as follows:


    C   x y   =   A   x y   k   × 10 +   A   x y   k + 1    



(1)







In the formula:     C   x y     represents the value of the new pixel in the land use change map from period k to period k + 1 in row x, column y;     A   x y   k     represents the pixel value in row x, column y of the land use map at period k;     A   x y   k + 1     represents the pixel value in row x, column y of the land use map at period k + 1.




2.3.2. Ecosystem CS Assessment Based on the InVEST Model


	(1)

	
Estimation of CS







This study employs the CS module within the InVEST model 3.14.2 to evaluate changes in CS across Hunan Province. In the InVEST model 3.14.2, CS in ecosystems is divided into four components: aboveground vegetation CS, belowground vegetation CS, soil CS, and dead organic matter CS [37]. The calculation formula is as follows:


    C   t o t a l   =   C   d e a d   +   C   a b o v e   +   C   b e l o w   +   C   s o i l    



(2)







In Equation: Ctotal represents the total CS; Cdead refers to the CS of dead organic matter; Cabove denotes the aboveground biomass CS; Cbelow signifies the belowground biomass CS; and Csoil indicates the soil CS.



	(2)

	
Estimation of Carbon Density Values







The CS module of the InVEST model 3.14.2 requires land use data and a carbon density table specific to the study area. Due to variations in climate, soil properties, and land use practices, carbon density coefficients differ across regions. Therefore, when estimating CS in a specific area, it is necessary to adjust the carbon density coefficients for the selected region to obtain more accurate results [38]. The precipitation factor was adjusted using the formula from Alam et al. [39], while the average temperature and biomass carbon density were corrected using the formulas from Giardina et al. [40] and Chen Guangshui et al. [41].


    C   S P   = 3.3968 × P + 3996.1     R   2   = 0.11    



(3)






    C   B P   = 6.7981   e   0.0054 P       R   2   = 0.70    



(4)






    C   B T   = 28 × T + 398     R   2   = 0.47 , P < 0.01    



(5)






    K   B P   =      C   B P   ′       C   B P   ″       



(6)






    K   B T   =      C   B T   ′       C   B T   ″       



(7)






    K   B   =   K   B T   ×   K   B P    



(8)






    K   S   =      C   S P   ′       C   S P   ″       



(9)







In the equation, CSP represents the soil carbon density (Mg·ha−1) of a particular land use type in the study area under the influence of annual average precipitation. CBP and CBT, respectively, denote the biomass carbon density (Mg·ha−1) of the same land use type under the effects of annual average precipitation and temperature. P and T represent the average precipitation (mm) and average temperature (°C) during the corresponding study period. KBP and KBT are the adjustment coefficients for the biomass carbon density related to precipitation and temperature, respectively, while KB is the composite adjustment coefficient for biomass carbon density under the combined effects of both precipitation and temperature factors. KS represents the soil carbon density adjustment coefficient. C′ and C″, respectively, refer to the carbon density data of the study area and the national carbon density data.



In calculating carbon density values, due to the lack of studies specifically on ecosystem carbon density for Hunan Province and considering its location within the mid-to-upper basin of Dongting Lake, this paper applies model adjustment methods based on existing research to estimate the carbon densities for various ecosystems. Carbon densities for farmland, grassland, forest ecosystems, and water bodies are derived from the results of Zhou Wenqiang et al. [35]; in this study, water bodies include rivers, lakes, and wetlands. Urban and unused lands are predominantly impervious surfaces and bare soil, exhibiting minimal aboveground vegetation carbon sequestration potential. Additionally, factors such as degradation, pollution, and high compaction substantially weaken and stabilize soil carbon sequestration capacity [42]. Therefore, the biomass carbon density for these two ecosystem types is set to zero, while soil surface carbon density is estimated based on the findings of Xi Xiaohuan et al. [43], assuming a soil depth of 1.8 m. The corrected carbon density values are shown in Table 2.




2.3.3. PLUS Model and Scenario Setting


	(1)

	
PLUS Model







The PLUS model 1.40 was employed to perform multi-scenario simulations of land use in Hunan Province. Initially, land use data from 2010 and 2020 were utilized as the baseline to identify areas of land expansion. Thirteen driving factors, including natural, socio-economic, and accessibility factors (Table 3), were then selected to investigate the relationships between land expansion and these driving factors. The random forest algorithm was used to derive transformation rules for the expansion patterns of various land use types. Using the random forest algorithm, the LEAS module generated a land use development potential map for Hunan Province. Subsequently, the 2010 land use data were input into the CARS module, along with parameters such as land use demand and neighborhood weights, to produce a simulated land use map for 2020, which was validated for accuracy. Finally, using 2020 land use data as the baseline and incorporating the land use transition matrix, the PLUS model 1.40 simulated the land use patterns for Hunan Province in 2030 and 2040 under four scenarios: rapid development, natural development, farmland protection, and ecological protection.



