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Abstract

:

Accurately assessing and predicting the impacts of land use changes on ecosystem carbon stocks in the Yellow River Basin (YRB) and exploring the optimization of land use structure to increase ecosystem carbon stocks are of great practical significance for China to achieve the goal of “double carbon”. In this study, we used multi-year remote sensing data, meteorological data and statistical data to measure the ecosystem carbon stock in the YRB from 2000 to 2020 based on the InVEST model, and then simulated and measured the ecosystem carbon stock under four different land use scenarios coupled with the FLUS model in 2030. The results show that, from 2000 to 2020, urban expansion in the YRB continued, but woodland and grassland grew more slowly. Carbon stock showed an increasing trend during the first 20 years, with an overall increase of 7.2 megatons, or 0.23%. Simulating the four land use scenarios in 2030, carbon stock will decrease the most under the cropland protection scenario, with a decrease of 17.7 megatons compared with 2020. However, carbon stock increases the most under the ecological protection scenario, with a maximum increase of 9.1 megatons. Furthermore, distinct trends in carbon storage were observed across different regions, with significant increases in the upstream under the natural development scenario, in the midstream under the ecological protection scenario and in the downstream under the cropland protection scenario. We suggest that the upstream should maintain the existing development mode, with ecological protection prioritized in the middle reaches and farmland protection prioritized in the lower reaches. This study provides a scientific basis for the carbon balance, land use structure adjustment and land management decision-making in the YRB.
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1. Introduction


In the context of climate change, global warming is increasing, and extreme events are occurring frequently, endangering the survival and development of humankind [1,2,3]. How to reduce carbon emissions and increase carbon sequestration capacity has become a focus of attention. China has launched several carbon reduction policies since the beginning of the 21st century, such as Nationally Appropriate Mitigation Actions (NAMAs) and Five-Year Plans (FYPs). In addition, China has committed to striving for carbon peaking by 2030 and carbon neutrality by 2060 [4]. Terrestrial ecosystems are important carriers of carbon emissions and carbon storage and are key to the carbon cycle worldwide and climate change. Existing studies have shown that land use/cover change (LUCC) plays a significant role in influencing how much carbon is stored in terrestrial ecosystems [5]. LUCC affects local and even global carbon cycling processes by influencing the Earth’s biochemical cycling processes [6,7,8]. Due to the disturbance caused by human activities, the change in carbon storage in terrestrial ecosystems caused by land use change is uncertain in the carbon cycle process, which shows that the effect of changes in land use on carbon storage to enhance carbon storage in terrestrial ecosystems are important ways to mitigate the rising CO2 concentration and global warming [9,10].



Based on LUCC, many scholars have analyzed the carbon cycle of global and national ecosystems in-depth, mainly including the carbon storage capacity of different ecosystems [11,12], the relationship between carbon storage and LUCC [13,14] and the carbon emission mechanism of LUCC [15,16,17], among others. LUCC affects soil carbon storage by changing the input and output environments of soil organic matter, and affects vegetation carbon storage by changing vegetation cover and biomass [18]. Analyzing the effects of LUCC on vegetation or soil carbon stocks in ecosystems is crucial to understand how LUCC affects carbon processes. Different ecosystems have varying capacities for sequestering carbon, and LUCC in forests [19,20], grasslands [21,22], croplands [23,24] and cities [25,26] has different impacts on the soil and vegetation’s ability to store carbon. Currently, scholars focus on the quantitative variations in carbon storage between vegetation types, land use types and regions, but an understanding of the complex mechanism between LUCC and carbon storage is still lacking.



The quantitative assessment of carbon storage is the prerequisite and basis for studying the carbon cycle process. Model simulation methods and field survey methods are frequently used to evaluate terrestrial carbon storage. The field survey method is the most basic and effective assessment method, but it is complicated to operate, and the laboratory equipment is expensive, so it is suitable for the assessment of carbon storage in small areas. The model simulation method makes up for the shortcomings of the field survey method, and common models include empirically based statistical models, ecosystem process simulation models and remote sensing models. Previous studies used empirical statistical models to assess carbon storage [27,28]. Large uncertainties exist in the simulation results of empirical statistical models due to the limited number of observed samples and the challenge of localizing the model parameters. Ecosystem process simulation models are the current hotspot of carbon storage research, including the CLUE-Nuts model [29], CENTURY model [30], Atmosphere–Vegetation Interaction Model (AVIM2) [31], Biome—BioGeochemical Cycles (Biome-BGC) model [32], etc. Although these models take into account the physicochemical processes of the carbon cycle and the physiological processes of plants, the shortcomings of this approach are the difficulty of obtaining complex biological and geographical parameters of ecosystems and the lack of consideration of the processes of change in the structural functioning and spatial distribution of ecosystems. Some remote sensing models, such as the Carnegie–Ames–Stanford Approach (CASA) [33], GLObal Production Efficiency Model (GIO-PEM) [34], vegetation photosynthesis model (VPM) [35], etc., can fully utilize the vegetation observation information from satellite remote sensing, do not require field sampling and can reduce the interpolation error, which are widely used in the assessment of carbon stock, but such models are limited by the geographical area and the type of vegetation, and most of them are empirical models with which it is not easy to accurately calculate the carbon stock. In recent years, the Integrated Valuation of Ecosystem Services and Trade-offs (InVEST) model is often applied to estimate carbon storage, which can be coupled with land prediction models to assess future ecosystem carbon storage [36,37]. However, the process of localizing carbon density parameters in existing studies usually draws directly from other literature or is validated by meteorological data, which increases the uncertainty of carbon storage estimation.



