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Introduction: Regional carbon storage is a significant indicator of ecosystem service functions. Examining the impact of changes in land use on carbon stock in the Chang-Zhu-Tan urban agglomeration under different topographic reliefs is paramount for sustainable land resource utilization and realizing carbon peaking and neutrality goals.Methods: This study focuses on the Chang-Zhu-Tan urban agglomeration, using the InVEST model in combination with land use data to explore the distribution pattern of land use change and carbon storage from the perspective of topographic relief.Results: The research results show that:(1) the optimal analysis window for topographic reliefs in the study area is 17 × 17, covering an area of 0.26 km², with an average topographic relief of 78.58 m. (2) Between 2000 and 2020, Cultivated land and forest land decreased by 592.27 km² and 421.5 km², respectively, while the built-up land area increased by 982.36 km². (3) Due to human activities, carbon stock in the study area showed a decreasing trend, with a total reduction of 13.37 × 106 tons over the past 20 years. (4) The distribution of carbon stock across topographic reliefs mainly exhibits low-value and moderate-value carbon stock concentrations in flat and slightly undulating areas. In contrast, moderately high-value and high-value carbon stock concentrations are concentrated in gently and moderately undulating areas.Discussion: These research findings provide a scientific foundation for optimizing the spatial pattern of the study area and formulating carbon peak and carbon-neutral policies.Keywords: topographic relief, InVEST model, land-use change, carbon storage, Chang-Zhu-Tan urban agglomeration
1 INTRODUCTION
As globally significant carbon reservoirs, land ecosystems sequester greenhouse gases such as carbon dioxide through carbon sequestration, storing them within the carbon reservoir (Li et al., 2021; He et al., 2016). As an essential component of carbon sinks, land-based ecosystem carbon storage plays a significant role in addressing climate change and achieving carbon neutrality (Gong et al., 2022; Cantarello et al., 2011). Land use changes directly impact terrestrial ecosystems’ carbon storage (Zhao et al., 2018; Fu et al., 2019). Rapid urbanization exacerbates conflicts between humans and the land, as intense human land use leads to ecosystem degradation, reducing carbon storage in terrestrial ecosystems (Lin et al., 2022a; Cao et al., 2022). Against the backdrop of the carbon peak and carbon neutral goals, studying the relationship between changes in land use and the distribution of carbon storage in terrestrial ecosystems is of great significance for enhancing regional ecosystem carbon sink capacity, achieving carbon peak and neutrality targets, and promoting regional sustainable development (Deng et al., 2022; Li et al., 2018).
Scholars have recently researched the correlation between land use and carbon storage changes. Gao Jing, through a spatiotemporal analysis of carbon storage evolution in the Yangtze River Delta region, found that the leading cause of reduced regional carbon storage was primarily attributed to socio-economic factors rather than natural causes (Gao and Wang, 2019). Li Lu researched the correlation between urban growth and carbon storage in Wuhan, China. They found that under integrated spatial regulation, the urban demand for high-carbon-density land decreases, and regional carbon storage decreases accordingly (Li et al., 2020). Du Xuejun found that due to increased carbon emissions from urban areas and reduced carbon sinks in forests, the ecosystem service value of Hangzhou, China, has been continuously declining, with significant impacts on ecology and the environment resulting from land use change (Du and Huang, 2017). These studies found that land use is the primary factor leading to changes in carbon storage and affects the functionality and composition of ecosystems, thereby controlling the capacity of carbon sequestration of regional ecosystems. Research on changes in land use can effectively analyze its impact on carbon storage. Recently, much research based on different types of land use characteristics (Wang R.-Y. et al., 2024; Yue et al., 2023), combined with the Lund-Potsdam-Jena-guess (LPJ-GUESS) dynamic vegetation model (Zhao et al., 2014), denitrification-decomposition (DNDC) model (Musafiri et al., 2021), and global production efficiency model (GLO-PEM) (Tan et al., 2012), evaluates regional ecosystem carbon storage. However, these models suffer from drawbacks such as long sampling periods, complex data requirements, and large workloads (Zhu et al., 2021; Jiang et al., 2017). In contrast, the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) model, with its minimal data requirements, high precision, and convenient operation, has widely applied its carbon storage module in terrestrial ecosystem carbon storage research (He et al., 2023; Wu et al., 2024). For example, Sun Tiancheng used the InVEST model to assess carbon storage in the southeastern coastal zone of Hainan Island and proposed ecosystem restoration strategies for coastal zones (Sun et al., 2023). He Chunyang employed the InVEST model to evaluate carbon storage changes in Beijing. They found that the associated model could effectively assess the impact of future urban expansion on the environment (He et al., 2016). The studies, as mentioned earlier, have achieved satisfactory results by coupling changes in land use with the InVEST model, which enables a clear reflection of the spatial distribution pattern of carbon storage (Adelisardou et al., 2022; Li et al., 2023).