	(2)

	
Accuracy Assessment







Neighborhood weight represents the probability of conversion between different land use types. Values range from 0 to 1, with higher values indicating a stronger potential for expansion, while lower values indicate a weaker potential [44]. Due to variations in land conversion mechanisms across different study areas, the neighborhood weight settings differ accordingly [45]. Based on the work of Li Yiwen et al. [46], this study assigns the following weights to the respective land use categories: cultivated land (0.754), forest land (0.339), grassland (0.112), water bodies (0.306), construction land (1), and unused land (0.039).



To ensure the model’s reliability and stability, the Kappa coefficient was employed to assess the accuracy of the simulation results. The analysis yielded a Kappa value of 0.906 and an overall accuracy of 95.02%. Generally, when Kappa ≥ 0.75, the agreement between the actual data and the simulated results is considered high. Therefore, the high accuracy of the 2020 land use simulation confirms that the model is robust and suitable for projecting land use changes in Hunan Province for 2030 and 2040.



	(3)

	
Simulation Scenario Setup







This study references the work of several scholars [46,47,48,49] and establishes four land use change simulation scenarios:



Natural Development Scenario: This scenario uses land use data from 1990, 2000, 2010, and 2020 to predict land use demand for various land types using a Markov chain model. It continues the historical trends of land use change in the study area without imposing functional restrictions or designated development zones.



Rapid Development Scenario: Under the rapid development goal, urbanization is expected to encroach upon agricultural land, forest and grassland, and water resources. Due to its irreversible nature in the short term, construction land is not permitted to be converted into other land use types. In this scenario, the probability of construction land converting to cultivated land, water bodies, forest land, grassland, or unused land is reduced by 40%. Conversely, the probability of cultivated land, forest land, grassland, water bodies, and unused land converting to construction land increases by 40%, 10%, 20%, 10%, and 50%, respectively.



Farmland Protection Scenario: This scenario prioritizes the preservation of high-quality, contiguous cultivated land. It emphasizes stabilizing and protecting prime farmland in Hunan Province. By overlaying the cultivated land data from 1990, 2000, 2010, and 2020, areas consistently used as cultivated land across all four years are identified as long-term stable farmland. Additionally, based on previous research [50], cultivated land with a slope of less than 6° is considered high-quality farmland. The stable and high-quality farmland is combined to form a restricted conversion zone. To protect farmland, the probability of cultivated land converting to construction land is reduced by 70%, while the probability of conversion to forest land and grassland is reduced by 40%. The probability of other land use types (excluding unused land and water bodies) converting to cultivated land is increased by 50%.



Ecological Protection Scenario: This scenario incorporates natural reserves as restricted conversion zones, building upon the linear development scenario. It imposes strict limitations on the conversion of forest and grassland into farmland or construction land. The probability of farmland and unused land transitioning to forest land and water bodies is increased by 60%, while the probability of conversion to construction land is decreased by 80%. Additionally, the probability of grassland converting to forest land is increased by 60%.






3. Results


3.1. Evolution of Land Use Patterns in Hunan Province from 1990 to 2020


3.1.1. Spatiotemporal Analysis of Land Use Changes from 1990 to 2020


The spatial and temporal evolution of land use in Hunan Province is illustrated in Figure 3. Overall, the land use changes exhibit a trend of “continuous rapid expansion of construction land and a significant reduction in cultivated land”. Between 1990 and 2020, forest land, as the predominant land use type, saw an increase in the transfer-in area, while cultivated land consistently decreased and construction land expanded rapidly. Grassland and unused land experienced relatively minor fluctuations.



As shown in the spatial and temporal evolution of land use types in Figure 3a, cultivated land is primarily concentrated in the plains and lake regions of the northeast. In contrast, forest land is predominantly distributed across the mountainous and hilly areas in the northwest and southeast. Grassland is mainly located in the northwest, and water bodies run linearly from north to south, converging in the plains and lake regions of the northeast. Construction land is concentrated within the Chang-Zhu-Tan urban agglomeration, and unused land is distributed along significant water bodies in the northeast.



Figure 3b illustrates the changes in the area of land use types in Hunan Province between 1990 and 2020. Forest land and cultivated land dominate the land use types in the province, followed by grassland and water bodies. Overall, the largest transfer-out areas were observed in cultivated land and forest land, while the largest transfer-in areas were also in cultivated land and forest land. Specifically: (1) From 1990 to 2000, cultivated land and forest land had the highest average total transfer-out areas, accounting for 47% and 36%, respectively. Construction land had the largest average total transfer-in area at 54%, followed by forest land, which accounted for 17% of the total average transfer-in area. (2) From 2000 to 2010, the average total transfer-out area for cultivated land remained stable at 47%, while forest land decreased to 25%. Forest and construction land had the largest average total transfer-in areas, accounting for 37% and 21%, respectively. (3) From 2010 to 2020, the average total transfer-out areas for cultivated land and forest land were 44% and 42%, respectively, with the reduction in area continually increasing. The largest average total transfer-in areas were forest land (35%) and cultivated land (33%).



