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The flow of ecosystem services between regions as a result of the mismatch of supply and demand has increasingly become a new research focus. Clarifying the spatial regularity of ecosystem service flow is of great significance for realizing regional sustainable development and improving human well-being. This study applied a network model to map the interregional carbon flow based on the supply and demand of carbon sequestration service, and the driving effect of various driving factors was further analyzed. The results showed that the demand for carbon sequestration service on the Qinghai-Tibet Plateau increased steadily from 2000 to 2019, resulting in an increasingly significant difference between supply and demand with more than 20 million tons. In the carbon sequestration service flow network, the number of defined deficit nodes increased to 22 in 2010, but decreased to 21 in 2019. The interrupted edges continued to increase to 16, and the network density dropped to 0.022. The carbon sequestration service flow network on the northeastern parts of the Qinghai-Tibet Plateau was severely damaged. With the high-quality development of animal husbandry, the impact of grazing intensity on the difference between the supply and demand of carbon sequestration service has been weakened. When urbanization reached a certain level, the driving effects of urbanization and agricultural activities increased significantly. The study provided a reference for the use of network models to analyze ecosystem service flow, and provided a theoretical basis and data support for local ecological management decisions.
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1 INTRODUCTION
Since the concept of ‘ecosystem service’ was put forward in the 1970s (Holdren and Ehrlich, 1974; Westman, 1977), it has been continuously developed through further study and evaluation by many scholars (Costanza et al., 1997; Daily, 1997). The widely accepted definition refers to the benefits that humans derive from ecosystems. These benefits are classified as the supply services that provide food, freshwater, production and living materials, cultural services that promote spiritual pleasure and civilized development, support services, and regulation services that maintain the operation and development of the ecosystems (Millennium Ecosystem Assessment, 2005). Carbon sequestration service is an important regulation service that plays an important role in slowing down the rise of atmospheric CO2 concentration, regulating global climate, and maintaining global carbon balance, which captures carbon in atmosphere through the carbon sequestration function of ecosystems and fixes the captured carbon to offset part of the CO2 emitted by humans into the atmosphere (Yang et al., 2019; Zhai et al., 2021). However, as population growth and economic development have led to the increase in the demand for carbon resources (Adams et al., 2020), resource consumption and ecological damage have far exceeded the tolerance of the ecosystem, seriously affecting the sustainability of carbon resources (Abbasi et al., 2021). Ecosystem carbon sequestration service have become one of the most concerned focuses in the ecosystem service research.
As a hotspot and Frontier of ecological research, the study of ecosystem services has been continuously deepened in recent decades. The initial studies were conducted from the ecological perspective, focusing more on the structure, processes and functions of ecosystem (Kremen et al., 2007; Reiss et al., 2009). Some researchers conducted dynamic evaluation of ecosystem services through model simulation (Yapp et al., 2010; Robards et al., 2011), while others estimated the value of different types of ecosystem services in different regions from the perspective of ecological economics (Kontogianni et al., 2010; Zander and Straton, 2010). However, it was difficult to put forward scientific management policies only for ecosystem services supply without considering whether human’s demand for ecosystem services has been met. Therefore, in recent years, more and more attention has been paid to the study of the supply and demand of ecosystem services and their balance. Kroll et al. (2012) quantified and mapped the supply and demand of three essential provisioning services, energy, food, and water, along the rural–urban gradient of the eastern German region by using land use, soil, climate, population, energy consumption and other data. Burkhard et al. (2012) constructed a matrix linking spatially explicit biophysical landscape units to ecosystem service supply and demand, and used remote sensing, land survey and socio-economic data to analyze the spatial pattern of ecosystem service supply and demand and their balance. Yang et al. (2012) analyzed the balance between the supply and demand of grain, oil and meat production services in the Yellow River Basin based on county-level statistical data, and visualized the spatial data. These studies demonstrated the spatial mismatch between the supply and demand of ecosystem services, which meant the ecosystem services provided by the region were not used to meet the needs of human society in the same region. In consequence, it is necessary to study the whole process of ecosystem services from generation to use, and clarify the flow process from supply to demand, so as to determine the impact on the human well-being.