Currently, there are a significant number of studies being conducted on carbon storage and the research is still insufficient. First, the existing studies based on the assessment of carbon storage in LUCC are characterized by significant uncertainties in the results due to the insufficient amount of data resulting from the high cost of field observations and limitations caused by empirical modeling. In this study, we combined the carbon density data under ecological zoning with the secondary categorization of land use types to reduce the error between the carbon density parameters and the actual carbon density caused by spatial heterogeneity, and to improve the accuracy of carbon stock estimation by the InVEST model. Secondly, existing studies mainly focus on the assessment of carbon storage capacity for single development scenarios in the history or the future [38,39], and the simulation of future multi-scenario carbon storage capacity is still to be optimized [40]. Therefore, we assessed the land use changes in the Yellow River Basin (YRB) and their impacts on the carbon stock under various development scenarios in the future through the coupling of the Future Land Use Simulation (FLUS) 2.4 model and the InVEST 3.13 model.



In summary, we simulated the land use pattern under different scenarios based on the FLUS–InVEST model, and predicted the potential of future carbon storage under different scenarios, with the aim to provide a scientific basis for the carbon balance and land use structure adjustment in the Yellow River Basin.




2. Materials and Methods


2.1. Study Area


Situated in northern China, the YRB (32°2′–42°50′N, 96°58′–119°5′E) spans 5464 km in total length (Figure 1). The basin has complex topography and geomorphology, diverse climate types and abundant natural resources. The Loess Plateau, the North China Plain and the Tibetan Plateau are connected by this ecological corridor. In recent years, the YRB has experienced rapid economic development, and at the same time, the ecological environment in the basin has deteriorated. Imbalances in the allocation of natural resources exacerbate ecosystem vulnerability, and on the other hand, resource waste, land degradation and pollution are accelerated by urban growth and the irrational usage of ecological zones. Carbon storage services can reflect the quality of ecosystems [41]. It is crucial to analyze how the YRB’s carbon storage has changed, which could ensure ecological security in the area and promote the coordinated growth of the socioeconomic and ecological systems.




2.2. Data Sources and Preprocessing


This research collected a series of datasets. Land use data were derived from the Climate Change Initiative–LUCC (CCI–LC) remote sensing product of the European Space Agency (ESA), which has a 300 m × 300 m spatial resolution. Since the land use data in the dataset are not in raster format, the raw data were preprocessed with network Common Data Form (NetCDF) data conversion. The land use maps for 2000, 2010 and 2020 were obtained through the process of uniform projection (WGS 1984 Cylindrical Equal Area), reclassification (Table S1) and resampling (1 km × 1 km). In this paper, land use types are classified into seven categories: grassland, cultivated land, woodland, barren, urban, water area and permanent snow and ice. Carbon density data were derived from the 2010s China Terrestrial Ecosystem Carbon Density Dataset (http://www.nesdc.org.cn (accessed on 10 February 2023)) [42]. The Digital Elevation Model (DEM) was obtained from the National Glacial Tundra Desert Science Data Center (www.ncdc.ac.cn (accessed on 11 February 2023)) [43]. Meteorological data and spatial distribution data of GDP and population were derived from the Center for Resource and Environmental Science and Data of the Chinese Academy of Sciences (http://www.resdc.cn (accessed on 13 February 2023)) [44]. Soil data were derived from the National Glacial Tundra Desert Science Data Center (www.ncdc.ac.cn (accessed on 14 February 2023)) [45]. Road and river data were derived from China National Basic Geographic Information (https://www.webmap.cn (accessed on 15 February 2023)).




2.3. Method


2.3.1. Carbon Storage


In this research, the carbon storage of the YRB was evaluated using the carbon storage module of the InVEST 3.13 model. The carbon storage module determines the total of the four ecosystem carbon pools—the aboveground, belowground, soil and dead carbon pools.


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



(1)




where     C   a b o v e     is aboveground carbon value,     C   b e l o w     is belowground carbon value,     C   d e a d     is dead carbon value,     C   s o i l     is soil carbon value and     C   t o t a l     is the total carbon storage in terrestrial ecosystems.



Based on the 2010s Chinese terrestrial ecosystem carbon density dataset, the 892, 686 and 1134 sample data were selected for the calculation of aboveground, belowground and soil carbon densities of vegetation in the YRB, respectively [46]. In order to decrease the mistake resulting from carbon density averaging, land use data, ecological zoning and carbon density points were stacked and analyzed, and the mean value of carbon density of each category in different ecological zoning points were used as the input parameter of the carbon storage module, and the carbon density of water area and urban land categories were calculated with reference to the research results of other scholars [47,48]. The results of the carbon density are shown in Table S2. Considering that the carbon fixed during crop growth will be released to the atmosphere in the form of CO2 in a short period, the aboveground and belowground carbon densities of vegetation on cultivated land were set to 0. In addition, a soil carbon density of 0–20 cm was selected to assess the carbon storage in this paper, and the calculation of dead organic carbon was not taken into account.