As illustrated in the land use transition map in Figure 3c, between 1990 and 2020, the primary land use conversion was from cultivated land to forest land, followed by conversions from cultivated land to construction land. (1) Between 1990 and 2000, the predominant land use conversion was from cultivated land to construction land, affecting 30 counties, including Jinshi City, Lixian County, and Linli County, primarily located in the northeastern region and the Chang-Zhu-Tan urban agglomeration. The second most common transition occurred in 29 counties, where cultivated land was converted to forest land, including Beihu District, Beita District, and Guiyang County. (2) From 2000 to 2010, the most significant conversion area was cultivated land to forest land, impacting 60 counties, including Taoyuan County, Guidong County, and Guiyang County. The next most prevalent transition type was forest land to cultivated land, which occurred in 29 counties, including Shuangpai County, Linjiang County, and Pingjiang County. (3) Between 2010 and 2020, the primary land use conversion type remained cultivated land to forest land, involving 41 counties, such as Ningyuan County, Xintian County, and Yongding District. The second most significant transition was from cultivated land to construction land, which occurred in 22 counties, including Lukou District, Shifeng District, and Tianyuan District.




3.1.2. Drivers of Land Use Expansion from 1990 to 2020


By importing land expansion data for Hunan Province from 1990 and 2020 into the LEAS module of the PLUS model 1.40, areas where land type changes occurred were identified. The contribution values of driving factors for expanding different land types were then determined using the random forest algorithm (Figure 4), with abbreviations explained in Table 1. Overall, elevation is the key factor influencing the expansion of cultivated land, forest land, grassland, water bodies, and unused land.



For cultivated land expansion, elevation, population, and proximity to the county government are the primary factors influencing it (Figure 4a). Newly cultivated land is predominantly concentrated in Junshan District and Huarong County, with a more uniform distribution in other flat areas farther from urban centers. Cultivated land typically expands into regions with lower elevation and minimal human interference. Regarding forest land expansion (Figure 4b), new forest areas are primarily located in high-altitude mountainous regions, with the most significant increase observed in Guidong County. Grassland expansion (Figure 4c) is most affected by elevation, with growth concentrated in relatively flat regions such as Lengshuitan District and Lingling District in southwestern Hunan. Newly formed water bodies (Figure 4d) are found mainly in the plain lake regions of northeastern Hunan, such as Yueyang County and Xiangyin County, due to implementation of the “returning farmland to lakes” policy. The most significant factor influencing construction land expansion is the proximity to highways (Figure 4e), with new urban construction areas forming near highway intersections. The expansion of unused land is primarily driven by unsustainable human activities, which have caused ecological degradation, rendering the land unsuitable for restoration [51] (Figure 4f). Newly expanded unused land is mainly distributed around Dongting Lake, including Yuanjiang City, Xiangyin County, and Yueyang County.





3.2. Spatiotemporal Variation Characteristics of CS in Hunan Province


Based on Figure 5, which compares CS across different land use types, forest land emerges as the dominant contributor, accounting for over 70% of the total CS. Cultivated land contributes 14%, while construction land accounts for less than 1%. Over the 30 years from 1990 to 2020, Hunan Province’s total CS increased by 2.47 × 108 tons. Specifically, forest land showed a steady increase in CS, rising by 1.85 × 108 tons. In contrast, cultivated land initially experienced a decline but later rebounded, with a net increase of 0.46 × 108 tons in CS. Construction land saw a total increase of 0.17 × 108 tons in CS, whereas grassland, water bodies, and unused land contributed relatively minor amounts to the overall total.



The spatial distribution of CS from 1990 to 2020, as illustrated in Figure 6a, shows that areas with CS exceeding 12 tons per hectare were primarily concentrated along the western and eastern borders of the province, where forest land is the prevailing land use type. In 2020, regions with CS ranging between 6 and 12 tons per hectare were located in the northwestern part of Hunan Province. Areas with CS between 5 and 6 tons per hectare were distributed across Yuanling County and Guzhang County in northwestern Hunan between 1990 and 2000, but by 2010 and 2020, these regions had shifted to the northern lake area and urban agglomerations in the central and southwestern parts of the province. Areas with CS between 3 and 5 tons per hectare were found in the northern lake region and the central and southwestern portions of Hunan in 1990 and 2000, while in 2010 and 2020, these areas were primarily concentrated in the northeastern region of the province.