Ecosystem service flow, defined as the movement of services from supply areas to benefit areas, can establish a spatio-temporal connection between the supply and demand of ecosystem services (Schirpke et al., 2019a). Therefore, clarifying the transmission path and flow of the ecosystem services is conducive to improving the accuracy of ecosystem service assessment. The formation of services flow mainly depends on the spatial heterogeneity of factors such as ecosystem structure, habitat condition, utilization degree, and the increasing demand of human beings at different levels is the fundamental driving force of ecosystem service flow (Azam and Mohsen, 2021). The direction and intensity of service flow reflect the regional differences in the level of social and economic development (Zank et al., 2016). At present, the research on ecosystem service flow mainly focused on the construction of the theoretical framework (Maass et al., 2005; Palomo et al., 2013), the analysis of service value (Turner et al., 2012; Wang et al., 2021), and spatial correlation analysis of supply and demand (Serna-Chavez et al., 2014). Although it was clear that the source and sink of ecosystem services need to go through a process of spatial flow, the existing studies have not accurately described the flow. Despite the difficulties, research needs to be continued. Only in this way can we accurately link the supply and demand of ecosystem services and provide a scientific basis for scientific and reasonable management policies.
Networks are composed of nodes that represent specific objects, and edges that represent relations between nodes, which can depict many systems that emphasize linkages between components and dynamics (Reza et al., 2021). To date, the network model has been widely used in the field of ecosystem service. For instance, Dee et al. (2017) proposed that using meta-networks to assess how drivers and management actions will impact ES directly and indirectly. Field and Parrott (2017) constructed a conceptual schematic of the multi-ES network to assess landscape connectivity and resilience. In addition, network model had great potential in ecosystem service flow research. Wang et al. (2020) demonstrated the effectiveness of the network model in mapping ESF by constructing a freshwater service flow network for the Yanhe watershed in China. Using networks to identify and regard the supply and demand of ecosystem services as the starting point and end point of the spatial flow can support connectivity assessment, determine the service flow transmission path and help identify spatial and temporal changes (Feurer et al., 2021). The ecosystem services network can assist in making ecological protection decisions by identifying where ecosystem services is most or least connected, and which nodes and edges are the most important.
The Qinghai-Tibetan Plateau has unique ecological significance not just for the natural ecosystems, but also for human society. As an important geographic and ecological unit, the changes in the ecosystems of the Qinghai-Tibet Plateau have a significant impact on the global environment. For the purposes of this study, we adapted the definition of ecosystem service flow from Bagstad et al. (2013) as the transmission of carbon from ecosystems to humans with a spatio-temporal connection between carbon supply and benefit areas. Therefore, the aims of this study were to: 1) quantify and map the spatio-temporal patterns on the supply and demand of carbon sequestration service from 2000 to 2019; 2) construct the carbon sequestration service flow network on the Qinghai-Tibet Plateau; 3) analyze the driving factors of difference between supply and demand of carbon sequestration service and discuss implications for resource management. The study contributed to a better understanding of the objective laws governing spatial flow of carbon sequestration service in regional ecosystems as well as providing theoretical basis and data support for regional carbon management, which was critical to the ecological management and sustainable development of the Qinghai-Tibet Plateau.
2 DATA SOURCES AND METHODS
2.1 Study Area
The Qinghai-Tibet Plateau (QTP) is located in the Southwest China (73°18′E∼104°46′E, 26°00′N∼39°46′N) (Figure 1) and is the world’s largest and most unique geographical unit, accounting for about 26.8% of the land area in China. With an average altitude of more than 4000 m, it is known as the “third pole” of the Earth. The region belongs to a typical continental plateau climate area with low air temperature, strong solar radiation and distinct dry and rainy seasons. The mean annual precipitation ranges from 415 to 515 mm, and the mean annual temperature varies from -2.2 to 0°C. Precipitation and average annual temperature decline from the southeast to the northwest of the Plateau. As one of the most important agricultural and pastoral areas in China, the QTP is abundant in grassland resources, accounting for 50.43% of the country’s total grassland area. The average annual carbon storage reaches 37.61 Pg C, accounting for 63.2% of the total grassland carbon storage in China, which is vital to maintain ecological security of China and the global carbon cycle (Li et al., 2019).
[image: Figure 1]FIGURE 1 | Study area.