Scholars have conducted numerous studies using the InVEST model to investigate the correlation between changes in land use and regional carbon storage (Wang C. et al., 2022; Wang Y. et al., 2024). However, only a few studies have considered the impact of topographic relief on changes in carbon storage (Fang et al., 2018; Meena et al., 2021). As a core element of dual evaluation in national spatial planning, Terrain topography plays a crucial role in regional ecological protection and sustainable development (Shi et al., 2022; Xu and Dong, 2023). The topography of the Chang-Zhu-Tan urban agglomeration (CZTUA) is primarily characterized by hills and ridges, which are unique surface landforms. The rugged terrain renders ecosystems relatively fragile and significantly impacts the functions of regional ecosystems and the sustainable development of socio-economics (Yang et al., 2022). Therefore, studying the pattern of carbon storage changes in the CZTUA from the perspective of topographic reliefs is of particular reference significance for optimizing related land use and enhancing ecosystems’ carbon sequestration service capacity.
The new development direction explored in China’s new urbanization involves central cities driving the development of urban agglomeration and urban agglomeration, propelling regional development. As an integral part of the Yangtze River Economic Belt, the CZTUA serves as a core area for China’s economic and social development and a a key area for developing new urbanization (Mi et al., 2023, Tang et al., 2021). It bears the historical responsibility of regional coordinated development. Research on the CZTUA can effectively address common problems in developing urban agglomerations. Therefore, taking the CZTUA as the research area, based on land use and Digital Elevation Model (DEM) data, employing the neighborhood analysis method to extract topographic reliefs and mean change point method to extract the optimal analysis window for topographic reliefs. Using the carbon storage module of the InVEST model, this research investigates the changes in land use and carbon storage from the perspective of topographic reliefs in the study area during three periods: 2000, 2010, and 2020. It aims to reveal the impact of land use change on carbon storage and explore the distribution patterns of carbon storage in the CZTUA about topographic reliefs, aiming to provide a scientific foundation for optimizing the spatial pattern of the study area and formulating carbon peak and carbon neutral policies.
2 MATERIALS AND METHODS
2.1 Study area
Located in the central part of China, the CZTUA is an essential component of the Yangtze River economic belt, Comprising the three cities of Changsha, Zhuzhou, and Xiangtan, with an area of nearly 28,000 km2 (Figure 1). The topography of the CZTUA is notably unique, characterized by a combination of hills and ridges, with a regional climate predominantly influenced by subtropical monsoon climates and vegetation mainly composed of subtropical evergreen broad-leaved forests. The area is rich in forestry resources, with forested land accounting for 62.29% of the total area in 2020. The annual average temperature ranges between 16°C and 18°C, while annual precipitation ranges between 1,200 and 1,500 mm. In 2022, the total population of the research area was approximately 17 million, with a gross domestic product (GDP) of 281.97 billion US dollars, accounting for 41.7% of Hunan Province’s GDP. The CZTUA is the most developed region in terms of economy and society in Hunan Province. It is a significant ecological security barrier for the Yangtze River economic belt (Mi et al., 2023). Balancing the relationship between urban agglomeration development and ecosystem protection is an essential proposition for the sustainable development of the research area.
[image: Figure 1]FIGURE 1 | Regional location of Chang-Zhu-Tan urban agglomeration.
2.2 Data sources
The land use data and administrative boundary data for the three periods in 2000, 2010, and 2020 were sourced from the Chinese Academy of Sciences Resource and Environmental Science Data Center (https://www.resdc.cn), with a resolution of 30 m. Following the first-level classification standard of land use status in China, land use is divided into six major categories (cultivated land, forest land, grassland, water, built-up land, and unused land). DEM data were acquired using the ASTER Global Digital Elevation Map (v2) from the Geospatial Data Cloud (http://www.gscl.oud.cn/), with a resolution of 30 m.
