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Abstract:



The state of the urban carbon cycle is an important indicator for managing fossil energy consumption and land resources and it is also a basis for the planning of urban eco-services and urban sustainable development. This paper aims to analyze the spatial distribution of the carbon cycle of the mono-centric cities, based on the von Thünen concentric ring theory, using the InVEST (Integrated Valuation of Ecosystem Services and Trade-offs) model and an atmospheric diffusion model to assess the carbon sequestration capacity of land cover/use, to estimate carbon emissions, discuss influencing factors that determine changing trends in carbon sequestration capacity and to predict the changing law of the carbon sequestration eco-service spatial pattern based on scenario simulations. The results of this study show: (1) In Guang’an, the spatial distribution of the carbon cycle follows a concentric ring pattern. From the concentric ring pattern center, the first annular zone represents the carbon emissions, which lie at the concentric ring center; the second annular zone represents the carbon sequestration service; and the third annular zone represents stable carbon stock; (2) The structure of the concentric ring has not changed, but the spatial distribution of carbon sequestration and carbon density has changed due to fossil energy consumption and land cover/use change. From 2014 to 2016, the carbon emission zone shrunk, while the carbon sequestration service zone expanded and the carbon density increased—the increase of forest land is the main factor in the increase of carbon density; (3) The current carbon sequestration eco-service in Guang’an is not the best development condition. The planning of urban eco-service spatial patterns and land cover/use should consider the protection of cultivated and ecological areas at the same time. The results of this study can help the government implement spatial planning and regional policy interventions for land cover/use and eco-service.
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1. Introduction


The urban carbon cycle is a component of the global carbon cycle [1]. In China, urban expansion has increased energy consumption and carbon emissions [2]. Carbon sequestration capacity—the process, activity, and mechanism for removing carbon dioxide from the air—not only refers to the amount of carbon dioxide forests and soils can capture and store, but also to the amount of organic carbon soil can store. The carbon sequestration capacity of densely populated cities is limited, so those cities must transfer the ecological pressure of carbon sequestration to the suburbs [3]. Urban suburbs have a close ecological relationship with cities [4,5]. The creation of urban ecological zones should involve the consideration of ecological security [6]. The division of the study area into ecological functional units can help to allocate ecosystem resources [7] and reveal ecological and environmental problems [8].



This paper focuses on the spatial distribution of the carbon cycle in cities which can be regard as mono-centric area in a large spatial scales, with relatively low degree of urbanization (mono-centric cities have small human populations, undeveloped transportation systems, and relatively minor industrial production activity). Manoratna et al. described the actual traffic flow along one major intra-urban corridor using a mono-centric city model [9]. Li et al. found that planned employment decentralization may help resolve the traffic congestion of a city with a mono-centric structure [10]. Salvati and Carlucci used the mono-centric city model to analyze urban morphology and land use changes [11]. Those studies represented that the distribution of geographic features of mono-centric city will be radial pattern. In other theories, the von Thünen model is also related to the spatial pattern of urban features. The von Thünen concentric ring model is the most famous model of regional structure, with a single urban market center [12]. Von Thünen studied how the height and slope of the rent curve for different land uses depend on the distance from the center [13]; that is, determine the rent through the distance from the urban commercial center, which formed the agricultural land use of the von Thünen ring structure. In von Thünen’s own words: “if this use is chosen with the utmost rationality, what kind of agriculture will develop and how will the distance to the city affect the use of land” [14]? Angelsen presented a framework for analyzing the tropical deforestation and reforestation based on the von Thünen model, and associated the forest transition (FT) theory, to study changes in forest cover over time [15]. Kitsikopoulos analyzed the relationship between urban demand and agrarian productivity by the von Thünen model [16]. Many studies depicted the impact of land cover/use changes on carbon sequestration service without considering the spatial pattern. Human activities have changed the land cover/use type and directly impacted urban carbon sequestration. Urban development, increased demand for construction land, and urban expansion are major factors reducing regional carbon sequestration capacity [17]. Land cover/use changes, caused by human activity, directly affect soil carbon and the carbon cycle [18]. Change of land cover/use types affects carbon emissions and carbon sequestration [19]. Forests and grasslands are typical land cover types possessing strong carbon sequestration capacity [20]. Green areas in cities capture and store relatively small amounts of the carbon emissions from human activities [21,22]. This issue has been discussed; however, no studies depict carbon sequestration service by integrating LUCC and the von Thünen model. This paper therefore surveys the situation with land cover/use and carbon emissions, and processes and evaluates the data on land-use and carbon emissions. We studied the Gang’an area and developed a method for recognizing the distinct characteristics of carbon sequestration and the spatial distribution of those characteristics. We then analyzed the effects of land cover/use on carbon sequestration and its spatial evolution. This study provides a scientific basis for developing low carbon policies and planning for urban or rural land. Mancebo and Salles agree that it is meaningless to talk about urban sustainability if we stop at the city limits and that sustainable urban policies should consider an urban–rural continuum [23]. Therefore, we take into account a region that has expanded in all directions beyond the urban administrative boundaries.



The main purposes of the simulation of land cover/use changes are to visualize the trends in those changes under different policies and to provide reference information for the modification of government strategy [24]. It is helpful to investigate the mechanism of land cover/use changes and even to optimize land cover/use allocation for sustainable development [25]. By simulating land cover/use changes under different total factor productivity (TFP) scenarios, Luo depicted land cover/use competition in socio-economic development and the protection of environment [26]. Based on simulations of land cover/use using land use planning scenarios, natural development scenarios, ecological-oriented scenarios and farmland protection scenarios, and comparing them with local situations, one study depicted the driving factors of land use [27]. Thus, the simulation of scenarios is used in this study to elucidate the impact of land cover/use changes on the carbon cycle spatial distribution, and the results can be used to support the formulations of land cover/use.



A generally-accepted definition of urban sustainability is lacking. Taking ecosystem and human well-being into account, urban sustainability can be defined as an adaptive process of facilitating and maintaining virtuous cycle between ecosystem services and human well-being through concerted ecological, economic, and social action response to changes within and beyond the urban landscape [28,29,30]. Urban sustainability is closely associated with ecosystem services and their relationship to society; Nassauer et al. concluded that it is possible to promote urban ecosystem service through urban sustainability planning [31]. However, a city that derives most of its ecosystem services from other regions, nationally or internationally is subject to myriad environmental and sociopolitical uncertainties, thus is hardly sustainable in the long run [32]. Thus, timely and effective assessments of the changes of regional ecosystem services are an important issue in the fields of urban ecology and sustainability science [33]. Therefore, no matter which aspect of urban sustainability is being studied, ecosystem service function, environment and urban landscape pattern are the important parts of urban Sustainable development.