Administratively, the Qinghai-Tibetan Plateau covers six provinces including Xinjiang, Gansu, Qinghai, Tibet, Yunnan and Sichuan. Since 1949, the population has grown rapidly. By the end of 2019, the total population has reached 26.85 million. The expansion of agriculture and animal husbandry in recent decades has deteriorated grassland ecosystems and increased greenhouse gas emissions, contributing to global climate change (Liu et al., 2021). Increasingly intense human activities have led to the degradation of the ecosystems and the continuous loss of biodiversity on the QTP, and the further decline in the supply of ecosystem services on the Plateau. The demand for ecosystem services has increased with the acceleration of urbanization. The trend of mismatches between ecosystem service supply and demand became increasingly serious (Sun et al., 2020).
2.2 Data Sources
The basic data used in this study includes the following: 1) NPP data is derived from the MODIS data of the National Aeronautics and Space Administration (NASA) with a spatial resolution of 500 m. 2) Land use data are interpreted by Landsat TM and provided by the Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC). 3) Wind direction data is obtained from the European Center for Medium-Term Weather Forecast and is further counted to the dominant wind direction in the past 20 years according to the city scale. 4) Socioeconomic data include population of urban and rural residents, GDP, agricultural material input, crop yield, livestock production, electricity, heat, etc. The data is derived from statistical yearbooks and national economic and social development bulletins of various provinces and cities. Specific data sources are shown in Table 1.
TABLE 1 | Data type and sources.
[image: Table 1]2.3 Materials and Methods
2.3.1 Supply and Demand of Carbon Sequestration Service
The study referred to the evaluation of ecosystem services by Zhang et al. (2021) and Bagstad et al. (2014), using vegetation net primary productivity (NPP) to characterize the supply of carbon sequestration service, and using regional carbon emissions as the demand of carbon sequestration service, as shown in Table 2.
TABLE 2 | Datasets for mapping the supply and demand of carbon sequestration.
[image: Table 2]NPP can reflect not only the productivity of vegetation in the natural environment, but also the surface carbon sequestration capacity. Therefore, NPP can characterize the supply of carbon sequestration service (CS) (Jia et al., 2014). Carbon emitters are users of carbon sequestration service, so carbon emissions provide one possible measure for the demand of carbon sequestration service (CD) required to offset anthropogenic emissions (Bagstad et al., 2014). The carbon emissions calculated in this study mainly come from the production and life of residents, as shown in Eq. 1.
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where [image: image], [image: image], [image: image], [image: image], [image: image] refer to the carbon emission from residential breathing, agriculture, animal husbandry, electricity and heat, respectively. The specific calculation formula is as follows:
[image: image]
where [image: image] is calculated by the number of population [image: image] and the CO2 emission per person per day [image: image] with the value of 0.75 kg (Zhang et al., 2021).
Agricultural production activities consume large amount of chemical fertilizers, pesticides and other products, which brings about large carbon emissions (Li M. et al., 2021). This study calculated the carbon emissions from chemical fertilizers, pesticides, agricultural plastic film, machinery, and irrigation as follows.
[image: image]
In the formula, [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] represent the amount of chemical fertilizer used (kg), the amount of pesticide used (kg), the amount of agricultural plastic film used (kg), the area planted with crop (hm2), the power of agricultural machinery (kW) and the irrigated area (hm2), respectively. [image: image], [image: image], [image: image], [image: image], [image: image] and [image: image] indicate the carbon emission factors of chemical fertilizers, pesticides, agricultural plastic film, crops, agricultural machinery, and irrigation, respectively. The specific values are listed in Table 3.
TABLE 3 | Specific values of carbon emission factors (Xu et al., 2018).
[image: Table 3]Animal husbandry carbon emissions are greenhouse gas emissions which are expressed in terms of equivalent carbon dioxide, including methane emissions from animal enteric fermentation and methane and nitrous oxide emissions from animal manure management (Guo et al., 2017). The formula is calculated as follows:
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In the formula, [image: image] and [image: image] are the methane emission factors for animal enteric fermentation and manure management, respectively, in kg/head/a. [image: image] is the nitrous oxide emission factor for animal manure management, and the unit is kg/head/a; [image: image] is the annual breeding amount of the i-th animal, with the unit being head/a. 28 and 265 are the global warming potential factors of methane and nitrous oxide on one-hundred-year time scale (Xu et al., 2018).