The carbon density data primarily rely on research findings from certain scholars (Ouyang et al., 2021; Ouyang et al., 2022) and the carbon density dataset of Chinese terrestrial ecosystems (Xu et al., 2019). Due to incomplete data on the carbon density of dead organic matter, it was not included in the calculation scope. Carbon density data are presented in Table 1.
TABLE 1 | Carbon density of different land use types in the study area t/hm2.
[image: Table 1]2.3 Methods
2.3.1 Window analysis method
Using DEM data, the window analysis method (neighborhood analysis method) was employed to extract topographic relief (Hui et al., 2015), with the formula as follows (see Equation 1):
[image: image]
In the equation, D represents the topographic relief of different grid cells under different windows; Hmax denotes the maximum altitude of the grid; and Hmin denotes the minimum elevation of the grid.
2.3.2 Mean change point method
The mean change point method was used to determine the ideal analysis window for topographic relief in the research (Zhao et al., 2017). The mean shift analysis method is a statistical analysis method used to calculate points of anomaly and mutation within a data series, and it is particularly effective for calculating points with only one inflection point. The formula is as follows:
1) Based on the average topographic relief values for each analysis window, the average topographic relief value per unit area for each window is calculated using Equation 2:
[image: image]
In the equation, Ti represents the unit topographic relief value corresponding to the i window; ti represents the average topographic relief value under the i window; Si represents the area of the window; i denotes the window size, ranging from 1, 2, 3, to n, where n is the maximum size of the window. In this study, n is 49; thus, the maximum window size is 49 × 49.
2) Based on the unit topographic relief values under different windows, Equation 3 was used to perform logarithmic calculations.
[image: image]
In the equation, Xi represents the logarithm of Ti.
3) Equations 4, 5 were employed to calculate the arithmetic mean X and the sum of the squared deviations S for the sequence {Xi}:
[image: image]
[image: image]
X represents the sequence {Xi} arithmetic mean, and S represents the sum of squares of deviations for the total sample.
4) For each k value (2, 3, 4,..., n), the sequence was divided into two parts, {X1, X2,..., Xk-1} and {Xk, Xk+1,..., Xn}. Then, the arithmetic means Xk1 and Xk2 are calculated separately for each sequence part, along with the statistical parameter Sk. The formula is as follows (see Equation 6):
[image: image]
In the equation, Sk denotes the sum of squares of deviations for the two consecutive segments of samples.
By computing the difference between S and Sk, the maximum difference between them identifies the inflection point, which is the optimal analysis window.
2.3.3 Topographic Relief Extraction
2.3.3.1 Determination of the optimal analysis window
The study uses the window analysis method to analyze the DEM data, resulting in 49 different windows of topographic relief layers. The average topographic relief values and grid area corresponding to different windows were statistically analyzed. As shown in (Figure 2), a good fit existed between the regions corresponding to various windows and the average topographic relief. The coefficient of determination R2 was 0.956. The mean change point method was utilized to more accurately find the optimal analysis window corresponding to the fitted curve. As shown in (Figure 3), the maximum difference between S and Sk was 31.36 at the 16th point, corresponding to a 17 × 17 analysis window with an area of 0.26 km2. Thus, the analysis window at this point was considered the optimal window for extracting topographic relief.
[image: Figure 2]FIGURE 2 | Fitting curve of the relation between grid units and average topographic relief.
[image: Figure 3]FIGURE 3 | The difference change curve between S and Sk.
2.3.3.2 Topographic relief extraction
Based on the DEM data, topographic relief of the CZTUA was extracted using a 17 × 17 analysis window. The region’s topographic relief range was 0–600 m, with an average topographic relief of 78.58 m. Based on the topographic characteristics of the CZTUA and referring to the research results of some scholars (Zhang et al., 2018; Chen et al., 2016), divide the topographic relief of the study area into four levels: flat (0–30 m), slightly undulating (30–70 m), gently undulating (70–200 m), and moderately undulating (>200 m). The topographic relief classification map (Figure 4) and the classification statistics table (Table 2) were created by drawing and calculating the area proportions of various types of topographic relief.
[image: Figure 4]FIGURE 4 | The map of topographic relief levels in the study area.
TABLE 2 | The statistics of Topographic relief levels in the study area.