2.3.2. FLUS Model


FLUS is a cellular automaton (CA) model for simulating land use changes, which uses a cellular automaton based on the adaptive inertial competition mechanism based on artificial neural network (ANN) suitability probabilities obtained from multiple driving factors to realize the simulation of future land use changes. In contrast to the typical CA model, the FLUS 2.4 model can effectively couple the socio-economic elements and the natural environment elements and achieve the simulation of LUCC by designing the transformation matrix and roulette mechanism among different land classes. It can solve the problems of local transformation and complex parameter determination in the traditional CA method and can better simulate and detect the complex change system.



In the ANN module, a certain percentage of training samples are taken to determine multiple factors that drive LUCC, as input layer neurons in the neural network and the output layer will be given the probability of shifting like elements to other land classes:


  X = (   x   1   ,   x   2   , … ,   x   n     )   T      (    x   i   , i = 1,2 , … , n )  



(2)







In the CA module of the adaptive inertia competition mechanism, it is necessary to adjust the inertia coefficient     I   Q   t     for every kind of land use. Multiple iterations are based on the land demand in the future scenario and the actual number of current classes in each raster. Finally, the allocation of land use in hypothetical futures is simulated by modifying each raster’s inheritance of the existing land usage [49].


    I   Q   t   =         I   Q   t − 1   ,               D   Q   t − 1     ≤     D   Q   t − 2             I   Q   t − 1   ⋅     D   Q   t − 2       D   Q   t − 1     ,           0 >   D   Q   t − 2   >   D   Q   t − 1           I   Q   t − 1   ⋅     D   Q   t − 1       D   Q   t − 2     ,           0 >   D   Q   t − 1   >   D   Q   t − 2          



(3)




where     I   Q   t     indicates the kind of land use’s inertia coefficient   Q   for period t and shows the discrepancy between the number of land uses that are actually in use at any one time and the demand for that type of land use, respectively.     D   Q   t − 1     and     D   Q   t − 2     are the differences between the land use requirements and the actual current land use quantities for category   Q   at time   t − 1   and time   t − 2  , respectively.



LUCC was the result of a multi-factor interaction drive. Based on data about land use driving factors, the FLUS 2.4 model simulates the likelihood that various land use types will be spatially suitable using an ANN. Synthesizing the related literature [50,51,52], and combining the topography and geomorphology, hydrological features and the variability in the development within the basin, this paper selected 15 driving factors related to LUCC, such as socio-economics, natural environment, spatial accessibility and so on (Figure S1). These 15 drivers are input into the model as the training set of the neural network, and the final training accuracy RSME = 0.2111 is obtained. RMSE is a measure of the predictive accuracy of a predictive model on continuous data, and a smaller the RMSE indicates that the model is more accurate in its prediction, from which it can be concluded that the training results are better.



Each land use type’s growth capacity is primarily determined by the neighborhood factor, which is in a range of 0–1. A terrain type has a greater capacity for expansion the closer it is to 1. The neighborhood factors in this study were set to 0.8 for water, 0.7 for forest land, 0.7 for grassland, 0.7 for barren, 0.6 for cultivated land, 0.7 for urban and 0.9 for permanent snow and ice, respectively. This is shown in Table S3.



The FLUS 2.4 model integrates neighborhood factors, transformation rules and realizes the simulation of LUCC based on the suitability probability of each class. In this study, we chose to carry out an iterative cycle under a 3 × 3 molar neighborhood and at last received the results of the land use simulation in the YRB in 2020.



In this paper, the three indices of the Kappa coefficient, overall accuracy (OA) and figure of merit (FoM) are mainly selected to verify the accuracy of simulation results. The calculation formula is as follows:


  K a p p a =     P r   a   −   P r   e     1 −   P r   e     , K a p p a ∈   0 , 1    



(4)




where is the proportion of simulation results consistent with the actual, expressed as the proportion of predicted results consistent with the actual in the random situation. For a kappa coefficient between 0 and 1, the larger the value of the kappa coefficient, the higher the simulation accuracy, and when the kappa coefficient > 0.75, this indicates that the land use change prediction of the degree of coincidence is higher and therefore that the the simulation effect is better [53].


  O A =     ∑  i = 1   m      N   i i       N   , O A ∈   0 , 1    



(5)




where     N   i i     indicates the number of correct rasters for land use change simulation, N is the total number of rasters involved in land use change simulation in the study area and the larger the OA value, the higher the simulation accuracy.


  O A =     ∑  i = 1   m      N   i i       N   , O A ∈   0 , 1    



(6)




where   A   represents the number of rasters where the land use type remains unchanged in the simulation results and the actual land use type changes,   B   is the raster data where the simulation results and the actual land use type changes are consistent,   C   is the number of rasters where the simulation results and the actual land use type changes are inconsistent and   D   is the number of rasters where the simulation results in a change in the land use type and the actual land use type does not change. Similar to the kappa coefficient, the higher the value of the FoM coefficient, the more accurate the simulation. As far as the theory is concerned, there is no fixed range for the value of FoM accuracy; in previous studies, the FoM value is mostly lower than 0.3, and the FoM accuracy is related to the simulation step size [54].