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where [image: image] is calculated by electricity consumption [image: image] and power emission factor [image: image] (Yang et al., 2019).
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where [image: image] is calculated by the total amount of steam and hot water heating [image: image] and emission factors [image: image] with value of 0.11 (Zhang et al., 2021).
To better analyze the supply-demand situation of carbon sequestration service at city scale, the difference between supply and demand of carbon sequestration (DSDC) in different cities was calculated on the Qinghai-Tibet Plateau. The formula is as follows:
[image: image]
where [image: image] and [image: image] are carbon sequestration service supply and demand in each city i, respectively. [image: image] is the result of difference between the supply and demand of carbon sequestration service in each city i. When [image: image] > 0, it indicates that the city belongs to the ecological surplus area, where the supply of carbon sequestration service is greater than the demand. Conversely, the city belongs to the ecological deficit area if the supply is less than the demand.
2.3.2 The Network Model of Carbon Sequestration Service Flow
In the carbon sequestration service flow model of this study, we assumed that the carbon sequestration service flow connected the supply area with the demand area through the atmospheric circulation in a closed system, without considering the obstacles and resistance in the process (Schirpke et al., 2019b). The demand for carbon sequestration service in different spatial locations could be offset by the remaining supply amount in other regions. The flow path of the carbon sequestration service was mainly determined according to the dominant wind direction, and the flow source and sink was mainly determined according to the DSDC. This study used a network model to reveal the carbon sequestration service flow between different cities on the Qinghai-Tibet Plateau. The specific construction process is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Summary of the steps for mapping the service flow network.
Step 1. Defining nodes. We set the central point of each city on the Qinghai-Tibet Plateau as the node of carbon sequestration service flow network. These central points with geographic coordinates (longitude and latitude) were extracted by ArcGIS 10.2. The weight of each node was calculated as the difference between carbon sequestration supply and demand (DSDC) in each city. If the weight was greater than 0, it meant supply could meet local demand, and therefore we defined this node as a surplus node. Otherwise, we defined it as a deficit node. Different color of nodes was utilized to indicate the surplus or deficit state. The size and shade of the nodes represented the degree of surplus or deficit.
Step 2. Defining edges. We defined carbon sequestration service flows from one location to another as edges between nodes. Referring to Wang et al. (2020), we assumed that the remaining carbon flows from node to node accumulating following the dominant wind direction, as flows satisfied the demand of each local area and moved among cities. On the contrary, if one node was in deficit and its carbon sequestration demand was still not met with supplements from other nodes, then the node would have no surplus for the adjacent node, implying that the edge was interrupted. It was worth noting that this assumption was based on accumulation, i.e., flowing until the final accumulation of carbon sequestration supply could not meet the demand. We used the black lines with arrows to represent connecting edges, indicating that there was carbon sequestration service flow on the path, and the red dashed lines represented the interrupted edges, that is, there was no service flow along the path.
Step 3. Constructing the network. Based on the definitions and assumptions above, we visualized the carbon sequestration flow network using Gephi software (https://gephi.org/) with Geo layout that accurately determined the spatial location of nodes according to their geographic coordinates, making the spatial flow paths between nodes more intuitive.
Step 4. Analyzing the network. After constructing the carbon sequestration service flow network, we analyzed the network properties from three aspects. Firstly, we used the number of surplus and deficit nodes to analyze the spatial match between supply and demand of carbon sequestration services (Chen et al., 2019). Secondly, we distinguished the potential and actual supply of carbon sequestration service according to the number of flowing and no flowing edges. The carbon sequestration supply of one node may come from two parts that are the node itself and the carbon sequestration flows. Therefore, although the carbon sequestration supply of some nodes cannot meet demand under the static spatial matching, they can meet the demand because of service flows. Specifically, in the carbon sequestration service flow network, nodes starting with solid lines indicated that supply actually can meet the demand, while nodes starting with dotted lines indicated that the supply actually cannot meet the demand. Finally, we calculated network density to analyze the connectivity of the carbon sequestration service flow network. The greater the network density, the better the overall connectivity of the network.