[image: Table 2]Figure 4; Table 2 show that the topographic relief of the CZTUA is predominantly characterized by flat, slightly undulating, and gently undulating terrains, accounting for 92.03% of the study area. Flat areas occupy the most significant proportion at 31.94%, followed by gently undulating and slightly undulating areas, accounting for 31.04% and 29.05%, respectively. Moderately undulating areas have the smallest area, accounting for only 7.97%. Regarding spatial distribution, flat areas are mainly distributed in the northern and central parts of Changsha, the eastern and middle parts of Xiangtan, and the central and northwestern parts of Zhuzhou. Slightly undulating areas are mainly distributed around flat areas, with some areas interspersed with flat areas. Gently undulating areas are mainly distributed on the eastern and western sides of Changsha, the western and southern parts of Xiangtan, and the central-northern, northeastern, eastern, and southeastern parts of Zhuzhou. Moderately undulating areas are primarily distributed in the eastern parts of Changsha and the eastern and southeastern parts of Zhuzhou, with some areas interspersed with gently undulating areas. Overall, the topographic relief of the CZTUA exhibits a spatial distribution characterized by “low in the central part, high around the periphery.”
2.3.4 Carbon storage assessment based on the InVEST model
Using the carbon storage module of the InVEST model, combined with land cover data and carbon storage from four carbon pools (aboveground biomass carbon density, belowground biomass carbon density, soil carbon density, and dead organic matter carbon density), to calculate the carbon storage of regional ecosystems (Wang Y. et al., 2024), with the formula as follows (see Equations 7, 8):
[image: image]
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Where Ci represents the total carbon density of land type i; Ci_above is the aboveground biomass carbon density of land type i; Ci_below is the belowground biomass carbon density of land type i; Ci_soil is the soil organic carbon density of land type i; Ci_dead denotes the dead organic matter carbon density of land type i; Ci_total is the total carbon storage of land type i; Ai denotes the area of land type i.
3 RESULTS
3.1 Land use change
3.1.1 Land use dynamics and transitions
As illustrated in Figure 5, forests and cultivated lands are the predominant land use types in the CZTUA, collectively covering over 90% of the total study area. Transition matrices were constructed for 2000–2010, 2010–2020, and 2000–2020 (Table 3). Combining these matrices with the land use distribution maps (Figure 6), it can be concluded that land use transitions within the CZTUA from 2000 to 2010 primarily occurred among cultivated lands, forests, and built-up lands. Cultivated lands witnessed the largest outflow, covering 318.15 km2, followed by forests with 221.58 km2. A significant inflow was observed in built-up lands, totaling 518.64 km2. Apart from mutual transitions between cultivated lands and forests, most outgoing lands were converted to built-up lands. Additionally, water and unused lands received 19.80 km2 and 5.79 km2, respectively, while grasslands contributed 4.49 km2 to the outflow. The trends persisted from 2010 to 2020, with cultivated lands and forests predominantly converting to built-up lands, albeit slowly. Specifically, cultivated lands saw an outflow of 274.12 km2, forests 199.91 km2, and the built-up regions experienced an inflow of 463.73 km2. Moreover, water continued to expand, with an inflow of 23.37 km2, unused lands exhibited an outflow of 2.68 km2, and grasslands 10.39 km2. Overall, between 2000 and 2020, land use changes in the CZTUA were characterized primarily by a reduction in cultivated land and forest land and an increase in built-up land. Cultivated land and forest land decreased by 592.27 km2 and 421.5 km2, respectively, while the built-up land area increased by 982.36 km2.
[image: Figure 5]FIGURE 5 | Percentage of different land use types of area in the study area from 2000 to 2020.
TABLE 3 | Land use transfer matrix from 2,000 to 2,020/km2.
[image: Table 3][image: Figure 6]FIGURE 6 | Spatial distribution of land use in the study area from 2000 to 2020.
3.1.2 Land use changes across varied topographic reliefs
The CZTUA features complex terrain characteristics, influencing the distribution of land use types. The spatial layout of land use across different topographic reliefs was obtained by overlaying classified topographic relief raster data with land use maps for 2000, 2010, and 2020 using ArcGIS (Figure 7; Table 4).
[image: Figure 7]FIGURE 7 | Change of land use in each topographic relief in the study area.
TABLE 4 | Changes in the area of different land use types for each topographic relief in the study area.