Findings from a comparison of the simulation and actual 2020 land use data revealed that the FoM index is 0.0327, the OA accuracy is 0.8785 and the correlation Kappa coefficient is 0.8010. The simulated land changes have a high similarity to the actual land change patterns, and future scenarios are more reliably predicted with the FLUS 2.4 model.




2.3.3. Scenario Setting


Considering of historical LUCC processes and development objectives of the YRB, we set up four scenarios, which are Natural Development Scenario (NDS), Ecological Protection Scenario (EPS), Cropland Protection Scenario (CPS) and Urban Expansion Scenario (UES) [48].



NDS: Policies will not influence LUCC in the future, and the pattern of LUCC will remain the same from 2010 to 2020.



EPS: Adhere to the ecological primacy principle and restrict the conversion of grasslands and forests into other land types. Increase the chance of converting agricultural land into a forest (Table S4). Decrease the neighborhood parameter of barren and urban by 0.1 and increase the neighborhood parameter of forest land, grassland and water by 0.1 based on the natural development scenario (Table S5), and finally set the land transfer rank in the cost matrix as forest land > grassland > water > others (Table S6).



CPS: The main ways to increase the area under cultivation are to restrict the conversion of cultivated land into different land classes, adjusting the likelihood of converting farmed land to different types of land use based on natural development, while the neighborhood factor of cultivated land is increased by 0.2 and the amount of unused land is decreased by 0.1. The cost matrix restricts cultivated land from shifting to barren land types.



UES: Compressing the area for cultivated land, woodland, grassland and barrenness increases the chance of transferring these areas to the urban area, resulting in rapid urban growth. Adjustment of the urban neighborhood factor increases by 0.1 and the cultivated land, woodland, grassland and barren neighborhood factor decreases by 0.1, while the cost matrix is set to have only a single transfer of other land categories to the city.






3. Results


3.1. Impact of Historical Land Use Change on Carbon Storage


3.1.1. Characteristics of Land Use Change 2000–2020


There was a stable spatial distribution of land use types in the YRB, with grassland, woodland and cultivated land from west to east (Figure 2). The spatial distribution was closely related to the topography and terrain of the three terraces of the YRB, the disparity in temperature and the uneven distribution of precipitation. Grassland occupied the largest area in the YRB, mainly distributed in the large part of the upper reaches and the localized area (Hekouzhen to Longmen) in the middle reaches. Cultivated land was the second largest land category in the YRB, mostly found in the middle and lower reaches. The majority of the forest land stretched from Longmen to the Huayuankou region in the middle reaches. Most urban land was found in the province capital cities, and urban expansion was obvious between 2000 and 2020, with cities growing significantly in size.



Figure 3b shows the proportion of each type of land use by area: grassland > cultivated land > woodland > barren > urban > water > permanent snow and ice. Between 2000 and 2020, the cultivated land in the YRB decreased the most, while urban land expansion was obvious, increasing by 11,527 km2. The areas of water, grassland and forests were expanding, while barren areas showed a decreasing and then increasing trend. Concerning the sub-basins, the upstream had the largest share of grassland area, above 73% (Figure S2b). The grassland area increased and then decreased, cultivated land area kept declining and forested land area kept growing between 2000 and 2020. The area of cultivated land in the midstream accounted for the largest proportion (Figure S2d), and cultivated land kept declining during the 20 years, forested land increased from 63,782 km2 to 65,712 km2, grassland area decreased and then increased and water and urban areas kept rising. Over 83% of the entire area was made up of the downstream cultivated land area, which kept on decreasing over the 20 years, while the urban area kept on increasing.




3.1.2. Temporal Changes in Carbon Storage


From 2000 to 2020, the YRB’s carbon storage trended upward and then downward (Figure 4). The cumulative values of carbon storage in the YRB in 2000, 2010 and 2020 were 3.1455 × 109 t, 3.1563 × 109 t and 3.1527 × 109 t, respectively. The land-use categories with the highest carbon storage values were grassland, cultivated land, forest, barren and urban, in decreasing order. Between 2000 and 2020, cultivated land’s carbon storage decreased, with a trend of declining and then increasing carbon storage in arid land. Urban environments, woodlands and grasslands all have higher carbon storage capacities. The YRB ecosystem’s carbon storage services were dominated by soil carbon storage in terms of carbon pools, much larger than vegetation carbon stocks. Carbon stocks above and below ground in the vegetation increased consistently over 20 years, indicating the effectiveness of the revegetation project.



The variations in carbon storage within the sub-basins are depicted in Figure 5. The upper reaches’ carbon storage exhibited a tendency of initially growing and then dropping between 2000 and 2020. The cumulative values of upstream carbon stock during 2000, 2010 and 2020 were of 1.9090 × 109 t, 1.9189 × 109 t and 1.9159 × 109 t, respectively, with a total increase of 6.8558 megatons in carbon stock for 20 years. Grassland and cultivated land contribute more to the carbon storage in the upper reaches, followed by woodland and barren areas. Carbon stocks in grassland increased and then decreased, barrenness decreased and then increased, carbon stocks in woodland continued to increase and carbon stocks in cultivated land decreased. In contrast to aboveground and belowground biomass, which both showed continuous increases, soil carbon storage displayed a trend of growing and then dropping.