2.3.3 The Driving Force of the Difference Between Supply and Demand of Carbon Sequestration Service
Considering data accessibility and scientific analysis, urbanization, socioeconomic conditions, demographic factors, agricultural activities, grazing intensity, and urban conditions were selected as the driving force for DSDC. Referring to previous studies, six possible indicators were used to represent these driving forces. The detailed variables are described in Table 4.
TABLE 4 | Description of the driving force factors.
[image: Table 4]The geographical detector model was used to detect spatial stratified heterogeneity and reveal the main driving forces of variables (Wang and Xu, 2017). Specifically, it measures a dependent variable (Y) while also testing the coupling between Y and X (explanatory variable) and investigates the effect of the interaction between two explanatory variables on Y. There are several advantages of this method. First, the dependent and explanatory variables do not require linear assumptions. Second, the explanatory variables do not need to consider the multiple collinearity problem. Third, the method can determine how the interaction of two explanatory variables affects the dependent variable.
The module of factor detection is commonly applied to determine a specific geographical factor. Quantification of the spatial distribution difference is performed by comparing the total variance of this indicator in different regions and the entire region. The formula of q value is given below:
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where [image: image] and is the percentage of explanation for factor X to variable Y (the larger the q value, the higher the interpretation of variable Y by factor X); h = 1,…,L is the layer of explanatory variable X; [image: image] and [image: image] are the numbers of cities in layer h and the total district, respectively; [image: image] and [image: image] denote the value of unit i in the population and layer h, respectively; [image: image] and [image: image] are the variance in the h layer and the region, respectively; SST is the total sum of squares; and SSW is the within sum of squares. Generally, q ≥ 0.3 indicates that there is a comparatively strong driving force on [image: image] (Chen et al., 2018). The value for q satisfies the non-central F distribution and non-centrality λ are calculated as follows:
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where λ is a non-central parameter and [image: image] is the mean of layer h. The significance of q can be checked by Eq. (11) (12) in Geodetector software
The module of interaction detection quantifies the interaction between two explanatory factors X1 and X2 by comparing the q value of factors X1 and X2 with the interaction q value ([image: image]) to assess whether the factors weaken or enhance one another or are independent of each other. The module of ecological detection compares whether the effects of the two explanatory factors are significantly different by using the F-test (Wang and Xu, 2017).
3 RESULTS
3.1 The Spatio-Temporal Pattern of Carbon Sequestration Service Supply and Demand
The supply of carbon sequestration service on the Qinghai-Tibet Plateau has not changed significantly, which increased from 28.38 million tons in 2000 to 31.45 million tons in 2019. While the demand for large changes increased from 23.95 million tons in 2000 to 51.55 million tons in 2019 (Figure 3). It should be noted that the supply of carbon sequestration service exceeded the demand in 2000. However, the supply was less than the demand in 2010 and 2019, and the carbon deficit in 2019 exceeded by 20 million tons.
[image: Figure 3]FIGURE 3 | The carbon sequestration supply and demand from 2000 to 2019.
In terms of the spatial variability, the supply of carbon sequestration service gradually decreased from the southeast to the northwest (Figure 4). Especially, the high-supply areas were mainly concentrated on the southern parts of the Qinghai-Tibet Plateau. Compared with that in 2000 and 2010, the supply in the northwestern increased significantly in 2019. Cities with high demand for carbon sequestration service (over two million tons) increased from one in 2000 to five in 2019. Among the cities, Xining and Haidong in Qinghai province had the largest demand for carbon sequestration service, and the demand for Hotan and Kashgar in Xinjiang province has increased significantly.
[image: Figure 4]FIGURE 4 | The supply (A,B,C) and demand (D,E,F) of carbon sequestration service from 2000 to 2019 (CS: the supply of carbon sequestration service, CD: the demand of carbon sequestration service).
Figure 5 depicted the differences between the supply and demand of carbon sequestration service in various cities on the Qinghai-Tibet Plateau in 2000, 2010 and 2019. Due to the rapid development of carbon demand, most cities have turned from carbon surpluses to deficits (such as Linxia and Chengdu), or the deficits have increased (such as Yushu and Xining), or the surpluses have weakened (such as Longnan and Shannan). However, there were still cities that have improved. For example, Ganzi and Aba in Sichuan province were in deficit in 2000 and 2010, but they had the carbon surplus in 2019. In terms of spatial distribution, we also discovered that all cities in Qinghai province were in deficit, while three cities in Yunnan province were in carbon surplus.
