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Abstract

:

Land-use change is an important factor affecting terrestrial carbon balance, and it is crucial to explore the response of terrestrial carbon stocks to land-use change, especially in the Songnen Plain, which faces a fierce conflict between the rapid growth of production activities and ecosystem degradation. In this study, we measured soil organic carbon and vegetation biocarbon stocks in the Songnen Plain based on IPCC-recommended methodologies, and explored the characteristics of carbon stock changes in land-use trajectories, land-use drivers, and specific land-use change scenarios (cropland cultivation, returning cropland to forests, the expansion of land for construction, deforestation, greening, and land degradation). The results showed that soil organic carbon stock in the Songnen Plain decreased by 1.63 × 105 t, and vegetation biocarbon stock increased by 2.10 × 107 t from 2005 to 2020. Human factors and natural factors jointly contributed to the land-use change, but the extent of the role of human factors was greater than that of natural factors. The increase in land-use trajectory led to the decrease in soil organic carbon stock and the increase in vegetation biocarbon stock. There was no difference in the effects of human-induced and natural-induced land-use changes on vegetation biocarbon stocks, but the effects on soil organic carbon stocks were diametrically opposite, increasing by 43.27 t/km2 and decreasing by 182.02 t/km2, respectively. The reclamation of arable land, returning cropland to forests, and greening led to a net increase in terrestrial carbon stocks (+813,291.84 t), whereas land degradation, deforestation, and land-use expansion led to a decrease in terrestrial carbon stocks (−460,710.2 t). The results of this study can provide a reference for the adjustment of land-use structure and the increase in terrestrial carbon stock in the Songnen Plain.






Keywords:


land cover change; conversion pattern; soil organic carbon; vegetation biocarbon












1. Introduction


In recent decades, the massive burning of fossil fuels has exacerbated the increase in atmospheric CO2 concentration, which not only increases surface temperature and triggers global warming, but also hinders the normal growth of crops and gradually poses a threat to human survival [1,2]. As the world’s largest carbon reservoir, terrestrial ecosystems are an important part of the global carbon cycle, absorbing about 31% of anthropogenic CO2 emissions annually [3], which has a significant inhibitory effect on controlling atmospheric CO2 concentrations [4]. However, land-use change affects the carbon stock of terrestrial ecosystems by altering the soil structure and surface vegetation succession [5,6], and causes carbon emissions to a certain extent. It can be seen that land-use change is not only a hotspot of concern for environmental change, but also a key point for studying carbon stock changes in terrestrial ecosystems [7]. It has been pointed out that the terrestrial carbon emissions due to land-use change were 9 ± 7 × 107 tC globally in 2020 [8], and this carbon emission is considered to be the second largest anthropogenic source of CO2 into the atmosphere after the emission from fossil fuel combustion [9]. Therefore, the accurate quantification of the impacts of land-use change on terrestrial carbon stocks is key to achieving carbon neutrality goals and an effective way of mitigating global climate change [10,11].



Terrestrial ecosystems are mainly involved in the carbon balance process through soil organic carbon pools and vegetation biocarbon pools, both of which have relatively stable carbon stocks and play a significant role in comprehensive carbon sequestration and offsetting carbon emissions, and are important sources of carbon sinks [12,13,14,15,16]. It was found that the average carbon stock of terrestrial ecosystems in China was 9.92 ± 0.87 × 109 tC, of which soil carbon stock was 8.46 ± 0.81 × 109 tC and vegetation biocarbon stock was 1.46 ± 0.32 × 109 tC [17], and soil carbon stock was about 4.29–8.15 times that of vegetation biocarbon stock. However, terrestrial carbon stocks are not spatially homogeneously distributed. For example, terrestrial and soil carbon stocks are significantly higher in northeastern China and the Tibetan Plateau and vegetation biocarbon density is higher in eastern China than in western China [18]. Land-use change is the main reason for this phenomenon [19,20,21]. On the one hand, differences in land-use patterns directly affect changes in terrestrial carbon stocks, with increases in carbon emissions caused by urban sprawl areas leading to reductions in terrestrial carbon stocks, while on the contrary, the protection of forests and wetlands contributes to increases in terrestrial carbon stocks [22,23]. On the other hand, the interconversion of land-use modes back affects the terrestrial carbon balance, which in turn affects the change in terrestrial carbon stock [7,24,25,26]. For example, in agricultural production areas, grassland reclamation creates a large amount of carbon emissions for cropland, leading to a decrease in terrestrial carbon stocks [27]. On the contrary, returning farmland to forests effectively restores surface vegetation communities and improves the carbon sequestration capacity and the potential of terrestrial ecosystems [28,29]. In addition, it is often difficult to restore terrestrial carbon stocks to their initial levels when land is converted from non-construction land to construction land [30].



The above studies show that land-use change leads to significant spatial heterogeneity in terrestrial carbon stocks, and it is necessary to study the response of terrestrial carbon stocks to land-use change in specific regions. Meanwhile, land-use change is usually categorized into two types: natural-induced and human-induced driven [31]. Although current studies have explored the response of their carbon stocks to land-use change at regional, national, and global scales [32,33,34,35], they have not differentiated the difference in the response of terrestrial carbon stocks to naturally induced and human-induced land-use change. Therefore, distinguishing and clarifying the magnitude of this difference is of great theoretical importance. In addition, we hypothesize that there is also a significant difference in the impact of land-use change processes (land-use trajectories) on terrestrial carbon stocks.