Between 2000 and 2020, the middle reaches of the YRB saw a constant rise in carbon storage, adding 2.58 megatons to the total. In the middle reaches of the YRB, the primary sources of carbon storage were forests, crops and grasslands. Woodland, grassland and urban carbon stocks continued to increase, and cultivated land carbon stocks continued to decrease from 2000 to 2020. The carbon storage in the middle reaches was mostly attributed to the soil carbon pool, with aboveground and underground carbon pools following suit. Between 2000 and 2020, the soil carbon pool continued to decline while the aboveground and belowground carbon pools of vegetation continued to rise.



The YRB’s lower reaches’ carbon storage kept declining, with a complete drop of 2.24 megatons from 2000 to 2020, which was mostly attributable to the decline in the area of cultivated land. The lower reaches of the YRB contributed the least to the carbon stock in the YRB. In terms of carbon pools, soil carbon storage made up the majority of downstream carbon storage between 2000 and 2020, and vegetation carbon storage increased while downstream soil carbon storage decreased.




3.1.3. Spatial Variation in Carbon Storage


The regional distribution of carbon storage in the YRB was rather constant when compared to the fundamental spatial distribution features of “high in the south and low in the north, high in the west and low in the east” (Figure 6). With a piecewise distribution, the high-value area was centered in the YRB’s southwest as well as its middle stretches from Longmen to Sanmenxia and from Sanmenxia to Huayuankou. The low-value area was centered in the regions that distributed water, bare land and construction land. The southeastern region of the Tibetan Plateau was dominated by alpine meadows, where a low temperature was unfavorable to the breakdown of organic materials in soil, and the region accumulated a large amount of soil carbon so that the upstream alpine meadows showed high-value areas of carbon storage. The western portion of the middle sections of the Yellow River has less carbon storage because the Loess Plateau region has a high sand content and the Luliang Mountain Range prevents water vapor from the east, which is detrimental to the establishment of plants.



From 2000 to 2020, the total amount of carbon stored in the YRB did not vary in response to changes in space, with increasing and decreasing areas staggered (Figure S3). Carbon-storage-increasing areas were mostly centered in the upper reaches’ western region from Lanzhou to Hekou Town, and some areas in the middle stream from Hekou Town to Longmen, and decreasing areas were mainly distributed around the provincial capital cities. Influenced by LUCC, carbon storage showed opposite trends in different periods. The area wherein carbon storage changed in 2000–2020 was smaller compared to the two subperiods (2000–2010, 2010–2020). Between 2000 and 2020, the percentage of carbon storage that decreased (2.13%) was marginally less than the percentage of carbon storage that increased (2.48%).





3.2. Simulation and Analysis of Different Land Use Scenarios


Based on 2010 land use data, the FLUS 2.4 model was used to estimate the regional pattern of land use in 2030 for the scenarios of natural development, ecological conservation, agricultural protection and urban growth (Figure 7). Under all four scenarios in 2030, the land use was distributed spatially in a similar manner, with a significant expansion of urban land in all scenarios compared to 2020.



Urban growth was most significant under the UES, with urban areas accounting for 2.72% of the total, and expansion areas were concentrated in metropolitan areas in the YRB’s middle and lower regions (Figure 8). Cultivated land and grassland areas declined while areas of forest, water and bare ground rose. Compared to the other scenarios, cultivated land reduced the most, falling by 9.06‰.



Under the NDS, forest land, barrenness, waters and urban areas increased. At the same time, barrenness had a relatively large proportion in this scenario compared to other scenarios, with a proportion of 2.64%. The areas of grassland and cultivated land decreased, with grassland areas decreasing most significantly in this scenario, by 9118 km2.



Under the CPS, cultivated land expansion was most significant, showing an increase of 11.58‰. It was evident that urban land was expanding, with the majority of the growth areas falling into the urban agglomerations of Lanzhou–Xining and Hohhot–Baotou–Ordos–Yulin. The water area increased, and the extent of the barren, forested and grassland areas indicated a downward trend.



Under the EPS, the expansion of grassland and woodland was more significant, with the grassland area increasing by 4.12‰ and the woodland area increasing by 1.82‰, with the grassland and woodland areas accounting for 51.22% and 9.55%, respectively. The water area and urban area increased and the cultivated and barren area decreased.



There were notable differences in the distribution and quantitative changes in land use categories under the different scenarios in the upper, middle and downstream sections of the YRB (Figure S4). In all four scenarios, there was a downward trend in the upstream cultivated land area, an upward trend in the midstream cultivated land area under the natural development and cultivated land protection scenarios and only an upward trend in the downstream agricultural area under the cultivated land protection scenario. While the middle and downstream grassland regions showed a declining tendency under all four scenarios, the upstream grassland area showed a drop only under the cultivated land conservation scenario. The upstream urban area increased only in the case of farmland protection, and midstream and downstream urban areas decreased under the cultivated land protection scenario.