Guang’an is a typical mono-centric spatial structure city, similar to other mono-centric cities in China. The actual city area is small, with sparse internal vegetation. The main park is located on the urban edge, and the ecosystem carbon sequestration capacity of the city is minimal. Increasing population and industrial development have hastened the expansion of housing and commercial construction and the city’s carbon sequestration capacity has decreased significantly. In line with the current urban development trend, local government has implemented policies to reduce emissions and return the farmland to forest, which are helpful for restoring the ecosystem. However, certain ecological and environmental management issues remain.



	(1)

	
The urban ecological land is distributed between three administrative regions of Guang’an, thus the carbon pool is scattered across these three administrative areas, which is a problem for unified management.




	(2)

	
From the projection of land cover/use, the administrative boundary has broken the integrity of the ecological system. The boundary between the ecological systems and the administrative divisions is inconsistent, which affects government management of the ecological environment. All of the administrative regions need to coordinate efforts to address the combined problems of ecological services and sustainable urban development.




	(3)

	
There is a lack of ecological and land cover/use data analysis at the local level. Verification of regional land cover/use planning and policies would be useful.







In this study, we attempted to address the following questions: (1) Does the spatial distribution of carbon cycle modeling follow the von Thünen model? (2) If so, what is the spatial distribution pattern? (3) What are the differences in spatial distribution for different possible land cover/use scenarios?




2. Materials and Methods


2.1. Study Area


Guang’an (Figure 1) is a fourth-tier city with economic development that is dependent on local small and medium enterprises or resource enterprises; residents with increasing spending power; and a relatively slow development rate. The geographical coordinates are 30°01′–30°52′ N, 105°56′–107°19′ E. The E–W span is 134.5 km and the N–S span is 93.6 km. Total area is 634,400 ha. The geographical impact on urban development is small. The development of fourth-tier cities fits a mono-centric city development model [5,34]. Fourth-tier cities play an important role in the township development of China. More and more populations and industries appear in these cities, putting more pressure on the urban ecology. The local government has been working on greening and emission reduction, such as the program of City Forest and Seedling Base Construction [35]. Based on the China Statistical Yearbook and Guang’an Statistical Yearbook, per capita forest occupancy of Guang’an is 0.0556 million hectares in 2015, while it is 0.1511 million hectares for China [36,37]. The eco-management in Guang’an remains a challenge. In Figure 1, the large circle represents the study area, with the center being the urban gravity center, according to the von Thunen model [16,38].


Figure 1. Guang’an study area.
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2.2. The Spatial Distribution of Carbon Sequestration Eco-Service


2.2.1. InVEST Model


We used the InVEST model from ecosystem service models to calculate carbon stocks. The carbon pool of InVEST, similar to IPCC (Intergovernmental Panel on Climate Change) Guidelines, contains aboveground biomass ([image: ]), belowground biomass ([image: ]), dead organic matter biomass ([image: ]), and soil biomass ([image: ]). This model is a distributed algorithm based on “3S” technologies, which overcome the limitations of traditional methods and provide a novel technical method for the spatial expression, dynamic analysis, and quantitative assessment of ecosystem service function [39,40]. The InVEST model is among the most useful ecosystem evaluation models [41]. The carbon module in InVEST3.3.3 [42] employs LUCC layers, wood harvest rates, harvested product degradation rates, and the carbon density of four carbon pools to assess carbon stocks of the general landscape. InVEST considers that it is difficult, in most cases, to accurately measure carbon density due to data qualification. Because of this, it allows direct user input of carbon density and reduces the inaccuracy produced by other inputs. To use this function, we chose the “uncertainty analysis pattern” when running the carbon module, and input the grid map of land cover/use change and the parameter table of carbon density. The outcome of the carbon module was a grid map, and the pixel value was the carbon stocks of the pixel.



We used the remote sensing data of Landsat 8 on 6 August 2014 and 11 August 2016 [43] to get land cover/use data of 30 m resolution by ENVI5.3 platform with WGS84 coordinate system, UTM projection and maximum likelihood imagery classification. These data are input into InVEST, and the carbon pool density data required by InVEST were mainly summarized from other papers [44,45,46].




2.2.2. The Spatial Distribution


The carbon density data output by InVEST have the same accuracy as the land cover/use data, and present the detailed information of carbon stocks, but cannot show the distribution pattern of carbon sequestration. This can be solved by sampling and interpolation using spatial analysis tool [47,48].





2.3. Atmosphere Diffusion Simulation Model


2.3.1. Carbon Emissions and Atmosphere Diffusion Simulation Model


The carbon emissions in urban carbon cycle from the fossil fuel burning [49,50] were calculated using statistical energy consumption data. The data were compiled from the official statistics released by Guang’an Bureau of Statistics. Based on “the Regional GDP Energy Consumption Statistics Yearbook of States and Municipalities”, Guang’an ranks third on the production of a unit of GDP per unit of energy consumption (first and second are Pan’zhi’hua City and Da’zhou City, respectively) in Sichuan Province.



Zhang Renquan [51] found that the Gaussian atmospheric diffusion model reflects the carbon emissions in wind. By querying the Meteorological data in Guang’an, the wind speed is 0.3–0.5 m/s, so the Small Quiet Breeze Spread Model was appropriate [43]. Its mathematical expression is
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(1)





Here, [image: ]
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[image: ] represents the concentration of pollutants [image: ] at any point (x,y) of the ground; [image: ] and [image: ] represent the diffusion parameters [image: ] of the contaminant clusters in the x and z directions; the [image: ] axis is in the vertical direction; [image: ] represents the amount of pollutant discharged[image: ] per unit time; [image: ] represents the average wind speed [image: ] at the height of the pollutant discharge point; [image: ] represents the running time [image: ] after the smoke residue formed by the pollutant leaves the discharge port; [image: ] represents the effective discharge height of the pollutant [image: ]; [image: ] and [image: ] represent the regression coefficients of horizontal and vertical diffusion parameters [image: ]; [image: ], [image: ], and [image: ] represent the width of the source in the x, y, and z directions; and [image: ] represents the initial time of the formation of the source.