Figure 6b illustrates the changes in CS over time. Between 2000 and 2010, the CS per grid in the Dongting Lake region and central urban agglomerations increased from 3.7 tons to 5.7 tons. However, from 2010 to 2020, a slight decline in CS was observed across several counties, particularly within the Chang-Zhu-Tan urban agglomeration, where per-grid CS decreased from 5.7 tons to 3.9 tons. Conversely, the CS per grid in the northwestern and southwestern regions of the province increased during this period. Overall, from 1990 to 2020, most areas experienced significant increases in per-grid CS, with the most substantial growth observed in Guidong County, where per-grid CS rose from 2.7 tons to 13.3 tons. In contrast, the northern part of the Dongting Lake area experienced a notable decline in CS, dropping values from 14.2 tons to 2.7 tons per grid.




3.3. Scenario Simulation of Land Use and CS in Hunan Province for 2030–2040


3.3.1. Multi-Scenario Analysis of Land Use Changes


Based on the land use data and previous analyses, four future scenarios were established: natural development, rapid development, cultivated land protection, and ecological protection. The PLUS model 1.40 was employed to predict land use changes for 2030 and 2040 under these scenarios.



Figure 7 presents the land use predictions for Hunan Province in 2030 and 2040 under different scenarios. Across all four scenarios, forest land remains the dominant land type in Hunan, followed by cultivated land, grassland, water bodies, and construction land. The cultivated land area shows a declining trend in three scenarios, excluding the cultivated land protection scenario. Forest land increases only in the ecological protection scenario, while the proportion of construction land rises rapidly under natural and rapid development scenarios.



Figure 8 illustrates land transfers in Hunan Province in 2030 and 2040 under various scenarios. Significant land transfers occur in the natural development scenario (S1) as forest land and cultivated land are converted to construction land across many counties. Forest land constitutes the largest transfer-out area share, accounting for 27% and 51% in 2030 and 2040, respectively. Conversely, construction land represents the largest transfer-in area share, making up 38% and 72%, respectively. In the rapid development scenario (S2), the total area of land conversion is the largest, with a rapid expansion of construction land. Forest land is the predominant type being transferred out, representing 27% and 52% in 2030 and 2040, respectively. Construction land again constitutes the most significant transferred-in type, comprising 36% and 69%. In the cultivated land protection scenario (S3), the total land transfer area is the smallest, with a slower construction land expansion. The pressure on surrounding farmland is less severe compared with the natural development scenario, and high-quality cultivated land is protected. Forest land is the largest share of the transferred-out area, while construction land comprises the largest transferred-in area. Although the proportion of construction land increases, the overall area of land transfers is relatively small due to the protection of cultivated land, resulting in less significant construction land expansion than the natural development and rapid development scenarios. In the ecological protection scenario (S4), measures such as restricting land use changes in nature reserves, converting farmland back to forest, and restoring grasslands are implemented. These actions prevent transfers of forest and grassland, while some cultivated land is converted to forest and grassland. Cultivated land constitutes the largest share of transferred-out areas, accounting for 83% and 51% in 2030 and 2040, respectively. Forest land represents the most significant transferred-in type, comprising 60% and 73%, respectively.




3.3.2. Changes in CS under Multi-Scenario Land Use Simulation in Hunan Province


Based on four future land use scenarios for Hunan Province, the Carbon module of the InVEST model 3.14.2 was applied to simulate and predict CS from 2030 to 2040 under these scenarios, followed by an analysis of the outcomes. The InVEST model 3.14.2’s Carbon module was used to calculate the changes in CS for the natural development, rapid development, cultivated land protection, and ecological protection scenarios in 2030 and 2040 (Table 4). In both 2030 and 2040, the ecological protection scenario exhibited a significantly stronger carbon sink effect compared with the other three scenarios, suggesting that limiting the conversion of ecological land to construction land is essential for Hunan Province to advance toward carbon neutrality.



From a spatial perspective (Figure 9), areas with CS exceeding 12 t per grid cell are predominantly located along the western and eastern borders of Hunan Province. Regions with CS between 6 t and 12 t are concentrated in the northwest, while areas with CS between 5 t and 6 t are found around the Dongting Lake urban cluster in the north as well as in the central and southwestern regions. CS values ranging from 3 t to 5 t are primarily found in central areas such as Kaifu and Tianxin Districts.