[image: Figure 5]FIGURE 5 | DSDC changes in all cities in 2000 (A), 2010 (B), 2019 (C).
3.2 The Spatio-Temporal Pattern of the Carbon Sequestration Service Flow Network
According to the nodes and edges defined in Section 2.3.2, we constructed a carbon sequestration service flow network, as shown in Figure 6. A total of 37 nodes represented the surplus or deficit status of carbon sequestration service. The results showed that the number of carbon surplus nodes decreased from 20 in 2000 to 15 in 2010, and then increased to 18 in 2019. The number of deficit nodes increased from 17 in 2000 to 22 in 2010, and decreased to 19 in 2019 (Table 5).
[image: Figure 6]FIGURE 6 | The carbon sequestration flow network in 2000 (A), 2010 (B), 2019 (C).
TABLE 5 | Overall characteristics of service flow network.
[image: Table 5]In 2000, although there were 17 carbon deficit nodes, the transmission of atmospheric circulation through the surrounding areas kept the carbon sequestration service flow network intact to a certain extent. However, as there was no excess carbon surplus in the central region, a large number of interrupted edges existed in the service flow network. In 2010, the number of interrupted edges reached 14 and the severely damaged parts were concentrated in the northeast of the Qinghai-Tibet Plateau. In 2019, despite the increase in carbon surplus nodes, the number of interrupted edges still increased to 16, which showed that while the shortage of carbon sequestration service in some cities has lessened, it still has not had a positive impact on the entire region. The network density of the service flow network dropped from 0.032 in 2000 to 0.022 in 2019. It could be seen that the shortage of carbon sequestration service on the Qinghai-Tibet Plateau was still getting worse and the connectivity of the service flow network was declining.
3.3 The Drivers of Supply-Demand Dynamics of Carbon Sequestration Service
We further analyzed the main drivers of the supply-demand dynamics of carbon sequestration service on the Qinghai-Tibet Plateau. The finding revealed that after 2000, the demand of carbon sequestration service became the primary driving force that determined the surplus and deficit of carbon sequestration service in various cities, with its influence rising from 2000 to 2015. Specifically, the percentage of explanation (q value) for carbon supply dropped from 0.536 in 2000 to 0.355 in 2019, and the percentage of explanation (q value) for carbon demand, as another explanatory variable, rose from 0.627 in 2000 to 0.926 in 2019 (Figure 7A). This demonstrated that the demand for carbon sequestration service in cities continued to exceed the supply.
[image: Figure 7]FIGURE 7 | Percentage of explanation (q value) for supply and demand of carbon sequestration service (A); Percentage of explanation (q value) for each driving factor in 2000, 2010 and 2019 (B) (UR: urbanization rate, GDP: gross domestic product per capita, POP: population density, AI: agricultural input, GI: grazing intensity, PCL: proportion of construction land).
We then investigated the explanatory power of different driving factors for the difference between the supply and demand of carbon sequestration service, as shown in Figure 7B. Notably, the factors varied in their ability to explain the DSDC, with some factors having a large impact. Additionally, an ecological detector was employed to identify whether there were significant differences among the influencing factors regarding the spatial distribution of DSDC (Figure 8, p < 0.05). In 2000, Total output of beef and mutton (GI) (0.525) and Population density (POP) (0.262) had the highest explanatory power, implying that grazing intensity and population density had remarkably prominent impact on DSDC. The results from the ecological detector demonstrated that grazing intensity had a considerably different effect on DSDC than population density. In 2010, GI (0.446) exerted a significant effect on DSDC. Total output of crops (AI) (0.323) and Proportion of construction land (PCL) (0.315) also affected the DSDC. In 2019, the explanatory power of GI (0.401) has declined, but it was still the largest, followed by AI (0.309) and Urban population ratio (UR) (0.213). Furthermore, results from the ecological detector demonstrated that the effects of urbanization rate and proportion of construction land on DSDC were significantly different from those of grazing intensity. The q value of grazing intensity has been decreasing, indicating that the influence of grazing intensity on the DSDC has lessened. The result could be attributed to the high-quality development of animal husbandry in recent years. In contrast, the q values of urbanization rate and agricultural input had increasing trends, indicating that urbanization and agricultural activities had increasing impacts on DSDC. This meant that when evaluating carbon sequestration service in the future, the impact of urban and agricultural development must be taken into consideration.