The model parameters were modified slightly. The initial time of [image: ] gas is not formed when the [image: ] gas is discharged, but immediately after the gas is generated, so [image: ] is substituted into Equation (1)
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(2)







In the windy wind model, we suppose that [image: ] has the same effect as the diffusion in the [image: ] direction, i.e., [image: ], and ignore the diffusion height [image: ], thus we get [image: ], [image: ], and [image: ], [image: ], which were substituted into Equation (2):
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(3)





To facilitate the calculation, let [image: ], thus Equation (3) can be written as
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(4)






2.3.2. The Spatial Logical Location for the Urban Carbon Sources


C diffusion from a carbon source is in the atmospheric dispersion category, and there are numerous carbon sources in the study area. The organized energy consumption data are based on annual time scales. In this study, we considered the regions with large city carbon emission as carbon sources, and replaced the distribution pattern of total C emissions with the C distribution model of these regions.



POI (Point of Information) data contain the name, location and other information. POI for more intensive areas is considered as the higher commercialization degree, while more intensive industrial areas are the core areas of carbon emissions. Therefore, we used the point with the highest POI density as a substitution point for the urban carbon source. The density of urban POI was taken as the substitution point of urban carbon source, and the density of POI was calculated by the point density tool in ArcGIS.





2.4. The Spatial Distribution of Carbon Cycle


2.4.1. Assumption


Based on the description in von Thünen model of the distribution of the land cover/use features in cities and suburbs, during urban expansion, and the way that a city gets its surrounding natural resources, we assumed that the land cover/use types with high carbon density distributed as concentric ring pattern between urban area and farmland, and the carbon emissions of urban carbon sources also surround the city as ring pattern. Therefore, the spatial distribution of carbon cycle resembles the following in Figure 2: Zone I is Carbon Emission Zone; Zone II is Carbon Sequestration Zone, where urban land use is interspersed with urban green cover; and Zone III is Stable Carbon Stock Zone, where farmland is the main land use types. Zone III is far away from carbon source, the impact of human activity is relatively weaker, and carbon density is stable.


Figure 2. The range of carbon sequestration zone of Guang’an.
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2.4.2. The Subdivided Inner Rings


City development can be viewed as the progress of expanded urban concentric ring pattern. A ring structure is the basic spatial structure of a city [52]. The simplest urban concentric ring pattern is divided into three rings. The inner ring mainly includes the core developed area. The transition ring is the transition region of city to village, and the agriculture-based outer ring [53]. According to the extent of non-agricultural area, population structure, and economic development, urban concentric ring pattern is divided into a central area, an edge area, and a peripheral area [54]. Jiang and Zhang [53] divided this structure into three rings based on administrative boundaries and level of city urbanization. This study is based on the urban three-tier ring structure . All subdivided rings are normalized into standard circles and the administrative boundary or land cover/use type difference was not taken as the basis of circle division.



In the division of urban concentric ring pattern, the subdivided inner rings will divide the features. However, the ecosystem service depends heavily on the integrity of the ecosystem, which in turn depends on the integrity of features in the spatial distribution. The range of the features is calculated by the minimum circumscribed circle, which can reduce the influence of the geometric shape of the feature on the feature range. It can also denote feature size because the geometric direction of the features is ignored, and the feature will permanently reside inside its minimum circumscribed circle. To ensure the minimum land cover/use factor partitioning in the regional processing of circles, we measured the minimum circumscribed circle diameter ([image: ]) of features, and analyzed statistical characteristics of [image: ]. The subdivided rings are divided equidistantly by the 75th percentile of [image: ].




2.4.3. The Boundary between Carbon Sequestration Eco-Service Zone and Carbon Emission Zone


For cities with mono-centric structure, locations farther from the city have less human activity and less damage to ecology. Furthermore, carbon density changes gradually, without significant interruption, with distance. However, according to the atmosphere diffusion simulation model, the carbon concentration in air will decrease drastically as the distance from the city increases and there will be a significant boundary for carbon distribution. Thus, this study used that as the boundary between carbon sequestration eco-service zone and carbon emission zone.




2.4.4. The Boundary between Carbon Sequestration Eco-Service Zone and Stable Carbon Stock Zone


To obtain a sequence that can represent the carbon sequestration capacity in different concentric rings, we counted the sum of the C concentration in different concentric rings, using subdivided inner rings to divide carbon concentration data. The Kriging interpolation is applied on the sequence, and we chose a subdivided inner ring corresponding to the point where carbon stocks tend to be stable in the sequence as the boundary between carbon sequestration eco-service zone and stable carbon stock zone.





2.5. The Scenario Simulation


The focus of the scenario analysis was directed on the carbon sequestration zone (Figure 2, Zone II). Population growth and socio-economic policies have important impacts on land cover/use change. Since ecosystem services directly depend on the land use type, land-use changes will affect ecosystem services. The change from a high carbon density land cover/use type to a low carbon density land cover/use type is manifested as carbon emission, i.e., the reverse conversion to carbon sequestration. Population density and an imbalance in economic development directly affect the spatial difference of regional carbon sequestration capacity [55,56]. Highly urbanized areas have serious problems in the destruction of carbon sequestration resources, resulting in instability of carbon sequestration resources and poor carbon stocks [57]. The change of land cover/use types drives the change of ecosystem service status. There is a strong negative correlation between the integrated urbanization level and the total value of ecosystem services [58]. The impact of land cover/use change on ecosystem service function is significant, and the change of forest land is the most significant component [59]. Changes of cultivated land and water area have important secondary effects [60].



One purpose of this paper was to reveal the impact of carbon sequestration on ecosystem services through potential land cover/use changes. Scenario analysis helped reveal the potential impacts of land cover/use/cover change, policy management, and forest management changes on future ecosystem service value, relationship and overall benefits [61].



Based on the existing land cover/use change data, we analyzed the change of carbon sequestration eco-service under the influence of policies, using scenario simulation. First, changes in land cover/use structure and carbon stocks were summarized in 2014 and 2016. Then, based on the changing pattern of land cover/use in the development of small- to medium-sized cities [62,63] and the actual development situation and policy design of Guang’an, three scenario design schemes, which are benchmark development scenario, scenario of increasing carbon sequestration capacity based on the warning limit of cultivated land (“red line”) and scenario of increasing carbon sequestration capacity based on the ecological protection, were considered.