3.3. Assessment of Carbon Storage under Different Scenarios


3.3.1. Temporal Changes in Carbon Storage under Different Scenarios


Under the NDS, the total carbon stock in the YRB is 31.57 × 108 t, which is an increase of 4.80 megatons of carbon stock compared to 2020 (Figure 9). All land types, with the exception of farming, experienced an increase in carbon storage relative to different land use types. The largest increase, of 16.33 megatons, was observed in grassland carbon storage. In terms of carbon pools, all carbon pools showed growth except soil carbon pools, with the most significant increase in belowground carbon stocks in vegetation. There was a 18.8 megatons increase in the overall carbon storage upstream, in which grassland carbon storage increased significantly, cultivated land carbon storage loss was severe and all carbon pools showed growth (Figures S5 and S6). In the midstream, with the exception of grassland, all land types exhibited a rising tendency in carbon storage, and the midstream soil carbon stock lost the most. In contrast to 2020, the downstream carbon storage decreased by 4.07 megatons, mainly reflecting the decline in carbon storage in cultivated land and grassland.



Under the EPS, the carbon stock in the YRB is 31.62 × 108 t in 2030, which is the largest increase among the four scenarios, with an increase of 9.10 megatons compared with 2020. Under this scenario, the carbon storage in urban areas, grasslands and woodlands rose, with woodland carbon storage increasing at the highest rate, namely 11.18 megatons. The carbon storage in barren and cultivated land decreased. All carbon pools showed growth in this scenario. Upstream carbon storage increased by 13.3 megatons in 2030, and woodland carbon storage showed an increasing trend only in this scenario. Similar to the NDS, all upstream carbon pools grew under this scenario. Under the ecological protection scenario, the amount of carbon stored in the midstream grasslands was negligibly lost, and all carbon pools in the midstream aside from the soil carbon pool exhibited an increasing trend.



Under the CPS, the YRB had the greatest decline in carbon storage, with 31.353 × 108 t of carbon stored in 2030 compared to 17.68 megatons in 2020. The carbon storage of cultivated land in the YRB only showed an increase in this scenario, with an increase of 19.71 megatons, and grassland’s capacity to store carbon decreased in this scenario, with a total decrease of 33.07 megatons. In this scenario, all the three pools of carbon showed a decrease. Upstream total carbon and, in this scenario, grassland carbon storage trended downward, and urban carbon storage showed an increase only in the cultivated land protection scenario. Midstream forest land and urban carbon storage showed a decrease only in this scenario. Downstream cultivated land carbon storage increased significantly by 2.84 megatons, and urban carbon storage was opposite to cultivated land carbon storage.



Under the UES, the carbon storage was 31.48 × 108 t in the YRB, a decrease of 4.61 megatons from 2020. Regarding various land use categories, only cultivated land carbon stock showed a decrease in this scenario, with grassland carbon stock showing the largest increase, followed by urban carbon stock and forest land carbon storage. Similar to the NDS, all carbon pools displayed an increase in this scenario except for the soil carbon pool, which decreased most significantly in this scenario. Compared to 2020, the overall carbon stock in the upstream grew by 15.4 megatons, whereas the farmland carbon stock dramatically reduced. The midstream urban carbon storage showed a large gain under this scenario, and all carbon pools in the midstream showed growth except for the soil carbon pool. Downstream cultivated land carbon storage showed the greatest loss in this scenario, while urban carbon storage showed significant growth in this scenario.




3.3.2. Spatial Variation in Carbon Storage under Different Scenarios


All things considered, the YRB’s regional carbon storage distribution under different scenarios was comparable (Figure 10). The central region’s distributed forest land and the southwest’s distributed grassland were the high-value carbon storage areas, while the western portion of the Yellow River Basin’s middle reaches and the distributed areas of water, barren and construction land were the low-value carbon storage areas. Changes in the spatial distribution of carbon storage under various scenarios were primarily seen in the upstream and intermediate reaches in the entwined regions of forestry, livestock and agriculture, where there were frequent changes in land use, and therefore changes in carbon storage. The region had a larger proportion of low-value areas for carbon storage under the UES, the highest percentage of high-value areas under the NDS, the lowest percentage of low-value areas under the EPS and the lowest percentage of high-value areas under the CPS.



In terms of spatial changes, there was an insignificant difference in carbon storage changes in the YRB under different scenarios. In the scenarios of ecological preservation, urban growth and natural development, the carbon storage above Longyangxia and the junction from Longyangxia to Lanzhou, the west and north of Lanzhou to Hekouzhen, the middle reaches of the Yellow River from Hekouzhen to Longmen and part of the area from Longmen to Sanmenxia showed growth, while the urban agglomerations accounted for the majority of the areas with declining carbon storage. The urban agglomerations of Hohhot–Baotou–Ordos–Yulin and upstream Lanzhou–Xining showed the largest losses in carbon storage, and the scenarios of planted land conservation were special.



Differences in carbon storage under the four scenarios in 2030 were mostly focused in the transition areas of agriculture and livestock, agriculture and forestry in the upstream and midstream and the urban expansion area. While the rise in carbon stock was largest in the EPS, the loss of carbon stock in the YRB was more severe under the CPS. Carbon stocks in forest land and grassland in the YRB and in the upper, middle and lower reaches of the basin had the largest increment under the EPS, and carbon stocks in cultivated land had the largest increment under the CPS. The carbon stocks of other land use types in the upper, middle and lower reaches of the YRB still differ greatly under different scenarios.