CS variation across different scenarios is shown in Figure 10: (S1) Under the natural development scenario, between 2020 and 2030, 38 counties experienced a reduction in CS of less than 0.5 × 108 t, with only a few counties showing an increase. However, from 2020 to 2040, the areas of CS reduction expanded considerably, with 30 counties seeing reductions exceeding 1.5 × 108 t. (S2) The rapid development scenario followed a similar pattern, with a significant rise in the number of counties experiencing declines in CS, while only a few counties saw increases. (S3) Under the cultivated land protection scenario, most regions saw a continued decrease in CS between 2020 and 2030, with only five counties showing minor increases. By 2040, reductions in CS across 78 counties were less than 1 × 108 t. (S4) Under the ecological protection scenario, there is a significant increase in the regions with rising carbon storage compared to other scenarios. From 2020 to 2030, a total of 101 counties experience growth in carbon storage, with most counties seeing an increase ranging from 0.5 × 108 to 1 × 108 tons. By 2040, the number of counties with increasing carbon storage continues to rise, with 57 counties showing an increase greater than 1.5 × 108 tons. In summary, under the natural and rapid development scenarios, the acceleration of urbanization leads to the rapid conversion of agricultural land for construction, with high-carbon-density areas such as forests and grasslands being replaced by low-carbon-density land uses, resulting in a continuous decline in carbon storage across Hunan Province. Although the farmland protection scenario ensures economic benefits, it also leads to some loss of ecological benefits. In contrast, the implementation of ecological protection measures significantly enhances carbon storage.



In summary, under the natural and rapid development scenarios, accelerated urbanization led to the rapid conversion of cultivated land to construction land, causing high-carbon-density regions, such as forests and grasslands, to be converted into low-carbon-density areas. This shift resulted in a steady decline in Hunan Province’s overall CS. Although the cultivated land protection scenario provided economic benefits, it also resulted in some ecological losses. In contrast, ecological protection measures significantly enhanced CS.






4. Discussion


4.1. Analysis of Land Use and CS Evolution Caused by Regional Resource Imbalances


Under the “dual carbon” development goals, this study explores the impact of land use change on CS from a regional resource imbalance perspective, employing the InVEST and PLUS models 1.40 to forecast and analyze CS. Firstly, this research innovatively considers the influence of natural and socio-economic factors driving regional resource imbalances on land use and CS, whereas most existing studies primarily focus on single natural elements [52], such as water networks or arid lands. Secondly, it examines the relationship between land use and CS evolution at the provincial scale while offering a novel, in-depth analysis at the county level. By studying at the county scale, this approach diverges from previous studies [53], providing detailed insights into inter-county differences and offering targeted recommendations for change analysis and policy development.



The findings indicate that, in regions with extensive mountainous areas, CS is predominantly concentrated in forest ecosystems. Additionally, differences in regional resource endowment have led to distinctive patterns of land use change throughout 30 years of urbanization and industrialization. Within the ecological barrier zones of Hunan Province, including mountainous areas and four major river basins, there has been a steady increase in CS over the past three decades, from 4.6 to 5.4 t, underscoring the importance of preserving Hunan’s ecological security barriers—a conclusion corroborated by Zhou et al. [54]. In contrast, CS has decreased in areas with high human activity, such as the central plains, due to ecosystem fragmentation and degradation. Notably, CS in the northern Dongting Lake region dropped significantly from 13.7 to 2.8 t per grid cell between 2000 and 2010, consistent with findings from provincial and municipal studies [35]. Forest and cropland remain the primary CS land types, in line with other relevant research results [55,56]. This study aims to support low-carbon green development, optimize spatial planning, and provide theoretical insights for sustainable policy planning.




4.2. Considerations for Future Scenario Predictions of CS Enhancement


In this study, the total CS in the research area increased by 0.22 × 108 t and 0.31 × 108 t in 2030 and 2040, respectively, under the ecological protection scenario. This scenario effectively preserves high-carbon-density land types such as grassland and forest land [57,58]; however, it also highlights insufficient protection for cultivated land, which warrants further specific discussion. Under the cultivated land protection scenario, although cultivated land area increased, forest land substantially decreased and construction land expanded, leading to a reduction in CS. Meanwhile, the rapid development and natural development scenarios indicate that the unregulated expansion of construction land results in significant losses.



In light of previous studies and the results of this research, regional protection efforts should emphasize sustainable land use to enhance regional CS [59]. Firstly, strengthening the protection of ecological lands, such as forests and grasslands [60], is crucial to maintaining the ecological benefits of reforestation and wetland restoration programs. Secondly, strict adherence to the cultivated land protection boundaries and restricting urban development limits are essential to curbing the encroachment of construction land. Lastly, attention should be given to the transitions between cultivated land, forest land, and water networks, with a focus on expanding forested areas to bolster future CS.



This study utilized the PLUS model 1.40 to explore land use changes, which provides a comprehensive consideration of climatic, environmental, and socio-economic factors. However, the model does not fully account for policy impacts on land use, which could introduce potential biases into the simulation results. To improve the accuracy of future research, policy factors should be integrated to achieve more robust predictive outcomes.