3. Results


3.1. The Spatial Distribution of Carbon Sequestration Eco-Service


3.1.1. Carbon Stocks


The parameters in Table 1, required by InVEST, are summarized from the literature [44,45,46] and existing remote sensing image classification data. We used ArcGIS to process the outcomes of InVEST to spatially express the carbon stocks of the study areas. Results across all Monte Carlo simulation runs were analyzed to produce the following data. In addition, variance of current carbon grassland is where most confident to occur sequestration.



Table 1. The carbon density of different land in four carbon pools (unit: [image: ]).







	
C_above_mean

	
C_above_sd

	
C_below_mean

	
C_below_sd

	
C_soil_mean

	
C_soil_sd

	
C_dead_mean

	
C_dead_sd

	
lucode

	
LULC_Name






	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
1

	
City




	
94.1

	
4.7

	
121

	
6.1

	
233.4

	
11.1

	
0

	
0

	
2

	
Rural areas




	
2.3

	
1.2

	
145.4

	
7.3

	
200

	
10

	
0

	
0

	
3

	
Construction land




	
147

	
2.5

	
140.4

	
7

	
225.7

	
11.3

	
15

	
0.8

	
5

	
Forest land




	
35.3

	
1.7

	
6.5

	
3.3

	
406.9

	
20.4

	
1

	
0.5

	
8

	
Grassland




	
46.5

	
2.3

	
80.7

	
4

	
208.3

	
10.4

	
1

	
0.5

	
9

	
Cultivated land




	
27.75

	
1.4

	
112.7

	
5.6

	
213

	
10.5

	
1.23

	
0.6

	
10

	
Water body




	
21.7

	
1.1

	
34.4

	
1.7

	
371.8

	
18.1

	
0

	
0

	
11

	
Bare land










The calculation results are shown with white and black stripes (Figure 3). White represents built-up areas with minimum values and black indicates forest areas with maximum carbon stock values. The north volume of the carbon stocks is greater than the carbon stock volumes of the south part. The larger carbon stock values distributed within specified distances occurred in a ring pattern. The carbon stock distribution of 2016 was similar to 2014 but one major change was the patch size and integrality of landscape elements. The patch of 2016 was larger and more complete, and the whole carbon stock increased by 2,297,880.254 T.


Figure 3. The distribution of carbon stocks in 2014, the distribution of carbon stocks in 2016.
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3.1.2. Macro Information of Carbon Stocks


Sampling for carbon stocks map could reduce the data volume, while the sampling result (Table 2) is reasonable and characteristic of the data required to obtain the spatial distribution of carbon density. There were 65,975 patches of different land cover/use in the study area; the maximum area was 177,075,900[image: ] and the minimum value was 900 [image: ].



Table 2. Sampling result.







	
2014




	
Lucc

	
City

	
Cultivated Land

	
Construction Land

	
Water Body

	
Bare Land

	
Rural Areas

	
Grassland

	
Forest Land




	
Sampling percentage

	
0.036

	
0.52

	
0.022

	
0.031

	
0.007

	
0.066

	
0.012

	
0.306




	
Actual percentage

	
0.020

	
0.604

	
0.018

	
0.051

	
0.007

	
0.145

	
0.002

	
0.152




	
2016




	
Lucc

	
City

	
Cultivated Land

	
Construction Land

	
Water Body

	
Bare Land

	
Rural Areas

	
Grassland

	
Forest Land




	
Sampling percentage

	
0.024

	
0.614

	
0.022

	
0.061

	
0.01

	
0.12

	
0.001

	
0.148




	
Actual percentage

	
0.036

	
0.511

	
0.015

	
0.027

	
0.007

	
0.072

	
0.014

	
0.318










The sampling percentage of the land cover/use types is close to the actual percentage and can be used to reflect the ratio between the land cover/use types. Therefore, the sampling result is reasonable and can be used as a database to reduce the accuracy of carbon stocks. The features selected by area represent the features with large carbon stocks in the entire study area. We assigned the carbon stock value attribute of the features to the corresponding sample point features. Kriging interpolation of the sampling points provided a carbon density distribution. Due to random sampling when there is no sampling point around the border, the boundary based on interpolation does not coincide with the original boundary. There is the outer boundary of carbon sequestration zone and carbon density in 2016 (Figure 4).


Figure 4. The outer boundary of carbon sequestration zone in 2016; that is, the boundary between carbon sequestration zone and stable carbon stock zone.
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It can be seen in Figure 4 that the area with high carbon stocks within the outer boundary is around the city and the area beyond the outer boundary is stable region where the carbon stocks are stable. The spatial distribution is consistent with the assumption in this paper. Therefore, the assumption that the spatial distribution of carbon cycle follows the concentric ring pattern is established in Guang’an.





3.2. The Spatial Distribution of Carbon Emissions


In 2014, the energy consumption of Guang’an converted to standard coal was equivalent to 2.2299 million tons, and the 2016 value was about 1,675,460 tons. According to General Principles for Calculation of Total Production Energy Consumption, [image: ] Mg standard coal in the case of complete oxidation will produce about [image: ] Mg [image: ], generating C emissions of about [image: ] Mg. Total carbon emissions over the two years was approximately 3,905,360 tons, so about 1,607,479 tons of carbon was not absorbed, and the absorption of city carbon emission was about 58.84% in the suburbs.



The density of urban POI was taken as the substitution point of urban carbon source, and the density of POI was calculated by the point density tool in ArcGIS (Figure 5).


Figure 5. Substitute carbon sources in city.
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There were two peaks in the spatial distribution of POI density, so there were two substitute carbon sources (Figure 5). The north carbon source coordinates were 106°38′20.244″ E, 30°28′50.937″ N and the southern carbon source coordinates were 106°37′39.534″ E, 30°27′49.573″ N. The POI density value was divided into upper and lower parts. The sum of the grid values of each part was counted, and the urban carbon emission was distributed proportionally to each carbon source. The carbon source in the north accounted for 33.24% of the total carbon in 2014, while the southern part accounted for 66.76%. In 2016, the carbon source in the northern part accounted for 29.86% of the total, while the carbon source in the southern part accounted for 70.14%. The P-G parameters and the emission rates of the northern and southern carbon sources were introduced into the modified static wind Gaussian diffusion model (Equation (4)), and we calculated the carbon concentration at different distances from the carbon sources. The results are shown in Table 3 and Table 4.