The Songnen Plain is an important grain production base in China, which is crucial for national and regional food security [36]. At the same time, the Songnen Plain is adjacent to the northeast China Protective Forest Region and possesses a large forest reserve, which plays an important ecological role in absorbing atmospheric CO2 and is an important component of terrestrial carbon stocks [37,38]. In recent years, many irrational production activities have taken place in the Songnen Plain in order to meet the needs of social development and national food production requirements. This has resulted in frequent land-use change activities, leading to the continuous deterioration of the regional ecological environment. Eventually, it affects the change in terrestrial carbon stocks. Therefore, it is of great practical significance for the Songnen Plain, where the relationship between production activities and ecosystems is becoming increasingly contradictory, to investigate the impact of land-use change on terrestrial carbon stocks in the Songnen Plain.



Therefore, this paper selected the Songnen Plain in China as the study area to investigate the relationship between land-use and carbon stock. The IPCC-based terrestrial carbon stock measurement method was used to calculate the soil organic carbon stock and vegetation biocarbon stock to analyze the differences in the impacts of naturally induced and human-induced land-use changes on carbon stock, and to verify whether land-use trajectories affect carbon stock changes. Finally, this paper quantifies carbon stock changes in the Songnen Plain under six land-use scenarios: returning farmland to the forest, reclaiming cropland, deforestation, land degradation, the expansion of construction land, and greening. This work is of great practical significance for optimizing the land-use structure, alleviating ecological pressure, and increasing terrestrial carbon stocks.




2. Materials and Methods


2.1. Study Area


The Songnen Plain is located in the central region of northeastern China, mainly situated in the Heilongjiang and Jilin Provinces. The overall terrain is low and open, and it is a place where swampy wetlands develop [39]. The Songnen Plain selected in this study is located between N 43°59′21″–N 48°55′34″ and E 121°38′09″–E 128°32′44″, with a total area of 1.8 × 105 km2 (Figure 1). The region has a temperate continental monsoon climate with very pronounced changes in the seasons. The average annual temperature is about 4 °C, and the annual rainfall is about 270–500 mm, with the highest rainfall from June to mid-September, accounting for about 65% of the annual precipitation. The uneven distribution of rainfall between regions and the large variations between months and years results in drought being the main climatic feature of the region. Therefore, the Songnen Plain, as an important commodity grain base in China, is more sensitive to climate change [40].




2.2. Data Sources


Land-use cover change data (2005, 2010, 2015, and 2020) were obtained from the Resource and Environment Science and Data Center of the Chinese Academy of Sciences (http://www.resdc.cn/ (accessed on 25 March 2023). Soil data were obtained from the National Science and Technology Resources Shared Service Platform-National Earth System Science Data Center-Soil Subcenter (http://soil.geodata.cn (accessed on 18 February 2023). Soil organic carbon data were obtained from the Global Soil Organic Carbon Map of the Food and Agriculture Organization of the United Nations Soil Database (https://www.fao.org/home/en/ (accessed on 18 February 2023). Net primary productivity (NPP) data (2005, 2010, 2015 and 2020) were obtained from the MODIS satellite-based MOD17A3HGF product released by the National Aeronautics and Space Administration (NASA) (https://lpdaac.usgs.gov/products/mod17a3hgfv061/ (accessed on 20 March 2023).




2.3. Research Methods


2.3.1. Classification of Land-use Types


Based on the land-use cover data obtained, this study divides land-use types into eight main categories: cropland, woodland, grassland, wetland, water, construction land, underutilized land, and saline-alkali land (Table 1). It should be noted that, limited to the soil organic carbon and NPP data obtained, this study does not include watersheds in the scope of the study.




2.3.2. Land-use Trajectory


Trajectory analysis is an analytical method used to describe the dynamic change in land-use over time. In this study, ArcGIS 10.3 software is used to obtain land-use trajectory data by raster algebra calculation on land-use raster data, and the specific formulas are as follows:


Yi = C1i × 10n−1 + C2i × 10n−2 + …… + Cni × 10n−n








where Yi represents the land-use trajectory of the ith plot, C1i, C2i, and Cni represent the land-use types of the ith plot at different times, and 1, 2, and n represent the land-use types (cropland, woodland, grassland, wetland, construction land, underutilized land, saline-alkali land, and water). For example, “2136” indicates that land-use change has gone through the process of “woodland—cropland—grassland—underutilized land”.



Based on the number of changes in land-use type during the study period, we defined land-use trajectories as zero-step, one-step, two-step, and three-step. Where zero-step indicates no change in the land-use type; one-step indicates only one change in land-use type, for example, “3111”, “1222”; two-step indicates two changes in land-use type, for example. “1311”, “2311”; three-step indicates three changes in land-use type, for example, “4313”, “2341”.



In addition, based on the results of land trajectory analysis, this paper categorizes the transformation between lands into two types: human-induced and natural-induced (Table 2). The human-induced type indicates that the land is directly interfered with by human factors, and the natural land-use type is transformed into the human-induced land-use type (cropland, construction land, etc.); whereas the naturally induced type indicates that the land is transformed by the climatic factors and the indirect intervention of human beings, which is usually manifested in the salinization of the land, the degradation of the vegetation cover, etc., and the naturally induced type usually transforms more slowly.




2.3.3. Vegetation Biocarbon Measurement


In this study, the NPP data (with a resolution of 500 m), provided by the U.S. MODIS satellite, were used as the basis for quantifying the vegetation biocarbon stock, and are combined with the method recommended by the IPCC and the research method used by Song et al. [41,42] to calculate the vegetation biocarbon stock of The Songnen Plain from 2005 to 2020.