4.3. Strategic Recommendations for CS Development


The terrestrial ecosystem carbon pool is a core component of CS, with over 70% of Hunan Province’s CS coming from forest land. However, the high-intensity disturbances from human activities have led to the conversion of significant land areas into construction land, posing challenges to ecological conservation efforts. Implementing the “Grain for Green” policy has become necessary to sustain ecological balance. Nonetheless, large-scale reforestation is no longer viable for future development [61]. Thus, enhancing ecological protection will be crucial for increasing CS and achieving sustainable development.



Based on the study’s findings, the following policy recommendations are proposed: (1) Carefully consider policy development guided by regional resource imbalances, prioritizing the strict protection of high CS areas while restricting further ecological degradation in densely populated areas. (2) Establish a robust ecological compensation mechanism to increase CS by providing financial incentives to those who generate ecological benefits. (3) Support and encourage carbon sequestration initiatives, such as wetland protection, restoration projects, and lake rehabilitation. (4) Develop a comprehensive monitoring and assessment system for CS to track the carbon sequestration in ecosystems such as forests and wetlands, thereby providing a scientific basis for informed decision making.



Finally, due to data limitations, this study did not account for the effects of climate variability, nitrogen deposition, increased carbon dioxide concentrations, and other influencing factors in the calculation of CS, which presents certain limitations. Therefore, future research should consider these factors to enhance the model’s simulation accuracy and provide a theoretical and scientific basis for the precise calculations of CS.





5. Conclusions


This study utilizes the PLUS-InVEST integrated model to assess the CS of land use across 122 counties in Hunan Province from 1990 to 2020, examining the implications of regional resource imbalance and predicting land use and CS under four scenarios for 2030 and 2040.



	(1)

	
From 1990 to 2020, land use in Hunan Province exhibited significant changes, characterized by a substantial reduction in arable land and a dramatic increase in construction land. In the context of regional resource endowment imbalances, ongoing human activities in the Dongting Lake area, the Chang-Zhu-Tan urban agglomeration, and the southern plain region have led to the continuous expansion of construction land.




	(2)

	
The increment of CS is primarily concentrated within Hunan Province’s ecological barrier, particularly in the Dongting Lake area, the Wuling-Xuefeng Mountains, the Nanling Mountains, and the Luoxiao-Mufu Mountain regions, as well as in the basins of the Xiang, Zi, Yuan, and Li rivers. During this period, CS increased from 22.69 × 108 t to 25.17 × 108 t, reflecting a gradual upward trend. Forest CS constitutes over 70% of the total CS in Hunan, which is closely linked to the implementation of the “Returning Farmland to Forest” policy since 2000 and the low intensity of human activities within the ecological barrier.




	(3)

	
To enhance CS, predictions of CS under the four future scenarios indicate that the majority of counties exhibit continuous increases in CS within the ecological protection scenario, demonstrating significant ecological benefits compared with the other three scenarios.







Therefore, understanding the interactive relationship between land use changes and CS in Hunan Province suggests that maintaining regional ecological development and adopting refined land management policies at the county level are essential strategies for effectively enhancing regional CS. This study explores the impact of land use changes on CS across 122 counties from the perspective of regional resource imbalance, providing methodological references for the scientific management of other resource-imbalanced regions. Additionally, practical applications can leverage predictive simulations to select the most suitable land use practices for achieving CS objectives.
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Figure 1. Elevation and county distribution map of the study area. 
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Figure 2. Technical Roadmap. 
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Figure 3. Land use in Hunan Province from 1990 to 2020: (a) shows the spatiotemporal evolution of land use types; (b) illustrates the area changes of land use types; (c) presents the land use transition map. The asterisk in (c) represents the positioning of land use transfer. 
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Figure 4. Expansion of various land use types in Hunan province from 1990 to 2020 and their major influencing factors. Figures (a–f) represent the contribution of driving factors to the expansion of different land types, specifically cultivated land, forest, grassland, water body, construction land, and bare land, respectively. 
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Figure 5. CS in Hunan Province from 1990 to 2020. 
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Figure 6. Spatial distribution and changes in CS in Hunan Province from 1990 to 2020. In the legend of (a), Class I indicates grids with carbon storage between 0 and 3 tons, Class II corresponds to grids with carbon storage between 3 and 5 tons, and so forth, with Class V representing grids with carbon storage exceeding 12 tons. In the legend of (b), Class V→I refers to grids where carbon storage, initially exceeding 12 tons, has decreased to a range of 0 to 3 tons by the target year. 
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Figure 7. Land use in Hunan Province under different scenarios for 2030 and 2040. 
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Figure 8. Land use change in Hunan Province under different scenarios for 2030 and 2040 (relative to 2020). 
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Figure 9. CS in Hunan Province under different scenarios for 2030 and 2040. In the legend of this Figure, Class I represents grids with carbon storage between 0 and 3 tons, Class II corresponds to grids with carbon storage between 3 and 5 tons, and Class V indicates grids with carbon storage exceeding 12 tons. 
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Figure 10. Changes in CS in Hunan Province under different scenarios for 2030 and 2040 (relative to 2020). 
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Data Type