Table 3. Spatial distribution of carbon concentrations at different distances of carbon sources in 2014.







	
Distance (km)

	

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.8

	
1






	
Concentration (g/m3)

	
Northern carbon source

	
7.29

	
1.97

	
0.91

	
0.53

	
0.34

	
0.24

	
0.14

	
0.09




	

	
Southern carbon source

	
14.67

	
3.97

	
1.84

	
1.07

	
0.69

	
0.49

	
0.29

	
0.19




	
Distance (km)

	

	
1.2

	
1.4

	
1.6

	
1.8

	
2

	
3

	
4

	
6




	
Concentration (g/m3)

	
Northern carbon source

	
0.07

	
0.05

	
0.05

	
0.03

	
0.03

	
0.01

	
0.01

	
0.00




	

	
Southern carbon source

	
0.13

	
0.10

	
0.10

	
0.06

	
0.05

	
0.02

	
0.01

	
0.01










Table 4. Spatial distribution of carbon concentrations at different distances of carbon sources in 2016.







	
Distance (km)

	

	
0.1

	
0.2

	
0.3

	
0.4

	
0.5

	
0.6

	
0.8

	
1






	
Concentration (g/m3)

	
Northern carbon source

	
4.93

	
1.33

	
0.62

	
0.36

	
0.23

	
0.17

	
0.10

	
0.06




	

	
Southern carbon source

	
11.57

	
3.13

	
1.45

	
0.84

	
0.55

	
0.39

	
0.23

	
0.15




	
Distance (km)

	

	
1.2

	
1.4

	
1.6

	
1.8

	
2

	
3

	
4

	
6




	
Concentration (g/m3)

	
Northern carbon source

	
0.04

	
0.03

	
0.03

	
0.02

	
0.02

	
0.01

	
0.00

	
0.00




	

	
Southern carbon source

	
0.10

	
0.08

	
0.08

	
0.05

	
0.04

	
0.02

	
0.01

	
0.01










The buffer radius was set according to the P-G parameter with each carbon source as the center to form a multi-ring buffer. The above values were assigned to the buffer in the form of attributes, and then by spatial stacking to obtain a spatial distribution of carbon emission concentration (Figure 6).


Figure 6. The spatial distribution of carbon concentration.
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To clarify the difference in C concentration distribution, we sampled the existing concentration distribution results on the axis of the alternative carbon source and the vertical bisector. The sampling points and the sampling results are shown as Figure 7.


Figure 7. The sampling points and the sampling results.
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3.3. The Spatial Distribution of Carbon Cycle


3.3.1. The Subdivided Inner Rings


Minimum circumscribed circle of features was obtained with the “Minimum Bounding Geometry” tool in ArcGis. The output layer attribute table was exported as a dbf file, and then to the statistical functions (AVERAGE and QUARTILE) of Excel to determine features (Table 5).



Table 5. The characteristic of land cover/use patches size in 2014 and 2016.







	
Year

	
Minimum (Unit: m)

	
Maximum (Unit: m)

	
75th Percentile (Unit: m)






	
2014

	
42

	
8961

	
1172




	
2016

	
67

	
8723

	
1275










The outermost circle (Figure 1) coincides with the boundary of the study area, with the 75th percentile of DI as the spacing between the circles, from the edge of the study area to the city feature gravity dividing the circles. The “MultipleRingBuffer” tool of ArcGis was used to form 17 circles in 2014 data, and 16 circles in 2016 data (Figure 8).


Figure 8. The subdivided inner rings diagram. Red represents subdivided inner rings in 2016 and blue represents subdivided inner rings in 2014.
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3.3.2. The Boundary between Carbon Sequestration Eco-Service Zone and Stable Carbon Stock Zone


Using the 2016 data as an example, we obtained the change of carbon density in different subdivided inner rings (Figure 9).


Figure 9. Carbon density in different rings.
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The carbon density was lowest when the radius of the ring was 15,072 m. Therefore, the radius of the subdivided inner ring, which is the boundary between carbon sequestration eco-service zone and stable carbon stock zone, is 15,072 m.




3.3.3. The Boundary between Carbon Sequestration Eco-Service Zone and Carbon Emission Zone


After urban carbon emission concentration numerical histogram equalization, we obtained a discrete point distribution of each concentration value (Figure 10).


Figure 10. Discrete point of each concentration value.
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According to the modified atmospheric diffusion model, the larger values of C concentration are mainly distributed in the region close to the carbon source, and the values decrease with increasing distance. In the region with low value, there were many pixels and the contrast was low. When histogram equalization was carried out in the spatial domain, the gray value of the image was extended between gray levels of 0 to 255 to display the image contrast and improve image quality, and simplify the algorithm [64]. To enhance low-value area contrast and increase visibility of the C concentration boundary, we stretched the results of spatial distribution of C concentration using histogram equalization. We chose the subdivided inner ring where the gray values change slowly for the boundary between carbon sequestration eco-service zone and carbon emission zone. Therefore, in Figure 9, the subdivided inner ring whose carbon concentration value is 8.03 g/m3 is the boundary, the original concentration is 0.87 g/m3, and the radius of the ring is 6351 m.




3.3.4. The Spatial Distribution of Carbon Cycle


In summary, the 2016 carbon sequestration zone in Guang’an City is defined as an annular region 6351–15,072 m from the city center. In 2014, the carbon sequestration zone is defined as an annular region 6623–14,827 m from the city center(Figure 11). In 2016, the carbon density in the carbon sequestration zone was 417.2 [image: ], while, in 2014, it was 392.1 [image: ].


Figure 11. The spatial distribution of carbon cycle in Guang’an.
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3.4. The Scenario Simulation


3.4.1. Land Cover/Use Changes and Carbon Stocks Changes


The land cover/use change in the carbon sequestration zone was analyzed for two years. The land cover/use classification layers in 2014 and 2016 were divided using the ecological service zone, and the carbon stocks of different land cover/use types were updated and estimated by the Build Raster Attribute Table in ArcGIS. In 2016, the total area of the carbon sequestration zone increased by 6683.94 ha compared to 2014. The changes of land cover/use types are shown in Table 6.