4. Discussion


By coupling the FLUS–InVEST model, the key elements of land use and carbon density statistics based on different ecological zones and different vegetations were quantified, and the spatial distribution pattern of historical and future carbon stocks was measured, revealing the carbon storage effect of LUCC. To lower the inaccuracy in carbon density induced by spatial heterogeneity and increase the accuracy of the findings of the carbon storage calculation in the YRB, we calculated the carbon density of each species in several ecological zones. This study is crucial for effectively adapting to climate change, realizing ecological preservation and ensuring that the YRB develops at a high standard continually.



The carbon density parameter held great significance in the InVEST 3.13 model’s carbon storage computation and exerted a noteworthy influence on the carbon storage simulation outcomes. In this study, carbon density data were combined with land use data and ecological zoning to obtain the carbon density of different ecological zones in the Yellow River Basin. Compared with others who used a set of carbon density data to estimate carbon storage, this study improved the accuracy of carbon storage estimation to some extent. The range of vegetation carbon density settings in this study was close to that of Jia and Hou et al. as a whole [55,56]. The carbon density of the barren land found in this study was slightly lower than that of the sparse vegetation in the northern Tibetan Plateau [57], while the soil carbon density was significantly greater than that of the soil organic carbon density (8.6 Mg/ha) in 0–20 cm of the desert in the study of Xie et al. [58], mainly due to the differences in the sampling time and calculation method between the two. The organic carbon density of vegetation in the Henan section of the YRB in the study by Qin et al. ranged from 5.70 to 36.37 Mg/ha [59], and the set range of organic carbon density of vegetation in the same ecological zone in this study was from 1.72 to 38.03 Mg/ha, which was relatively similar. Compared with the carbon density values of Tang et al. for field surveys of forests, shrubs, grasslands and farmlands in China during 2010–2015 [60], the vegetation carbon densities of woodlands in the YRB were all lower than the national average, because the average carbon densities of woodlands and shrubs were used in this study. In summary, the carbon density data used in this study were relatively accurate and reliable. When compared to using a single set of carbon density data to represent the entire carbon density level in the studied area, this study may help to improve the accuracy of regional carbon storage estimation.



The findings demonstrated that the YRB’s overall carbon storage was 3.1455 × 109~3.1563 × 109 t from 2000 to 2020, which is lower than the value in other scholars’ studies [46,61]. First off, there were discrepancies in the land use and carbon density data utilized in this study. Additionally, the findings of the carbon storage computation varied depending on the sources and methodologies used to interpret the land use data. Most studies estimated the soil carbon storage at 1 m depth [62,63], while this paper calculated the carbon storage in the soil surface layer (0~20 cm), which led to the low carbon storage calculated. Second, there was a difference in the carbon density of vegetation in cultivated land, and we set farmland vegetation’s aboveground and belowground carbon densities to 0, which was different from other scholars [46,61]. Last but not least, the fact that this study neglected to account for the computation of subterranean carbon storage in cities and dead organic carbon storage is another factor contributing to the inconsistent results of the carbon storage computation. Regarding the arrangement of spaces, the upstream plateau ecological zones as well as the woodland distribution area in midstream had higher carbon storage, the downstream carbon storage was low and the upstream barren distribution area had the lowest carbon storage. It resembled the regional patterns of carbon storage in the YRB found in previous researchers’ studies [64]. As far as carbon storage changes are concerned, between 2000 and 2020, the YRB’s vegetation carbon storage rose steadily, but the middle reaches saw a notable rise in vegetation carbon storage. This agreed with the net primary productivity trend in the YRB as determined by other scholars [65,66].



The geographical distribution of carbon storage was governed by the combined ability of soil and vegetation to sequester carbon, and the capacity of soil and vegetation to store carbon varied widely between sites owing to factors including soil type, plant type and temperature [67]. In the middle reaches, forest land demonstrated a significant amount of vegetative carbon storage, and the alpine meadows in the upper reaches accumulated a large amount of soil carbon under the environment of low temperature and high soil humidity, which resulted in a high carbon storage value. The loss of soil carbon storage around the provincial capital cities in the YRB was serious due to the obvious urban expansion and the increase in impervious surface [32,68]. In the upstream Longyangxia to Lanzhou, the western part of Lanzhou to Hekouzhen, the middle reaches from Hekouzhen to Longmen and part of Longmen to Sanmenxia, the trend of vegetation cover had improved under the influence of ecological restoration and reconstruction projects, such as the Sanjiangyuan and Qilianshan National Nature Reserve [69], as well as the Three-North Protective Forest Project and the Ploughland Returning Forests to Grassland Project [70], and thus the carbon storage in some areas showed an increase.