	
Data Name

	
Data Source






	
Land use data

	
Land use classification data

	
Resource and Environment Data Center of the Chinese Academy of Sciences (http://www.resdc.cn)




	
Socio-economic data

	
Population (POP)

	
Resource and Environment Data Center of the Chinese Academy of Sciences (http://www.resdc.cn)




	
GDP

	
Resource and Environment Data Center of the Chinese Academy of Sciences (http://www.resdc.cn)




	
Distance to roads (YJDL)

	
National Geographic Information Resources Directory Service System




	
Distance to county government (XZF)

	
National Geographic Information Resources Directory Service System




	
Climate and environmental data

	
Soil type (SOIL)

	
Resource and Environment Data Center of the Chinese Academy of Sciences (http://www.resdc.cn)




	
Annual average temperature (TEM)

	
Resource and Environment Data Center of the Chinese Academy of Sciences (http://www.resdc.cn)




	
Annual average precipitation (PRE)

	
Resource and Environment Data Center of the Chinese Academy of Sciences (http://www.resdc.cn)




	
Elevation (DEM)

	
Geospatial Data Cloud




	
Slope (SLOPE)

	
Geospatial Data Cloud




	
Distance to water bodies (WATER)

	
National Geographic Information Resources Directory Service System











 





Table 2. Carbon density values for Hunan Province from 1990 to 2020 (Mg·ha−1).






Table 2. Carbon density values for Hunan Province from 1990 to 2020 (Mg·ha−1).





	
Ecosystem Types

	
Carbon Density

	
1990

	
2000

	
2010

	
2020






	
Cultivated land

	
Aboveground biomass     C   a b o v e    

	
1.57

	
1.53

	
1.80

	
1.88




	
Belowground biomass     C   b e l o w    

	
0.29

	
0.29

	
0.34

	
0.37




	
Dead organic matter     C   d e a d    

	
0.00

	
0.00

	
0.00

	
0.00




	
Soil     C   s o i l    

	
51.29

	
49.84

	
58.89

	
61.65




	
Forest land

	
Aboveground biomass     C   a b o v e    

	
25.74

	
26.21

	
27.53

	
28.34




	
Belowground biomass     C   b e l o w    

	
6.95

	
7.08

	
7.43

	
7.65




	
Dead organic matter     C   d e a d    

	
1.09

	
1.11

	
1.17

	
1.21




	
Soil       C   s o i l    

	
101.29

	
103.13

	
108.35

	
111.56




	
Grassland

	
Aboveground biomass     C   a b o v e    

	
1.02

	
1.17

	
1.15

	
1.24




	
Belowground biomass     C   b e l o w    

	
2.06

	
2.35

	
2.30

	
2.48




	
Dead organic matter     C   d e a d    

	
1.09

	
1.11

	
1.17

	
1.21




	
Soil     C   s o i l    

	
52.62

	
60.24

	
58.92

	
63.67




	
Water bodies

	
Aboveground biomass     C   a b o v e    

	
9.73

	
9.45

	
9.16

	
8.88




	
Belowground biomass     C   b e l o w    

	
2.24

	
2.17

	
2.10

	
2.04




	
Dead organic matter     C   d e a d    

	
1.09

	
1.06

	
1.02

	
0.99




	
Soil     C   s o i l    

	
144.86

	
140.54

	
136.23

	
132.13




	
Construction land

	
Aboveground biomass     C   a b o v e    

	
0.00

	
0.00

	
0.00

	
0.00




	
Belowground biomass     C   b e l o w    

	
0.00

	
0.00

	
0.00

	
0.00




	
Dead organic matter     C   d e a d    

	
0.00

	
0.00

	
0.00

	
0.00




	
Soil     C   s o i l    

	
32.04

	
35.71

	
39.82

	
44.32




	
Unused land

	
Aboveground biomass     C   a b o v e    

	
0.00

	
0.00

	
0.00

	
0.00




	
Belowground biomass     C   b e l o w    

	
0.00

	
0.00

	
0.00

	
0.00




	
Dead organic matter     C   d e a d    

	
0.00

	
0.00

	
0.00

	
0.00




	
Soil     C   s o i l    

	
32.23

	
31.67

	
31.12

	
30.59











 





Table 3. Land use transition matrix for Hunan Province from 1990 to 2020.