2.3.4. Soil Organic Carbon Measurement


In this paper, the organic carbon density of 31 soil types in the study area was calculated using the global soil organic carbon map and soil type data, and we referred to the results of previous studies [43,44]. The obtained carbon density data were superimposed with the land-use data at the corresponding time points to obtain the average organic carbon density of each soil type under different land-use cover conditions, which served as the basis for calculating the soil organic carbon stock. By synthesizing the research methods of IPCC and methods used by previous researchers [25,41,45], the soil organic carbon stock in the Songnen Plain from 2005 to 2020 was calculated. The soil organic carbon stock in watersheds was not considered in this study due to the limitation of soil organic carbon map data.






3. Results


3.1. Land-use Change


Differences in land-use types are the fundamental factors affecting soil organic carbon stocks and vegetation biocarbon stocks. Land-use types in the Songnen Plain changed dramatically from 2005 to 2020, with a total of 9787.95 km2 of eight land-use types changing, accounting for 5.44% of the total land area in the study area (Table 3). During the 15-year period, land-use types in the Songnen Plain experienced a net increase in the areas of water, cropland, woodland, and construction land areas, which increased by a net amount of 110.71 km2 (+2.39%), 879.50 km2 (+0.85%), 379.72 km2 (+1.84%), and 536.63 km2 (+7.93%), respectively. On the contrary, the areas of grassland, wetland, underutilized land and saline-alkali land decreased by 719.04 km2 (−4.46%), 465.92 km2 (−24.89%), 210.03 km2 (−1.36%) and 511.56 km2 (−4.44%), respectively.



Combined with the spatial distribution (Figure 2), in 2020, cropland was the most dominant land-use type, concentrated in the northern part of the Songnen Plain, accounting for 57.74% of the total land area. Woodland, on the other hand, is concentrated in the northeastern region, and grassland and wetland are distributed in the central region. The southern part of the Songnen Plain is the main gathering area of saline-alkali land, and also the main area of land-use change. Land-use changes in this region mainly show three characteristics: cropland reclamation, afforestation, and construction land expansion. The main sources of cropland reclamation are grassland and underutilized land, with an area of 1433.68 km2 and 609.52 km2, respectively. While afforestation is caused by the policy of “returning cropland to forests”, which has transformed about 754.10 km2 of cropland into woodland, cropland and saline-alkali land are the sources of land for construction land expansion, with an area of 569.18 km2 and 119.80 km2, respectively. Overall, the land-use characteristics of the Songnen Plain are characterized by a simple and stable structure in the north, and a complex and active change in structure in the south.




3.2. Carbon Stock Changes


From 2005 to 2020, terrestrial carbon stocks in the Songnen Plain showed an overall increase, with a net increase of 2.09 × 107 t (Figure 3). Among them, vegetation biocarbon is the main contributor to the increase in terrestrial carbon stock, with a contribution value of 2.10 × 107 t. On the contrary, soil organic carbon has an inverse effect on the increase in terrestrial carbon stock, with a decrease of 1.63 × 105 t. However, in combination with the base of carbon stock, in 2020, soil organic carbon stock was still the main component of terrestrial carbon stock in the Songnen Plain, with a carbon density much higher than that of vegetation biocarbon, accounting for 78.08% (8.02 × 108 t) of total carbon stock, while the vegetation biocarbon stock was only 2.25 × 108 t. The results show that, although the base of vegetation biocarbon stock is small, the change is more active, and the net increase in carbon stock is much larger than that of soil organic carbon.



In terms of spatial distribution, during the study period, the high-value areas of terrestrial carbon stocks were mainly concentrated in the northern part of the Songnen Plain, while the low-value areas were mainly concentrated in the vicinity of the Nenjiang River Basin (Figure 4). Overall, the terrestrial carbon stock shows a gradual decrease from north to south. The range of low-value areas of the terrestrial carbon stock shows an increasing trend in the period 2005–2010, indicating that the total amount of the terrestrial carbon stock decreased in this period. On the contrary, the range of high terrestrial carbon stock areas expands during the period 2010–2020, especially in the northern part of the Songnen Plain, where the expansion trend is particularly significant. This is consistent with the results of increasing the terrestrial carbon stocks, shown in Figure 3.



There was significant spatial variability in terrestrial carbon stock changes in the Songnen Plain from 2005 to 2020, with the increase in carbon stocks concentrated in the northeastern and central regions (zones I, III and IV) and the decrease in the southeastern regions (zones II and V) (Figure 5). The change in vegetation biocarbon stock was much larger than that of soil organic carbon stock, and zone V was the only zone with a decrease in vegetation biocarbon stock, with a decrease of 46.14 t, while zone I was the zone with the largest increase in vegetation biocarbon stock, with an increase of 114.06 t. The increase in soil organic carbon stock occurred only in zones III and V, with an increase of 5.42 t and 2.82 t, respectively. Area III is also the only area where both soil organic carbon and vegetation biocarbon stocks increased. Overall, the spatial change in carbon stock in the Songnen Plain is characterized by the “increase in the north and decrease in the south”, with the increase in vegetation biocarbon stock as the main feature.