Table 6. Land cover/use change in carbon sequestration zone.







	
Land Cover/Use Types

	
2014 (ha)

	
2016 (ha)

	
Change (ha)






	
City

	
15

	
556

	
541




	
Cultivated land

	
28,715

	
26,399

	
−2316




	
Construction land

	
923

	
652

	
−271




	
Water body

	
2594

	
1993

	
−601




	
Bare land

	
476

	
783

	
307




	
Rural areas

	
6425

	
2982

	
−3443




	
Grassland

	
61

	
837

	
776




	
Forest land

	
9989

	
21,680

	
11,691










In Table 6, the land cover/use type that changed most in the carbon sequestration zone was forest land, which was mainly transformed from cultivated and rural land. In Guang’an, urban expansion occurred after 2014 when a large proportion of the rural population moved into the city and increased the population density. Following this immigration, the Government implemented a policy of returning farmland to forests that resulted in a reduction of rural land around the city and an increase in forest land. Different land cover/use types have different carbon sequestration capacities, and carbon stock changes were caused by changes of land cover/use in the carbon sequestration zone. The increase in carbon stocks in 2016 compared with 2014 was 4023.50382 kilotons (kt), with increased forest land making a major contribution to the increase in carbon stocks (Table 7).



Table 7. Carbon stocks change in the carbon sequestration zone.







	
Land Cover/Use Types

	
2014 (kt)

	
2016 (kt)

	
Change (kt)






	
City

	
0

	
0

	
0




	
Cultivated land

	
9662.43

	
8883.11

	
−779.32




	
Construction land

	
320.82

	
226.78

	
−94.04




	
Water body

	
919.86

	
706.74

	
−213.12




	
Bare land

	
203.65

	
334.97

	
131.32




	
Rural areas

	
2881.70

	
1337.62

	
−1544.08




	
Grassland

	
27.32

	
376.24

	
348.92




	
Forest land

	
5275.24

	
11,449.07

	
6173.83











3.4.2. Scenarios Design


Benchmark development scenario (Scenario 1): Consistent with land cover/use constraints under current planning conditions and socio-economic development, we make the following projections: the amount of urban carbon emissions will remain unchanged; the inner radius of the carbon sequestration zone will be unchanged; and the rate of expansion of the outer radius and the rate of change of the various types of soil utilization in the zone will not change.



Scenario of increasing carbon sequestration capacity based on the warning limit of cultivated land (“red line”) (Scenario 2): Basic farmland protection currently restrains the conversion of cultivated land to other land cover/use types. According to the “Plan of Land and Resources Management in Guang’an City” (2016–2020) during the “13th Five-Year Plan” period, the “red line” of cultivated land and other government policies on cultivated land protection, the government has ordered “strict protection of cultivated land and basic farmland”. Cultivated land will remain stable at 288,900 ha with a basic farmland protection area of not less than 248,100 ha. The surrounding cities and the surrounding county where the town and the traffic allows easy occupation of high-quality farmland is classified as permanent prime farmland. The 1600 ha of new cultivated land ensure that city construction projects are balanced by land conservation. Based on the “red line” of cultivated land, the reduction rate of cultivated land area was reduced and the quantity of cultivated land within the zone was equal to the red line of cultivated land. Slowing the growth of forest land and reducing the fragmentation of landscape as principle, the size of the zone was unchanged. The changes of land cover/use are mainly in cultivated land and woodland. According to the ratio of the area of the zone to the area under the jurisdiction of the city, we determined that the area of cultivated land within the zone should not be less than 24,335 ha by 2020.



Scenario of increasing carbon sequestration capacity based on the ecological protection (Scenario 3) strengthens the protection of ecological land, such as woodland, grassland and water areas, while accelerating the transformation of unused land to ecological land. Guang’an is located in hilly country and major ecological problems involve soil erosion and water loss. The demand for forest land under ecological protection can reach 44% of the study area [65,66]. In the north of the study area, forest land change is the most obvious. Therefore, in the northern forest lands, especially the state-owned forest lands, measures such as closing hillsides to facilitate afforestation were adopted. Currently, the rate of expansion of the outer boundary of the carbon sequestration zone remains constant. The bare land area is maintained at the 2016 level and the grassland is growing at a rate of forest change, with a forest cover of 44%.



In combination with the data calculations and the actual situation in Guang’an, the key factors were identified as: (1) size of the carbon sequestration zone (based on the data from 2014 to 2016, the growth rate of the carbon sequestration zone area is 3341.97 ha year−1); and (2) the proportion of the different types of land cover/use under different scenarios (Table 8).



Table 8. The proportion of the area of different land cover/use types in three development scenarios.







	
Key Factors

	
Scenario 1

	
Scenario 2

	
Scenario 3






	
Size of carbon sequestration zone

	
69,249 ha

	
62,565 ha

	
69,249 ha




	
City (proportion)

	
0.99%

	
0.99%

	
0.99%




	
Cultivated land (proportion)

	
47.24%

	
43.55%

	
42.10%




	
Construction land (proportion)

	
1.17%

	
1.17%

	
1.17%




	
Water body (proportion)

	
3.57%

	
3.57%

	
3.57%




	
Bare land (proportion)

	
1.40%

	
1.40%

	
1.13%




	
Rural areas (proportion)

	
5.34%

	
5.34%

	
5.34%




	
Grassland (proportion)

	
1.60%

	
1.50%

	
1.70%




	
Forest land (proportion)

	
38.70%

	
42.49%

	
44.00%











3.4.3. The Influences on Carbon Sequestration in Different Scenarios


The design of scenarios takes into account benchmark development, “red line” policy, and ecological protection. According to the scenario design, the carbon sequestration zone experiences expected growth rate of 3341.97 ha year−1. To clarify the difference of different scenarios, we discuss the land cover/use in 2020 according to the “Plan of Land and Resources Management in Guang’an City” (2016–2020), when the total area will be 69,248.88 ha. The land cover/use structure of different scenario simulation method by 2020 is shown in Table 9. Using the carbon density of different land cover/use types, the carbon stocks of the carbon sequestration zone in different scenarios and the changes of carbon density compared with 2016 were calculated (Table 10).