Table 3. Land use transition matrix for Hunan Province from 1990 to 2020.





	
Development Scenarios

	
Land Use Types

	
Cultivated Land

	
Forest Land

	
Grassland

	
Water Body

	
Construction Land

	
Unused Land






	
Natural Development

	
Cultivated land

	
1

	
1

	
1

	
1

	
1

	
1




	
Forest land

	
0

	
1

	
0

	
0

	
1

	
1




	
Grassland

	
1

	
1

	
1

	
1

	
1

	
1




	
Water body

	
0

	
0

	
0

	
1

	
0

	
0




	
Construction land

	
0

	
0

	
0

	
0

	
1

	
0




	
Unused land

	
1

	
1

	
1

	
1

	
1

	
1




	
Rapid Development

	
Cultivated land

	
1

	
1

	
1

	
1

	
1

	
1




	
Forest land

	
0

	
1

	
0

	
0

	
1

	
1




	
Grassland

	
1

	
1

	
1

	
1

	
1

	
1




	
Water body

	
0

	
0

	
0

	
1

	
1

	
0




	
Construction land

	
0

	
0

	
0

	
0

	
1

	
0




	
Unused land

	
1

	
1

	
1

	
1

	
1

	
1




	
Farmland Protection

	
Cultivated land

	
1

	
0

	
0

	
0

	
0

	
0




	
Forest land

	
0

	
1

	
0

	
0

	
1

	
1




	
Grassland

	
1

	
1

	
1

	
1

	
1

	
1




	
Water body

	
0

	
0

	
0

	
1

	
0

	
0




	
Construction land

	
0

	
0

	
0

	
0

	
1

	
0




	
Unused land

	
1

	
1

	
1

	
1

	
1

	
1




	
Ecological Protection

	
Cultivated land

	
1

	
1

	
1

	
1

	
1

	
1




	
Forest land

	
0

	
1

	
0

	
0

	
0

	
1




	
Grassland

	
0

	
1

	
1

	
1

	
0

	
1




	
Water body

	
0

	
0

	
0

	
1

	
0

	
0




	
Construction land

	
0

	
0

	
0

	
0

	
1

	
0




	
Unused land

	
1

	
1

	
1

	
1

	
1

	
1








Note: 0/1, where 0 indicates that the land use type will not convert to another land use type, and 1 indicates that conversion is possible.













 





Table 4. Land use types in Hunan Province under multiple scenarios for 2030 and 2040.






Table 4. Land use types in Hunan Province under multiple scenarios for 2030 and 2040.





	
Time

	
Land Use Types

	
Natural Development (S1)

	
Rapid Development (S2)

	
Cultivated Land Protection (S3)

	
Ecological Protection (S4)




	
Carbon Storage/   ×   10   8      t

	
Proportion/%

	
   Carbon   Storage / ×   10   8      t

	
Proportion/%

	
   Carbon   Storage / ×   10   8      t

	
Proportion/%

	
   Carbon   Storage / ×   10   8      t

	
Proportion/%






	
Year 2030

	
Cultivated Land

	
3.75

	
14.86

	
3.71

	
14.75

	
3.80

	
15.07

	
3.69

	
14.54




	
Forest land

	
19.60

	
77.71

	
19.57

	
77.71

	
19.61

	
77.70

	
19.85

	
78.19




	
Grassland

	
0.47

	
1.86

	
0.47

	
1.86

	
0.46

	
1.83

	
0.45

	
1.79




	
Water bodies

	
1.06

	
4.20

	
1.06

	
4.19

	
1.05

	
4.17

	
1.08

	
4.25




	
Construction land

	
0.32

	
1.26

	
0.35

	
1.38

	
0.28

	
1.11

	
0.28

	
1.11




	
Unused land

	
0.03

	
0.12

	
0.03

	
0.12

	
0.03

	
0.12

	
0.03

	
0.12




	
Year 2040

	
Cultivated land

	
3.70

	
14.72

	
3.64

	
14.52

	
3.81

	
15.12

	
3.60

	
14.11




	
Forest land

	
19.52

	
77.60

	
19.47

	
77.58

	
19.55

	
77.59

	
20.01

	
78.51




	
Grassland

	
0.46

	
1.83

	
0.46

	
1.83

	
0.45

	
1.79

	
0.44

	
1.71




	
Water bodies

	
1.07

	
4.24

	
1.06

	
4.23

	
1.05

	
4.19

	
1.11

	
4.34




	
Construction land

	
0.37

	
1.48

	
0.43

	
1.72

	
0.30

	
1.20

	
0.31

	
1.20




	
Unused land

	
0.03

	
0.12

	
0.03

	
0.12

	
0.03

	
0.12

	
0.03

	
0.11
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