3.3. Land-use Trajectory Analysis


In the past 15 years, the land with no change in utilization accounted for 94.38% of the total area of the Songnen Plain, mainly concentrated in the northern part of the Songnen Plain (Figure 6a). The land with one-step, two-step, and three-step utilization changes accounted for 5.28%, 0.33%, and 0.01% of the total area, respectively (Table 4), concentrated in the southern part of the Songnen Plain. Compared to 2005, there existed 97.42% of cropland, 96.10% of woodland, 95.63% of construction land, 91.42% of underutilized land, 89.63% of water, 86.91% of saline-alkali land, 85.25% of grassland, and 64.38% of wetland for the occurrence of the change in utilization. Among them, the probability of a one-step change in wetland is much higher than that of other land, while the probability of two-step and three-step changes in grassland is the highest, which indicates that the stability of cropland, woodland, and construction land is higher, while the stability of wetland and grassland is poorer.



One-step changes mainly include “3111” (10.55%, grassland reclaimed as cropland), “1333” (5.83%, cropland converted to grassland), “1222” (4.75%, cropland converted to woodland), “3777” (4.63%, grassland degraded to saline-alkali land), and “4666” (4.29%, degradation of wetland to underutilized land). The two-step changes include “1611” (11.96%, cropland converted to underutilized land and then converted to cropland), “1311 (6.83%, cropland converted to grassland and then converted to cropland)”, and “3211” (6.00%, grassland to woodland to cropland). The three-step changes exist between individual lands and are small in size. The above trajectories show that one-step and two-step changes mainly occurred between 2005 and 2015, and that cropland and grassland participated in most of the trajectory change processes, which is consistent with the characteristics of the Songnen Plain as a farming region.



Combined with the land-use change factors (Figure 6b, Table 5), in the area where land-use change occurred, the area of change due to human-induced effects was 5982.21 km2, and the area of change due to natural-induced effects was 3805.74 km2. Cropland was the land with the largest area change in the human-induced type (1912.83 km2), and saline land was the land with the largest area change in the natural-induced type (809.15 km2), and grassland had a larger area for both types of change. This shows that both human factors and natural factors have a significant influence on land-use change, but human factors play a slightly larger role than natural factors, which may be related to the long-term agricultural and animal husbandry production activities in the Songnen Plain.




3.4. Land-Use Change and Carbon Stock


As can be seen from Table 6, there is a significant difference in the influence of land-use trajectory on the change in terrestrial carbon stock, which is manifested in the negative correlation between the number of steps of land-use transformation and soil organic carbon stock. The reduction in soil organic carbon stock per unit area in the region with 3 steps of land-use transformation (−835.47 t/km2) was 32.76 and 8.58 times of that with 1 step (−25.50 t/km2) and 2 steps (−97.37 t/km2) of transformation, respectively. On the contrary, the vegetation biocarbon stock was positively correlated with the number of steps of land-use pattern transformation, and the increase per unit area was 1 step (81.20 t/km2), 2 steps (62.33 t/km2), and 3 steps (191.52 t/km2), respectively. The difference between human-induced and natural-induced land-use changes on carbon stock is mainly reflected in soil organic carbon, with the human-induced type contributing to the increase in soil organic carbon stock (43.27 t/km2), while the natural-induced type leads to a large amount of soil organic carbon loss (−182.02 t/km2).



Because the area of the 3-step transformation region in the land-use trajectory is small, in terms of spatial distribution, 1-step transformation mainly occurs in the region of carbon stock increase, and 2-step transformation dominates in the region of carbon stock decrease (Figure 6 and Figure 7). In the human-induced type, carbon stock mainly increases, while in the natural-induced type, carbon stock increases and decreases are interspersed, and the area of carbon stock decreases is large and dispersed.



Based on the results of the land-use trajectory analysis, this study classified the land-use changes in the Songnen Plain into six main types, including cropland reclamation, returning cropland to forests, land degradation, deforestation, the expansion of construction land, and greening (Table 7). Among them, except for deforestation and greening, which are naturally induced, all other land-use changes are human-induced, and these land-use activities affect the changes in the terrestrial carbon stocks by changing the soil structure and above-ground vegetation composition.



In the past 15 years, the activities of cultivating cropland, returning cropland to forests, and greening have brought a net increase in terrestrial carbon stocks in the Songnen Plain, in increments of 421,259.38 t, 261,988.7 t, and 1,300,043.76 t, respectively (Table 8). Compared to returning cropland to forest, the increase in soil organic carbon stock and vegetation biocarbon stock in reclaimed cropland was larger, but its increase per unit area was smaller than that of returning cropland to forest, which indicated that forest and grassland had a higher carbon sequestration efficiency. In terms of greening activities, the human-induced type brought about significantly greater carbon sequestration per unit area of vegetation (+155.46 t/km2) than the naturally induced type (+109.63 t/km2), which may be related to anthropogenic intervention and maintenance activities. On the contrary, land degradation, deforestation, and construction land expansion activities led to the reduction in terrestrial carbon stocks in the Songnen Plain, which decreased by 284,689.39 t, 83,849.45 t, and 92,171.36 t, respectively. The land degradation activities resulted in the substantial reduction in above-ground vegetation, and the rate of reduction in vegetation biocarbon stocks was much larger than that of soil organic carbon. In terms of deforestation, the human-induced type is mainly dominated by soil organic carbon stock, while the natural-induced type is dominated by the reduction in vegetation biocarbon stock, and the difference in the degree of destruction and the way of utilizing the land after destruction are the main factors for this difference.



In terms of spatial distribution (Figure 8), deforestation and greening activities are concentrated in the southern part of the Songnen Plain, while land degradation, the return of cropland to forest, and the expansion of construction land are concentrated in the central part. The cultivation of cropland is the most widely distributed land-use activity, which is also in line with the actual situation of agricultural production in the Songnen Plain, and is distributed throughout the study area. On the whole, the activities causing the reduction in terrestrial carbon stocks are mostly concentrated in the southern part of the Songnen Plain, which indicates that the human interference activities in the southern part are more intense and the ecological environment is not in a good condition.