Table 9. Different scenarios of land cover/use types in 2020.







	
Land Cover/Use Types

	
Scenario 1 (ha)

	
Scenario 2 (ha)

	
Scenario 3 (ha)






	
City

	
688

	
556

	
688




	
Cultivated land

	
32,714

	
24,335

	
29,158




	
Construction land

	
808

	
652

	
808




	
Water body

	
2470

	
1993

	
2470




	
Bare land

	
970

	
783

	
783




	
Rural areas

	
3696

	
2982

	
3696




	
Grassland

	
1037

	
837

	
1176




	
Forest land

	
26,866

	
23,743

	
30,470










Table 10. Change of carbon sequestration capacity in different scenarios in 2020.







	

	
Scenario 1

	
Scenario 2

	
Scenario 3






	
The total of carbon stocks (thousand tons)

	
28,892.02

	
23,710.04

	
29,581.08




	
The changes of carbon density ([image: ])

	
0

	
+7.1

	
+10










In the three scenarios, forest land in the ecological protection scenario occupies 44%, the cultivated land protection scenario accounts for 42.5%, and the baseline development scenario takes up 38.8%. Although the total carbon stocks in the cultivated land protection scenario are the lowest, the carbon density ranks second to ecological protection scenario because of a higher proportion of forest land than the other scenarios. In the benchmark development scenario, carbon sequestration capacity was significantly less than the other two scenarios, even though the carbon sequestration zone expanded. This may indicate that the current development of the ecological service function is not the best condition. The proportion of cultivated land in the benchmark development scenario is higher than the other two scenarios, but this has weakened the ecological service capacity of the carbon sequestration. The carbon sequestration capacity of cultivated land protection scenario is better, and the level of cultivated land is in balance with the policy requirement for cultivated land. In the ecological protection scenario, the carbon sequestration capacity is the strongest, but the conversion of cultivated land is too great, which is lower than policy demands. Considering the protection of cultivated land and the protection of ecology, the cultivated land protection scenario appears to be the best choice.






4. Discussion


In this paper, the concentric ring theory and the mono-centric model are used to study the spatial distribution of the carbon cycle in mono-centric cities and suburbs. The results show that the spatial distribution of the carbon cycle in Guang’an follows the concentric ring pattern. Our conclusion is consistent with the concentric ecological model proposed by Li, combined with the concentric ring theory. Our results agree that the ecosystem had a concentric ring distribution with the city at the center [67]. Through discussing the influence that regulation of the carbon sequestration zone and land cover/use has on the carbon sequestration capacity of the city, we conclude that it is significant for formulating land cover/use policies that maintain the carbon cycle stability of cities.



We analyzed the results and concluded that the government’s afforestation policy is a direct factor in the expansion of the carbon sequestration service zone. Forested land in the study area increased by nearly 12,000 ha over a two-year period, partly due to the government policy of returning farmland to forests. Forests are primary carbon absorbers, and the carbon sequestration function of plantation forests can help mitigate global climate change [68,69]. Some scholars have also come to a similar conclusion; that is, an important factor in the change of carbon sequestration eco-services is that the government reduces ecological land area to increase construction land area [70,71,72]. Our results also verify the conclusions of these scholars. Based on the land use policy, we also discuss the impact of energy consumption on the spatial distribution of the carbon cycle. Under the environment of emissions reduction policy, the goals of structural and project emissions reduction have been achieved. These policies helped to reduce the total emissions of the province [73]. The results of the carbon sequestration zone evaluation indicate that government policy has not changed the structure of the concentric ring, but the original carbon sequestration zone has widened. Afforestation and forest restoration can increase the carbon sequestration function as well as promote water conservation, climate regulation, and resource supply. The absorption rate of urban carbon emissions in Guang’an was 58.84%. The “China Greenhouse Gases Bulletin in 2013” noted that about 55% of [image: ] is absorbed by the biosphere and ocean around China, so the absorption rate exceeds this average. The C absorption rate in Guang’an is higher than the national average.



The spatial distribution of the carbon sequestration zone results from the influence of both human activities and natural phenomena. The results of carbon stocks show that forested land is distributed between the city and a large area of cultivated land in the form of a ring because of human activities, urban expansion, and the reclamation of cultivated land. According to the spatial distribution of carbon stocks (Figure 2), the carbon sequestration in the north of the city is larger than that in the south, and this is closely related to the southerly and northerly wind directions. Southerly winds predominate in Guang’an, accounting for about 85.67% of the region’s winds [74]. This is subject to further analysis in future research.



China is currently promoting the concept of urban ecosystem services, and urban managers are trying to plan more compact and sustainable cities through urban eco-spatial division and land cover/use change. Based on scenario analysis, the benchmark development scenario was not the best development mode. The different scenarios included different land cover/use structures with the main differences being the proportion of forest land, grassland and cultivated land. The benchmark development scenario trend showed that the proportion of cultivated land in the carbon sequestration zone was the highest, accounting for 47.24% of the area of the area, reducing the coverage of forest land and weakening the carbon sequestration capacity compared to the ecological protection scenarios. With the ecological protection scenario, forest coverage could reach 44%, the carbon sequestration capacity is the strongest, and the carbon stock per square meter was [image: ] Mg. Compared with the benchmark development scenario, carbon density increased by 10 [image: ], but, in the carbon sequestration zone, the proportion of cultivated land was lower than the minimum required by government policy. In the cultivated land protection scenario, the size of the ring was unchanged but the internal land cover/use was more balanced. The carbon sequestration capacity improved compared to that in the benchmark development scenario, increasing by 7.1 [image: ], and the amount of cultivated land was maintained within the range required by government policy, which promised to meet the requirements of food supplying. To maximize the amount of carbon stocks, both ecological protection and human economic activities should be considered [75]. We cannot blindly change non-ecological lands to ecological land. The sustainable carbon balance is a natural and social combination system. The carbon sequestration capacity of adjacent areas is changed due to these mutual influences, so we should strengthen the spatial link. This allows regions with strong carbon sequestration capacity to spread their ecological effects and improve regions with weak carbon sequestration capacity [76]. Our scenario simulation results verify the correctness of the view that reasonable land use policy to maintain the stability between human well-being and ecosystem is necessary. Reasonable adjustment of land cover/use structure and spatial distribution is necessary to ensure ecological and economic stability and to achieve the sustained change of urban structure and function. Calthorpe, a famous urban planning scholar, pointedly observed that sustainability is to seek a balance among the social, economic and ecological environment, so that it can exist forever [77]. Therefore, to achieve the changes that urban scale (population, land, and production) is getting bigger, urban structure is gradually coordinated and urban function is gradually sustainable, urban sustainable development at a certain time and space scale, through long-term sustainable urban growth and its structural evolution, is necessary to not only meet the needs of contemporary reality, but also to meet the requirements of future development. In terms of the sustainable development of Guang’an, the planning of urban eco-service spatial patterns and land cover/use should take the protection of cultivated, protection of ecological areas and the functional requirements of urban development into consideration at the same time.