[image: Figure 8]FIGURE 8 | The ecological detector results for driving factors in 2000 (A), 2010 (B), 2019 (C) (UR: urbanization rate, GDP: gross domestic product per capita, POP: population density, AI: agricultural input, GI: grazing intensity, PCL: proportion of construction land).
Finally, we continued to analyze the explanatory power of the interaction between the factors (Figure 9). According to Figure 7B, the explanatory power of proportion of construction land and urbanization rate in factor detection were relatively low (q = 0.196 and 0.111, respectively). However, the interaction of urbanization rate with proportion of construction land had stronger explanatory power, indicating that proportion of construction land only had an important influence on DSDC when there was a sufficient level of urbanization development. The explanatory power of factor interaction in 2010 was similar to that in 2000. In 2019, AI and GDP, AI and POP, AI and PCL were found to enhance each other to jointly affect the DSDC. Agricultural input, together with economic development, population density, and the proportion of construction land, have increased the driving force for DSDC. The development of agriculture has surpassed that of animal husbandry, which had a stronger impact on carbon sequestration service and economic development.
[image: Figure 9]FIGURE 9 | Percentage of explanation (q value) in interaction in 2000 (A), 2010 (B), 2019 (C) (UR: urbanization rate, GDP: gross domestic product per capita, POP: population density, AI: agricultural input, GI: grazing intensity, PCL: proportion of construction land).
4 DISCUSSION
4.1 The Implications for Management of Carbon Sequestration Service
Carbon sequestration service is essential for maintaining the sustainable development of humans and ecosystems (Liu et al., 2018). In this study, we quantified the supply and demand of carbon sequestration service on the Qinghai-Tibetan Plateau. Based on our results, the supply increased slowly from 2000 to 2019, but the demand changed significantly (Figure 3). Especially in 2019, the deficit of carbon sequestration service exceeded 20 million tons. If the supply and demand of carbon sequestration service continues to develop at this trend in the following years, we can infer that the deficit on the Qinghai-Tibetan Plateau will be more serious. Therefore, this result illustrates the necessity of strengthening management of carbon sequestration service.
For management of carbon sequestration service, we often need to identify areas with high supply or demand, as well as areas with deficit or surplus of carbon sequestration service, because it is very important for policy making and resource allocation. The supply of carbon sequestration service on the Qinghai-Tibetan Plateau gradually decreased from southeast to northwest. The regions where supply increased from 2000 to 2019 mainly included Ngari, Hotan and eastern Qinghai-Tibetan Plateau (Figure 4). It was not only related to the implementation of ‘returning farmland to forest and grassland’ policy, but also to the remarkable achievements in soil erosion control (Bi et al., 2021; Zinda et al., 2017). The regions with high demand of carbon sequestration service on the Qinghai-Tibetan Plateau were mainly characterized by intense human activities (Xiong et al., 2021; Wang et al., 2022). For example, Xining and Haidong had the largest demand of carbon sequestration service. Hotan and Kashgar in Xinjiang had significant growth in demand (Figure 4). Cities with more serious deficit from 2000 to 2019 were Shannan and Yushu, while the difference between supply and demand of carbon sequestration service has improved in Ganzi and Aba in Sichuan province (Figure 5). This was primarily due to rich ecological resources and policy conditions in northwest Sichuan to play an important role in emission reduction and carbon sequestration in recent years (Wang et al., 2017). In this study, we constructed a carbon sequestration service flow network based on the data of supply and demand of carbon sequestration service. The results showed that the connectivity of the service flow network has decreased since 2010 (Figure 6), especially on the northeastern part of Qinghai-Tibetan Plateau. Our results can help managers to identify the regions where carbon sequestration service can’t meet the local demands, and thus develop strategies to reduce emission and allocate resources. We can also found from the results that some cities with deficits benefited from surrounding cities with surpluses. Therefore, the carbon sequestration service flow can help inform ecological compensation policy (Voghera and Giudice, 2020; Zhai et al., 2021).