[image: Table 4]The integration of Figures and tables reveals that cultivated lands, water, and built-up lands mainly occupy flat and slightly undulating areas. In contrast, forests predominantly occur in slightly undulating and gently undulating areas, and grasslands are concentrated in gently and moderately undulating areas. Overall, over the 20 years, land use changes in areas with different topographic reliefs exhibit a degree of continuity. Changes in flat areas primarily occurred in suburban areas of various cities, characterized by substantial conversions of cultivated lands and forests to built-up lands, accompanied by a gradual increase in water. Changes in slightly undulating areas resembled flat areas but with smaller magnitudes. Land use changes in gently undulating areas involved limited conversions of cultivated lands, forests, and grasslands to built-up lands and water. Changes in moderately undulating areas remained minimal, except for minor conversions of grasslands to built-up lands.
3.2 Land use and carbon storage dynamics
3.2.1 Temporal and spatial variations in carbon storage
Using the InVEST model, the carbon storage of the CZTUA was estimated for the years 2000, 2010, and 2020. Over time, carbon storage exhibited a gradual decreasing trend, with respective storage values of 96.91 × 107t, 96.20 × 107t, and 95.57 × 107t for the three periods, reflecting a total decrease of 13.37 × 106t. Based on the characteristics of carbon storage distribution in the research area and referencing the findings of some scholars (Lin et al., 2022b; Wang R.-Y. et al., 2024), a combined approach using the natural breakpoint method and manual classification was employed to categorize carbon storage distribution into five levels: low-value, moderately low-value, moderate-value, moderately high-value, and high-value areas. Analysis of the changes in the area for each level of carbon storage (Table 5) revealed a gradual decrease in high-value and moderately high-value regions, accompanied by an increase in moderate-value and moderately low-value areas. Furthermore, the area of low-value regions exhibited a trend of first increasing and then decreasing.
TABLE 5 | Change in the area of each carbon storage level in the study area from 2000 to 2020/km2.
[image: Table 5]From the spatial distribution of carbon storage (Figure 8), the study area exhibits an overall relatively high level of carbon storage, with most regions situated in the high-value and moderately high-value zones, albeit showing a declining trend. Between 2000 and 2010, high-value and moderately high-value areas were primarily distributed in regions with high vegetation coverage surrounding the study area, dominated by cultivated lands and forests, while moderate-value and moderately low-value areas were mainly located in the central-northern parts near urban areas, characterized by built-up lands and water. Low-value areas were scattered throughout the study area, primarily adjacent to urban edges, dominated by unused lands. Between 2010 and 2020, the distribution of carbon storage remained consistent, with the expansion of built-up lands into cultivated lands and forests leading to a transition from high-value and moderately high-value areas to moderate-value and moderately low-value areas. Between 2000 and 2020, the spatial variation of carbon storage in the research area primarily involved the transition of high-value and moderately high-value areas near urban centers to moderate-value and moderately low-value areas, reflecting a spatial distribution pattern of “low in the center, high around the periphery.”
[image: Figure 8]FIGURE 8 | Spatial distribution of carbon storage in the study area from 2000 to 2020.
3.2.2 Changes in carbon storage across land classes
Table 6 reveals that forests had the highest carbon storage in the CZTUA from 2000 to 2020, followed by cultivated and built-up lands, with the most negligible carbon storage in unused land. The quantity of carbon storage was closely related to the size of each land class. Based on the changes in carbon stocks across different land types over the past 20 years, cultivated lands, forests, and grasslands exhibited a decreasing trend. The proportions of carbon storage for these three land types decreased from 20.39%, 76.89%, and 0.97% in 2000 to 19.25%, 76.13%, and 0.95% in 2020, respectively. Carbon storage in built-up lands rapidly increased, rising from 1.21% in 2000 to 3.08% in 2020. This trend is the continuous expansion of built-up lands, encroaching on surrounding cultivated lands, forests, and grasslands, thereby leading to varying degrees of reduction in carbon storage for these three types of land. Carbon storage in water increased from 0.54% in 2000 to 0.60% in 2020. This increase is primarily attributed to adjustments in agricultural structures, resulting in the continuous expansion of aquaculture areas, coupled with the close association with urban wetland construction initiatives such as the construction of wetland parks like Meixi Lake and Songya Lake in Changsha City. Due to their small area, unused lands experienced almost no change in carbon storage over the 20 years.