4. Discussion


4.1. Scientific Validity of Measurements


The carbon densities measured in this study were analyzed by fitting with the results of others. As can be seen from Figure 9, in the same area, the ranges of soil organic carbon density and vegetation biocarbon density measured in this paper were 1.15–7.57 kg/m2 and 0.07–2.38 kg/m2, respectively, while the ranges of carbon density in others’ studies were 0.92–10.12 kg/m2 and 0.01–2.40 kg/m2, respectively. The carbon density ranges measured in this study were all within the range of the results of others’ studies, and the correlation coefficients (R2) were 0.72 (soil organic carbon) and 0.70 (vegetation biocarbon), so the fitting effect was satisfactory and the results of the carbon stock estimation were reasonable.



The results of this study showed that the overall soil organic carbon stock in the Songnen Plain showed a decreasing trend in the past 15 years, with an overall decrease of 1.63 × 105 t, but it still accounted for more than two-thirds of the terrestrial carbon stock in the Songnen Plain, which is consistent with the results of previous studies [39,46]. The range of vegetation biocarbon stock was 1.96 × 108 to 2.25 × 108 t, with an increase of 2.08 × 107 t in stock, which measured similarly to the results of previous studies [17,24]. It is worth noting that the overall vegetation biocarbon density was significantly lower than the soil organic carbon density, reflecting that the soil carbon pool in the Songnen Plain possessed a higher carbon density, corroborating Li et al. (2007) and Yang et al. (2007), who measured that Northeast China possessed a higher soil organic carbon density [47,48].




4.2. Analysis of Land-use Change


Since 2005, the land-use structure of the Songnen Plain has changed dramatically, mainly characterized by the expansion of cropland, woodland, and construction land and the degradation of grassland and wetland. As an important agricultural production area in China, the Songnen Plain is an indispensable part of ensuring national food security [36]. This strategic importance has forced the implementation of a series of policies to control and ensure the stable growth of food production, and one of the effective ways is to expand the area of cropland by reclaiming it [49,50,51]. In this regional context, the Songnen Plain’s cropland area increased by nearly 900 km2, mainly from the transfer of grassland and underutilized land. In addition, the Songnen Plain is located at the edge of the protective forests in northeastern China, with high forest cover, which has an important function of windbreak and sand fixation. Especially after the Chinese government put forward the target of “returning cropland to forests” and the forest coverage rate, a large amount of marginal cropland in the Songnen Plain was transformed into forested grassland, which then promoted the increase in forested area and woodland cover year by year [52,53]. The expansion of construction land, on the other hand, stems from the continued urbanization process in China. The Songnen Plain is a typical primary industry-dominated area, but with the development of socio-economic and new industries, the demand for construction land continues to increase, and the urban construction land boundary continues to expand outward.



Despite the fact that returning cropland to forest also includes returning cropland to grass, the area of grassland in the Songnen Plain still showed a decreasing trend during the study period (a decrease of 719.07 km2), which is consistent with the findings of Zhang et al. [54]. In the past 15 years, land-use changes related to the agricultural sector (reclamation of grassland into cropland), as well as the rapid development of animal husbandry, and the ensuing grazing pressure, have been the main causes of the large-scale degradation of grassland [44,55]. And, the reduction in wetland area is mainly related to natural factors, which can change the composition of surface vegetation and its succession through changes in climatic conditions such as precipitation and temperature, and then change its original land-use structure. In 2005–2010, floods and droughts occurred frequently in the Songnen Plain, especially in 2007, when a large-scale drought occurred, leading to the curtailment of vegetation growth, coupled with the fact that ecological protection was not properly emphasized in that period [39,56,57]. As a result, the wetland ecological environment continued to deteriorate, and the surface vegetation and water resources were continuously depleted, which in turn led to extensive wetland degradation.



Generally speaking, human factors and natural factors play a joint role in land-use change in the Songnen Plain. The land-use change caused by natural factors is usually slow and occurs mainly through changing the surface vegetation to change the land-use mode, which can be summarized as quantitative change causing qualitative change, while the human factor is more rapid and usually can change the land-use structure in a short period of time to satisfy the needs of production activities, which is also the reason why the land-use change caused by human factors in the Songnen Plain is dominant.




4.3. Impact of Land-use Change on Terrestrial Carbon Stocks


Land-use change is one of the important factors affecting terrestrial carbon stocks, and is also regarded as the most uncertain component of the global carbon cycle [58,59]. Land-use change has a significant impact on soil organic carbon and vegetation biocarbon stocks in the Songnen Plain, and the impacts of different land-use transitions on terrestrial carbon stocks vary significantly depending on the area of land-use change, as well as carbon density.



We found a significant negative correlation between land-use trajectories and soil organic carbon stocks, as evidenced by the fact that an increase in the number of land-use change steps resulted in an exponential loss of soil organic carbon stocks. This may be due to the fact that frequent land-use activities increase the intensity of soil activities, resulting in a large amount of carbon originally stored in the soil being released into the atmosphere [60]. On the contrary, vegetation biocarbon stock was positively correlated with the land-use trajectory, and although there was no significant difference between the 1-step transformation and the 2-step transformation, the 3-step transformation led to a significant increase in vegetation biocarbon stock. This may be related to the implementation of ecological conservation measures in the study area in recent years, which can significantly change the land-use trajectory, but this needs to go through a long-term transformation process [61,62], so there is a significant difference between the 1-step and 2-step transformations and the 3-step transformation. The difference between human-induced and naturally induced impacts on terrestrial carbon stocks is mainly reflected in soil organic carbon (SOC), with human-induced impacts leading to an increase in SOC, while natural-induced impacts led to a large decrease in SOC. We believe that the main reason for this is that human-induced land-use change does not leave the soil exposed for a long period of time due to anthropogenic interventions, whereas naturally induced land-use change lacks anthropogenic interventions and is prone to form a vicious cycle under natural conditions, leading to increased soil exposure and a subsequent loss of a large amount of soil organic carbon.