The shortage of carbon sequestration service was a global problem (Ghosh et al., 2022). Our analysis showed that after 2000 the demand has been the dominant driver determining the surplus and deficit of carbon sequestration service and its influence has been increasing (Figure 7A). In this case, it is an effective way to reduce demand as much as possible and improve supply in key areas. These nodes connected with interruption edges should be the main areas of supply replenishment. In addition to increasing supply, reducing consumption is another important aspect of alleviating service shortages. Our results indicated that the driving force effect of grazing intensity on the DSDC gradually weakened (Figure 7B). This was primarily due to the policies implemented in recent years, such as limiting and banning grazing, returning grazing to grassland, and subsidizing ecological rewards. The damage of grazing activities to grassland has been limited to a certain extent (Wang et al., 2019). However, the impact of agricultural activity has increased. In agricultural activities, the transition from traditional agriculture to organic agriculture is conducive to reducing the environmental impact of carbon emissions. However, agricultural mechanization has increased the amount of energy used, and seeding have also produced resource consumption in the process of processing and transportation, both of which has a considerable impact on carbon emissions (Jiang et al., 2020). The impact of urbanization and construction land has also increased (Figure 7B). The primary reason for this was that in recent years, with the support of national aid policies, the agglomeration effect of towns on the Qinghai-Tibetan Plateau has been significantly improved, and the urban infrastructure has been gradually improved, accompanied by the transformation of other land use types into construction land, which was bound to affect carbon sequestration service (van Roon, 2012; Li et al., 2021a). We also found that the explanatory power of the interaction between urbanization rate and proportion of construction land exceeded that of the single factor (Figure 9). The Qinghai-Tibetan Plateau had a vast territory but a small population. Although the agglomeration effect of towns has significantly increased, urbanization was still in its infancy, and the construction land was still increasing (Tian et al., 2021). Therefore, the following suggestions need to be noted. 1) In the process of future urban construction and economic development, ecological protection should be given priority and ecological security barrier construction will continue to be promoted. 2) The government should make rational plans for land use, and rationally coordinate the use of ecological land, construction land, agricultural land and other functional spaces. 3) The protection of natural forest, grassland and wetland should be strengthened in key areas where carbon sequestration service need to be improved. Meanwhile, the ecological fragile areas affected by construction activities should be restored by measures such as containment protection.
4.2 Limitations and Prospects
Our study with the methodological provided theoretical evidence and support in terms of carbon cycle optimization, planning, and protection in other regions where were also experiencing rapid urbanization. However, our study had also some limitations. To begin with, due to a lack of data, this study only used NPP to illustrate the supply of carbon sequestration service. Future research will pay more attention to the completeness and accuracy of research data. Second, the differences between and within the cities were ignored when analyzing the driving forces. The specific driving analysis should be refined to a county-level scale, accounting for the various driving effects of carbon sequestration service flows between cities. In addition, due to the limitations of the research method, this study only considered carbon sequestration service flow within the Qinghai-Tibet Plateau, and did not discuss carbon sequestration service flow between the marginal counties of the study area and outside the study area. In future research, we will focus on the service flow both inside and outside the study region, as well as a more thorough examination of spatial flow.
5 CONCLUSION
This study quantified the spatial difference between the supply and demand of carbon sequestration service on the Qinghai-Tibet Plateau, simulated the spatial flows of carbon sequestration service and revealed the driving effects of various driving factors on carbon sequestration service, which provided a new idea for the optimization of ecosystem service flow and regional carbon sequestration pattern. In the past 20 years, the demand of carbon sequestration service on the Qinghai-Tibet Plateau has greatly outpaced the supply, resulting in carbon deficits in most cities. The spatial flow was considerably affected, and the density of the carbon sequestration service flow network continued to decline. The spatial disparity between the supply and demand of carbon sequestration service was jointly influenced by a variety of human activities. With the development of urbanization, the influence of grazing has lessened, while the driving influence of agriculture and urbanization rate has gradually increased. The study of ecosystem service supply and demand is conducive to the construction of regional ecological security pattern. Reasonable simulations of ecosystem service flow can effectively alleviate the obvious spatial dislocation between the unbalanced distribution of natural resources and people’s consumption needs, so as to focus on the deficit areas that require input of limited human and material resources, and realize the optimal allocation of resources.
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