The change in land use intensity and direction has a significant impact on the change in carbon storage. Other scholars have found that LUCC was occurring in a way that would cause a reduction in carbon storage when grassland and forest land were moved to other land use categories, but a gain in carbon storage when grassland was moved to forest land [71,72,73,74]. Forest and grassland were important land use types to enhance carbon storage, while vegetation restoration projects improved vegetation cover and had a positive effect on enhancing carbon sinks in terrestrial ecosystems [75]. Major changes in cultivated land and grassland were observed in the YRB with respect to the degree of LUCC, and these changes had a major impact on carbon storage. Although the intensity of the transfer from barren to grassland was relatively obvious, the impact on the carbon storage change was relatively small. The intensity of the change in forest land was not large, but it did result in a more noticeable shift in carbon storage. In summary, the degree and direction of LUCC both influenced the amount of carbon stored, which was in line with studies carried out by other scholars [76,77].



This study has certain limitations. First, we employed a fixed carbon density and momentarily ignored the consequences of climate change, ecological protection projects and straw-burning-related policies on carbon stock [78,79,80], and there is a possibility of underestimating the carbon stock. Therefore, carbon density measured data should be strengthened and a dynamic carbon density database should be established to realize the dynamic monitoring of carbon stock. Secondly, consideration should be given to obtaining more refined land use data to improve the accuracy of carbon stock estimation. Finally, forests are one of the major carbon sinks, and further subdivision of forests, taking into account forest type as well as forest age, could increase the assessment of the forest carbon stock’s accuracy.




5. Conclusions and Policy Implications


Based on the FLUS 2.4 and InVEST 3.13 models, we revealed the impacts of land use changes on carbon storage in history and for different scenarios of the future. The main conclusions are the following: From 2000 to 2020, the carbon storage in the YRB showed a trend of increasing and then decreasing, and the total value of carbon storage in 2000, 2010 and 2020 was 3.1455 × 109 t, 3.1563 × 109 t and 3.1527 × 109 t, respectively. The carbon storage in the YRB showed a spatial pattern of “high in the west and low in the east, high in the south and low in the north”. Grassland, cultivated land and forest land were the main carbon sinks in the YRB, and the soil carbon pool had a greater impact on the carbon pool of the whole terrestrial ecosystem. The geographic pattern of land use in the YRB was similar under different scenarios in 2030. Compared to the natural development scenario, the ecological protection scenario showed a significant increase in woodland and grassland; the cultivated land protection scenario showed a significant increase in cultivated land; and the urban expansion scenario showed a significant increase in urban and a decrease in grassland and cultivated land. The carbon storage in the YRB decreased the most under the cultivated land protection scenario in 2030 (a decrease of 17.7 megatons) and increased the most under the ecological protection scenario (an increase of 9.10 megatons). The upstream carbon storage increased significantly under the natural development scenario, while under the ecological preservation scenario, there was an increase in midstream carbon storage, and under the farmland protection scenario, there was an increase in downstream carbon storage. Overall, the type of land transfer determined the trend of increasing or decreasing carbon storage, and the outcome of carbon storage changes was determined by both the type of transfer and the amount of transfer.



Based on an examination of how potential changes in land use in the future will affect carbon storage, we propose a land use optimization scheme to maximize carbon storage. The future land use planning of the YRB should be closer to the ecological protection scenario, and the upstream should maintain the current development pattern to keep the growth of grassland at a high level. The middle regions must adhere to the ecological preservation scenario’s development pattern and put efforts in place to convert agriculture back into forests and grasslands. The lower reaches should choose the development pattern of the cultivated land protection scenario to avoid the large-scale encroachment of cultivated land by urban expansion. The ecological protection scenario and the cultivated land protection scenario do not mean slowing down urbanization, but rather focusing on protecting high-quality cultivated land and increasing the coverage of forest and grassland. At the same time, current urban land resources should be fully utilized, and vertical urban development should be explored to achieve urban land intensification.
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Figure 1. Overview of the Yellow River Basin in China. 
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Figure 2. Spatial distribution of land use in the Yellow River Basin, 2000–2020. 
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Figure 3. LUCC in the Yellow River Basin from 2000 to 2020. (a) Area of land use type, (b) percentage of area in land use type. 
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Figure 4. Changes in carbon storage in the Yellow River Basin of various land use types and carbon pools from 2000 to 2020. (a,b) Carbon storage of land use type, (c,d) changes in carbon storage in land use type. 






Figure 4. Changes in carbon storage in the Yellow River Basin of various land use types and carbon pools from 2000 to 2020. (a,b) Carbon storage of land use type, (c,d) changes in carbon storage in land use type.



[image: Remotesensing 16 01810 g004]







[image: Remotesensing 16 01810 g005] 





Figure 5. Changes in carbon storage of LUCC and carbon pools in the sub-basins from 2000 to 2020. 
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Figure 6. Spatial distribution of carbon storage in the Yellow River Basin from 2000 to 2020. 
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Figure 7. Spatial distribution of future LUCC in the Yellow River Basin under different scenarios. 
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Figure 8. Future LUCC in the Yellow River Basin under different scenarios. (a) Area of land use type, (b) percentage of area in land use type. 
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Figure 9. Carbon storage and changes in land use and carbon pools in the Yellow River Basin under different future scenarios. (a,b) Carbon storage of land use type, (c,d) changes of carbon storage in land use type. 
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Figure 10. Spatial distribution of carbon storage in the Yellow River Basin under different future scenarios. 
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