Reclaimed cropland is the main contributor to the increase in soil organic carbon and vegetation biocarbon stocks in the Songnen Plain. On the one hand, the increase in the reclaimed area is the direct cause of the increase in terrestrial carbon stock; on the other hand, the reclaimed cropland is mainly converted from saline-alkali and low-cover grassland, and the structure and density of the ground surface vegetation are effectively improved after the cultivation operation, which then promotes the increase in soil organic carbon and vegetation biocarbon stock [27]. This feature is similar to the findings of Pan et al. (2010) and Zhang et al. (2010) [63,64]. However, the carbon sequestration efficiency of the reclaimed cropland was lower than that of the fallow forests, which mainly stemmed from the differences in land-use intensity and protection degree. Over the past 15 years, the importance of ecological restoration has been gradually emphasized by the Chinese government [61,62], and a large amount of marginal cropland has been transformed into woodland and grassland and protected by the ecological protection red line, a measure that has effectively increased terrestrial carbon stocks [37,38,65]. In addition, the rising CO2 concentration in the atmosphere further increases the carbon flux between vegetation and the atmosphere, thus increasing the vegetation biocarbon stock [66]. Greening (afforestation) shows the difference between human factors and natural factors in terms of vegetation biocarbon; greening brought about by human factors can rapidly form woodlands or grasslands with good vegetation conditions in a short period of time, while natural factors usually require a long-term vegetation succession process. However, the sequestration efficiency of vegetation biocarbon stocks is higher than that of soil organic carbon for both human and natural factors, suggesting that vegetation will have more carbon sequestration than soil [67].



Land degradation and deforestation have resulted in the loss of soil organic carbon and vegetation biocarbon stocks in the Songnen Plain. In the process of land degradation, the rate of decrease in vegetation biocarbon stock is significantly larger than that of soil organic carbon stock, and grassland and wetland are the main sources of land degradation. Under the action of severe climatic conditions such as drought, high temperature, and so on [39,57], the growth of vegetation on the surface of the grassland and wetland is seriously inhibited, and the vegetation community is rapidly degraded, and vegetation biocarbon stock is the first to be affected. There are significant anthropogenic and natural differences in soil organic carbon stock changes due to deforestation, which is mainly related to the land-use mode after deforestation. Deforestation caused by human factors is usually used in agricultural production activities, and the intensity of soil activities is high, which causes the release of carbon originally stored in the soil, and then causes the decline of soil organic carbon stocks [60,68]. Natural deforestation is part of the succession of vegetation communities. It is dominated by the conversion to grassland and underutilized land. This leads to a significant degradation of the surface vegetation communities and, therefore, a decrease in vegetation biocarbon stocks is predominant.



In addition, climatic factors are one of the most important factors affecting terrestrial carbon stocks [69]. Climate change will adversely affect the environment and soils, for example, an increase in temperature may lead to a loss of soil carbon, while precipitation will increase soil organic carbon [70]. In summary, climatic factors affect terrestrial carbon stocks mainly by limiting human adjustments to land-use patterns and surface vegetation growth. The overall trend of soil organic carbon stocks in the Songnen Plain from 2005 to 2020 was decreasing (by 1.63×105 t). Cropland, as the main land-use type in the Songnen Plain, continued to expand during the study period. This was mainly due to the increase in temperature during the growing season, which encouraged farmers to reclaim more grasslands and wetlands for agriculture [49,51], resulting in the release of carbon sequestered in the soil. In terms of vegetation biocarbon, the vegetation biocarbon stock decreased drastically from 2005 to 2010, mainly due to the frequent occurrence of floods and droughts in the Songnen Plain during this period, especially the large-scale drought in 2007, which directly led to the curtailment of vegetation growth [39,56,57]. The high level of vegetation degradation has led to a drastic reduction in vegetation biocarbon stocks.



The results of this study show that land-use activities in the Songnen Plain have gradually weakened. Land-use changes related to agriculture and forestry have a positive impact on terrestrial carbon stocks, which is consistent with the findings of Hu et al. [5]. Overall, land-use change brings carbon sinks to the Songnen Plain, and the carbon sink areas in the Songnen Plain are mainly concentrated in the north, while the land-use change in the southern region is more active, and carbon sequestration and carbon emission areas are cross-coexisting. Human-induced land-use change dominates, and compared to natural factors, human-induced factors bring more carbon sinks.