TABLE 6 | Carbon storage and its proportion of different land use types in the study area from 2000 to 2020.
[image: Table 6]3.3 Topographic reliefs and changes in carbon storage
The spatial distribution of carbon storage across different topographic reliefs was obtained by overlaying classified topographic relief raster data with 2000, 2010, and 2020 carbon storage maps using ArcGIS (Figure 9; Table 7). Figure 9 reveals that areas with different levels of carbon storage are distributed across flat regions, with moderate-value and moderately low-value areas primarily concentrated in this region, characterized by built-up lands and water. In slightly undulating areas, high-value, moderately high-value, and moderate-value areas are predominant compared to flat regions; high-value areas have increased, and moderate-value areas have decreased because of the lower proportion of built-up area and the higher proportion of forest area in these areas compared to flat regions. In gently and moderately undulating areas, the range of high-value areas for carbon storage significantly increased, accompanied by small proportions of moderately high-value and moderate-value areas, with forests predominating in high-value areas and cultivated lands and grasslands in moderately high-value and moderate-value areas, respectively.
[image: Figure 9]FIGURE 9 | Change of carbon storage value area of each topographic relief in the study area.
TABLE 7 | Change in area of carbon storage grades of each relief amplitude in the study area/km2.
[image: Table 7]As shown in Table 7, it can be observed that changes between different levels of carbon storage were more significant in flat regions from 2000 to 2010, primarily characterized by a decrease in the areas of high-value and moderately high-value regions and an increase in moderate-value areas. The areas of high-value and moderately high-value regions decreased by 0.42% and 0.84%, respectively, while the area of moderate-value regions increased by 1.66%. Similar trends in changes between different levels of carbon storage in flat regions continued until 2020. In slightly undulating areas, changes between varying levels of carbon storage from 2000 to 2010 were relatively minor compared to flat regions, mainly with a decrease in the areas of high-value and moderately high-value regions and an increase in moderate-value areas. The areas of high-value and moderately high-value regions decreased by 0.33% and 0.27%, respectively, while the area of moderate-value regions increased by 0.56%. The trends in changes between different levels of carbon storage in slightly undulating areas continued until 2020. In gently undulating areas, changes between varying levels of carbon storage from 2000 to 2010 were even more minor compared to slightly undulating areas, primarily characterized by a slight decrease in the areas of high-value and moderately high-value regions and a slight increase in moderately low-value and moderate-value areas. In 2020, changes between different levels of carbon storage in gently undulating areas showed slight differences compared to previous trends, mainly with a slight increase in the area of moderately high-value regions, increasing by 0.01%. Changes between different levels of carbon storage in moderately undulating areas remained relatively stable throughout the 20 years. In summary, changes between varying levels of carbon storage value zones were primarily concentrated in flat and slightly undulating areas, closely associated with converting cultivated lands and forests to built-up lands in these two regions.
4 DISCUSSION
4.1 Response of carbon storage to land use changes
Enhancing ecosystem carbon sink capacity to address global climate change and achieve carbon neutrality and peak targets has garnered widespread attention. A comprehensive and scientific assessment of ecosystem carbon sequestration capacity is crucial to realizing these dual carbon goals. Research indicates that between 2000 and 2020, the land use changes in the CZTUA primarily involved an increasing trend in built-up lands and water, accompanied by a continuous decrease in other land types. Urban expansion is often accompanied by significant rural-to-urban migration and the outward shift of industrial land toward city outskirts. Population density and GDP concentration increases can lead to various ecological and environmental issues. According to official projections, the urbanization rate in the CZTUA is expected to reach 80% by 2025, presenting both opportunities and challenges for the region’s efforts to achieve carbon peaking and carbon neutrality goals (Jiang et al., 2017). From the perspective of topographic reliefs, topographic reliefs significantly impact the distribution of various land classes. Over 2 decades of rapid urban development, the ecosystem’s carbon storage gradually decreased due to continuous land use changes. Analyzing from the perspective of topographic reliefs, the distribution of carbon storage exhibits significant topographical differentiation across different undulation levels. Addressing carbon loss resulting from land use changes in the research area underscores the importance of formulating scientifically sound and low-carbon sustainable development strategies (Wang T. et al., 2022).