4.4. Comparison of Research Methods


Among the many methods for calculating terrestrial carbon stocks, the Bookkeeping model has been widely used to measure changes in terrestrial carbon stocks. The model can monitor the changing relationship between soil organic carbon pools and vegetation biocarbon pools over long time periods, and has been well-validated at different regional and global scales [71,72]. However, the Bookkeeping model usually assumes that carbon density is an invariant constant, and together with the fact that the applied function is also static in nature, the results of model measurements of terrestrial carbon stocks have some deviations from actual observations [73,74]. The InVEST model can be used to predict carbon sequestration under different scenarios and the response of terrestrial carbon stocks to land-use change [75,76]. However, similar to the accounting model, the InVEST model requires the input of fixed parameters to simulate carbon stocks, and the setting of parameters is subjective and deviates from actual carbon stocks. Dynamic Global Vegetation Models (DGVMs) can be used to estimate carbon at large spatial scales, such as national and global, but the data inputs to the models are usually of a high resolution. and do not accurately represent land-use change, leading to large discrepancies between carbon stock estimates and the actual situation [58]. In addition, process-based ecosystem models can estimate carbon stocks by simulating photosynthesis. However, due to computational constraints, the model is unable to integrate carbon stock estimates with land-use change [77,78]. The carbon stock measurement method based on the IPCC recommendation takes into account the direct carbon stock changes caused by land-use changes [79]. And, compared to other methods, the calculation process of this method is simpler and less demanding on samples [80].




4.5. Uncertainties and Limitations


The estimation results of carbon stocks by different researchers usually have a certain high degree of variability, which is mainly due to the diversity of data sources, and one of the important variabilities is the variability of area. In this study, the results of carbon stock estimation are based on the calculation of average carbon density and area, which leads to the fact that area is the most direct factor affecting the change in carbon stock in this study, and the effect of area on the change in stock is not excluded, which also means that the accuracy of area determines the reasonableness of the carbon stock estimation results. Moreover, the change in terrestrial carbon stock is a dynamic process that changes from moment to moment, and this study only considered the terrestrial carbon stock under a specific time node and its land-use type, which can reflect the trend of the overall carbon stock change in the study area, but it cannot accurately indicate the specific time node of the turn of the carbon stock. In addition, the calculation of vegetation biocarbon in this paper only considered the existing vegetation stock on the ground. The potential carbon stock from vegetation litter and root systems was not considered. This will be investigated in future studies.





5. Conclusions


By measuring soil organic carbon and vegetation biocarbon stocks in the Songnen Plain, we explored land-use trajectories, drivers of land-use change, and the characteristics of changes in terrestrial carbon stocks under actual land-use change scenarios. The results of the study show that over the past 15 years, the Songnen Plain has been characterized by a small decrease in soil organic carbon (1.63 × 105 t) and a significant increase in vegetation biocarbon (2.10 × 107 t). Land-use activities in the Songnen Plain have gradually weakened, and human factors and natural factors have played a joint role in land-use changes, but the degree of human factors’ role is slightly larger than that of natural factors. The land-use trajectory was significantly negatively correlated with soil organic carbon stock and positively correlated with vegetation biocarbon stock. The difference between the effects of human-induced and natural-induced types on carbon stocks centered on soil organic carbon stocks, with the human-induced type leading to an increase in soil organic carbon stocks and the natural-induced type leading to a decrease in soil organic carbon stocks. Activities such as reclaiming cropland land, returning cropland to forests, and greening brought a net increase in terrestrial carbon stocks in the Songnen Plain, while activities such as land degradation, deforestation, and the expansion of construction land led to a decrease in terrestrial carbon stocks. The results of this paper provide a reference for better increasing terrestrial carbon stock and ecological protection in the Songnen Plain.
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Figure 1. Location of the Songnen Plain. 
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Figure 2. Land-use change in the Songnen Plain, 2005–2020. 
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Figure 3. Changes in carbon stocks in the Songnen Plain, 2005–2020. (a) changes in soil organic carbon and vegetation biocarbon stocks; (b) changes in soil organic carbon and vegetation biocarbon density. 
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Figure 4. Spatial distribution of the terrestrial carbon stocks in the Songnen Plain. (a–d) represent the terrestrial carbon stocks in 2005, 2010, 2015, and 2020. 
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Figure 5. Spatial changes in carbon stocks, 2005–2020. 
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Figure 6. Land-use trajectory in the Songnen Plain, 2005–2020. (a) spatial distribution of land-use trajectories; (b) spatial distribution of the different land-use change factors. 
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Figure 7. Changes in carbon intensity in the land-use change regions, 2005–2020. 
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Figure 8. Spatial distribution of cultivation, grain for green, degradation, deforestation, the expansion of construction, and reforestation in the Songnen Plain, 2005–2010. 
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Figure 9. Comparison of the measured and observed soil organic carbon density (a) and vegetation biocarbon density (b) in the Songnen Plain. 
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Table 1. Land-use type.






Table 1. Land-use type.





	First-Type
	Sub-Type





	1. Cropland
	paddy fields

drylands



	2. Woodland
	forested land

shrubland

open woodland

other woodland



	3. Grassland
	high-cover grassland

medium-cover grassland

low-cover grassland



	4. Wetland
	— —



	5. Construction land
	urban land

rural settlements

other construction land



	6. Underutilized land
	sandy land

bare land

bare rocky gravel land



	7. Saline-alkali land
	— —



	8. Water
	— —










 





Table 2. Type of land-use change.
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	Human-Induced Types
	Naturally Induced Types





	Cropland → Woodland, Construction land, Grassland
	Cropland → Wetland, Water, Underutilized land, Saline-alkali land



	Woodland → Cropland, Construction land
	Woodland → Grassland, Wetland, Water, Underutilized land, Saline-alkali land



	Grassland → Cropland, Woodland, Construction land
	Grassland → Wetland, Water, Underutilized land, Saline-alkali land



	Water → Cropland, Woodland, Construction land
	Water → Grassland, Underutilized land, Saline-alkali land, Wetland



	Wetland → Cropland, Woodland, Construction land
	Wetland→ Grassland, Underutilized land, Saline-alkali land, Water



	Construction land → Cropland, Woodland, Grassland, Wetland, Water, Underutilized land, Saline-alkali land
	— —



	Underutilized land → Cropland, Woodland, Construction land
	Underutilized land → Grassland, Wetland, Water, Saline-alkali land



	Saline-alkali land → Cropland, Woodland, Construction land
	Saline-alkali land → Grassland, Wetland, Water, Underutilized land










 





Table 3. Land-use transfer matrix for the Songnen Plain, 2005–2020 (unit:102 km2).
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2020




	
Water

	
Crop

	
Wood

	
Grass

	
Wet

	
Construction

	
Underutilized

	
Saline






	
2005

	
Water

	
41.72

	
0.55

	
0.28

	
0.35

	
0.41

	
0.04

	
1.87

	
1.16




	
Crop

	
1.43

	
1005.72

	
7.54

	
5.90

	
1.09

	
5.69

	
1.06

	
2.13




	
Wood

	
0.36

	
5.17

	
198.34

	
1.29

	
0.14

	
0.27

	
0.38

	
0.19




	
Grass

	
0.46

	
14.34

	
1.46

	
137.73

	
0.06

	
0.84

	
1.75

	
4.48




	
Wet

	
0.83

	
0.57

	
0.72

	
0.32

	
12.06

	
0.04

	
4.15

	
0.03




	
Construction

	
0.08

	
2.29

	
0.13

	
0.17

	
0.01

	
64.83

	
0.04

	
0.16




	
Underutilized

	
1.11

	
6.10

	
0.37

	
2.96

	
0.24

	
0.17

	
141.45

	
1.72




	
Saline-alkali

	
1.48

	
4.62

	
1.08

	
5.22

	
0.05

	
1.20

	
1.34

	
100.17











 





Table 4. Percentage of the trajectory steps for different land-use types (%).
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	Step
	Crop
	Wood
	Grass
	Wet
	Construction
	Underutilized
	Saline
	Water
	Total





	0
	97.42
	96.10
	85.25
	64.38
	95.63
	91.42
	86.91
	89.63
	94.38



	1
	2.40
	3.74
	13.75
	34.70
	4.20
	7.82
	12.67
	9.66
	5.28



	2
	0.18
	0.15
	0.96
	0.91
	0.17
	0.76
	0.41
	0.71
	0.33



	3
	0.00
	0.01
	0.04
	0.01
	0.00
	0.00
	0.01
	0.00
	0.01










 





Table 5. Different land-use change factors (unit: km2).
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	Type
	Crop
	Wood
	Grass
	Wet
	Construction
	Underutilized
	Saline
	Water
	Total





	Human-induced
	1912.83
	543.73
	1663.58
	133.01
	288.34
	664.08
	689.98
	86.66
	5982.21



	Naturally induced
	570.68
	235.69
	675.85
	532.58
	0.00
	603.80
	809.15
	378.00
	3805.74










 





Table 6. Carbon stock changes in different land-change patterns.
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Type

	
Area/km2

	
SOC Change/t

	
VC Change/t

	
SOC Change/t × km−2

	
VC Change/t × km−2






	
Trajectory

	
One step

	
9500.01

	
−242,244.88

	
771,364.13

	
−25.50

	
81.20




	
Two step

	
593.16

	
−57,753.90

	
36,970.29

	
−97.37

	
62.33




	
Three step

	
7.24

	
−6050.78

	
1387.05

	
−835.47

	
191.52




	
Contributing

	
Human

	
5982.21

	
258,845.75

	
470,743.92

	
43.27

	
78.69




	
Naturally

	
3805.74

	
−692,736.23

	
321,908.78

	
−182.02

	
84.59











 





Table 7. Type of land-use change.






Table 7. Type of land-use change.





	Type
	Land-use Before
	Land-use After





	Cultivation
	Any land-use (except woodland)
	Cropland



	Grain for green
	Cropland
	Woodland, Grassland



	Degradation
	Cropland, Grassland, Wetland
	Underutilized land, Saline-alkali land



	Deforestation
	Woodland
	Any land-use



	Expansion of construction
	Any land-use (except woodland)
	Construction land



	Reforest
	Underutilized land, Saline-alkali land
	Grassland, Woodland










 





Table 8. Carbon stock changes due to land-use.
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Type

	
Area/km2

	
SOC Change/t

	
VC Change/t

	
SOC Change/t × km−2

	
VC Change/t × km−2






	
Cultivation

	
Human-induced

	
2791.51

	
203,624.45

	
217,634.93

	
72.94

	
77.96




	
Grain for green

	
Human-induced

	
1343.65

	
132,719.94

	
129,268.76

	
98.78

	
96.21




	
Degradation

	
Naturally induced

	
1360.34

	
−73,997.69

	
−210,691.7

	
−54.40

	
−154.88




	
Deforestation

	
Human-induced

	
543.73

	
−44,532.51

	
−5635.38

	
−81.90

	
−10.36




	
Naturally induced

	
199.54

	
−9378.25

	
−24,303.31

	
−47.00

	
−121.80




	
Expansion of construction

	
Human-induced

	
794.26

	
−41,825.73

	
−50,345.63

	
−52.66

	
−63.39




	
Reforest

	
Human-induced

	
145.38

	
2157.37

	
22,600.06

	
14.84

	
155.46




	
Naturally induced

	
817.76

	
15,634.78

	
89,651.55

	
19.12

	
109.63
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