4.2 Ecological restoration recommendations
Against the backdrop of ecological civilization construction and green development principles, harmonizing the relationship between urban development and environmental conservation is an urgent task. Therefore, in future territorial spatial planning, the CZTUA should strictly delimit urban development boundaries, with urban development transitioning from outward expansion to inward development. Given the solid industrial foundation of the CZTUA, the capacity of infrastructure and public services is enhanced to increase population carrying capacity (Wu and Wang, 2023). In regions with significant topographic reliefs, such as eastern and western Changsha, central and southern Zhuzhou, and northwestern Xiangtan, where ecological fragility is prominent, population distribution should be guided toward nearby industrial zones to establish an urban system aligned with the region’s comprehensive resource and environmental carrying capacity. Red lines for ecological protection should be strictly observed within the environmental space to safeguard ecosystem service functions. As forests constitute the most extensive land class with the most substantial carbon sink effect in the study area, further strengthening ecological engineering construction, especially for ecologically fragile zones with gentle and medium undulations, such as eastern Changsha and southern Zhuzhou, is necessary to enhance carbon sink capacity. Given the climate regulation function of wetlands, continuous improvement of urban wetland network construction and reinforcement of internal ecological corridors and ecological nodes are essential. For example, the Xiangjiang River, which serves as a critical water source for the central districts of the three cities, requires strengthened soil and water conservation measures. Within the agricultural space, strict implementation of cropland protection policies, restoration of small habitat patches such as ponds and ditches, and orderly guidance of rural settlements in areas with gentle and medium undulations towards flat areas for consolidation and concentration to provide livable and low-carbon production and living environments are recommended. Additionally, deepening cooperation among cities in the CZTUA to enhance the efficiency of green innovation and promote the deep integration of production circles, living circles, and ecological circles is essential.
4.3 Limitations and prospects
The study conducted a precise assessment of ecosystem carbon storage in the research area using the InVEST model, but it still has certain limitations. The carbon density data used in the research employed neighboring regions and are influenced by environmental factors such as temperature and precipitation, leading to changes in carbon density. Moreover, fixed carbon density data were used in the study without considering interannual variations in carbon density (Li et al., 2022a; Zhao et al., 2019). The changes in carbon storage mainly result from the transfer between different land types. Therefore, if actual carbon density change data were available, the assessment results would be more accurate. The analysis of land use changes and carbon storage distribution patterns from the perspective of topographic reliefs demonstrates novelty; however, terrain morphology is influenced not only by topographic reliefs but also by factors such as altitude and slope. Thus, future research should focus on incorporating factors such as altitude and slope into careful consideration.
5 CONCLUSION
The study focused on the Changsha-Zhuzhou-Xiangtan urban agglomeration and analyzed the spatiotemporal land-use changes across different topographic reliefs. It also examined the distribution pattern of carbon storage in the research area between 2000 and 2020 from the perspective of topographic reliefs. The conclusions are as follows:
The optimal analysis window for topographic reliefs in the study area was 17 × 17, with an area of 0.26 km2. The topographic relief range in the region varied from 0 to 600 m, with an average topographic relief of 78.58 m.
Between 2000 and 2020, land use changes in the CZTUA were characterized primarily by a reduction in cultivated land and forest land and an increase in built-up land. Cultivated land and forest land decreased by 592.27 km2 and 421.5 km2, respectively, while the built-up land area increased by 982.36 km2. Topographic reliefs had a considerable influence on the distribution of various land types, with cultivated land, water, and the built-up regions mainly distributed in flat areas and areas with slight undulations, while forest land predominantly occupied areas with slight undulations and gentle undulations and grassland primarily occupied areas with gentle undulations and moderate undulations.
Between 2000 and 2020, carbon storage in the study area showed a gradually decreasing trend, with carbon storage volumes of 96.91 × 107t, 96.20 × 107t, and 95.57 × 107t in the three periods, representing a total decrease of 13.37 × 106t. The reduction in carbon storage was observed mainly in cultivated land, forest land, and grassland. At the same time, an increase was noted in built-up lands and water.
The spatial distribution of carbon storage is greatly influenced by the topographical relief. The distribution of carbon storage across topographic reliefs exhibited certain regularities, with moderately low-value and moderate-value carbon storage concentrations observed in flat areas and areas with slight undulations. In comparison, moderately high-value and high-value carbon storage concentrations were concentrated in areas with gentle and moderate undulations.
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