Many cities have developed from the mono-centric model, not only in China, but also in other world regions [78,79]. Many cities have a multi-centric spatial structure developed from a mono-centric structure. For example, in Seoul, its urban spatial structure in the 1880s was a typical mono-centric pattern with only one central business district [80]. The mono-centric model is still considered an important theory that can describe the spatial structure of cities [81]. We consider urban structure, development mode, carbon sequestration capacity, and the assessment value of carbon emissions, thus our conclusions have high application value to the sustainable development of Guang’an, and a certain reference value for the spatial distribution of carbon cycle of other cities with similar structure to Guang’an. The results have application value and guiding significance for the planning of mono-centric cities. We can identify and delimit the carbon sequestration functional area in the city according to land cover/use data and urban carbon emission data. Whether, and how, this can be applied to complex urban structure areas are subjects for further study.



Further studies should focus on three areas: First, there should be improved selection and correction of data. The method used for calculating the spatial distribution of carbon sequestration capacity and carbon emissions should also be improved. For example, this paper did not consider the relative carbon sequestration capacity strength of land cover/use patches in a city. An improved InVEST model with this consideration would better reflect the demand and supply values of the city. The accuracy of the estimated spatial distribution of carbon emission concentrations is insufficient and this reduced the computational accuracy of the inner boundary of the carbon sequestration zone. Similarly, the lack of an accurate classification of woodland areas reduced the computational accuracy of carbon stocks. Accurate determination of urban and peripheral [image: ] concentrations will be the focus of a follow-up study. Second, the changing laws of carbon sequestration zone and the effects on carbon sequestration should consider land cover/use as well as the natural environment (e.g., wind speed and wind direction), urban construction and development needs, and production factors. Integration of a set of programs able to solve multiple questions and balance the ecological service and the reasonable use of land will be the goal of additional studies. Third, a discussion of the carbon sequestration zone of the multi-centric city merits further study because, in addition to Guang’an and other fourth-tier cities, the second- and third- tier cities of China are mostly multi-centric cities.




5. Conclusions


This paper discussed the spatial distribution of carbon cycle for mono-centric cities, based on the von Thünen concentric ring theory, using an integration of the InVEST model and the revised atmospheric diffusion model, combined with land cover/use, carbon emissions and ecological data, and we discuss the various factors of land cover/use change on urban carbon cycle and its spatial pattern evolution using scenario simulations. This analysis provides a basis for effective planning and using of urban land. The results show that:

	(1)

	
Carbon sequestration and carbon emissions in the mono-centric cities follow a concentric ring pattern. The first annular zone (Zone I) represents the carbon emissions, which lie at the concentric ring center; the second annular zone (Zone II) represents the carbon sequestration service; and the third annular zone (Zone III) represents stable carbon stock. From the view of supply and demand, combined with carbon emissions and carbon sequestration capacity data through identification and delimitation of carbon sequestration zone in the mono-centric cities, this paper provides evidence for the government carrying out ecological environment assessment and planning.




	(2)

	
In the study area, the carbon sequestration zone is an annular region 6623–14,827 m from the city center in 2014, and an annular region 6351–15,072 m from the city center in 2016. The structure of the concentric ring has not changed, but the spatial distribution of carbon sequestration and carbon density has changed due to fossil energy consumption and land cover/use change. Compared with 2014, the carbon emission zone shrunk while the carbon sequestration service zone expanded in 2016.




	(3)

	
The eco-service capacity of the carbon sequestration zone relates to the spatial division and different land cover/use types. In 2016, the carbon density of in the carbon sequestration zone was 417.2 [image: ], compared with 392.1 [image: ] in 2014. It had obviously increased. Compared with 2014, the carbon stocks in 2016 increased by 4023.50382 thousand tons (kt), and this is the main factor of the forest land area increasing. This conclusion coincides with the actual situation of Guang’an. Urban green cover from 2014 to 2016 increased by 12,000 ha, which is closely related to government in Guang’an implementing the policy of returning farmland to forest.









Based on the urban land-use and eco-service time variation simulation, it is found that the current carbon-sequestration eco-service in Guang’an is not the best development condition. Under the ecological protection scenario, the carbon sequestration capacity is the strongest, but the conversion of cultivated land is too great, which is lower than policy demands. Under the cultivated land protection scenario, the government constrains the conversion of cultivated land to other land cover/use types. Although the total carbon stocks are the lowest, the carbon density ranks second to ecological protection scenario because of a higher proportion of forest land than the other scenarios. Under the benchmark development scenario, carbon sequestration capacity was significantly less than the other two scenarios, even though the carbon sequestration zone expanded. Therefore, the function of urban eco-services and its influence factors of change are important components of urban sustainable development. To achieve the sustainability of Guang’an, the planning of urban eco-service spatial patterns and land cover/use should consider the protection of cultivated and ecological areas at the same time. It is possible to provide ideas for coordinating and solving the eco-service, cultivated land protection, urban constructions and other issues through spatial planning and policy guidance in the land-use circle. In Guang’an, there was a positive correlation between the carbon sequestration capacity and the forest coverage of the carbon sequestration zone, with higher forest coverage leading to greater carbon sequestration capacity. There remains a need to rationally allocate the proportion of different types of land cover/use to ensure a balance among ecological services such as carbon sequestration and food supply, and to coordinate sustainable development of urban eco-service, cultivated land protection, and urban construction.



The research method of this paper can be used in other carbon cycle spatial studies of mono-centric cities, and has the flexibility to use different data sources. Data source and processing accuracy will improve in the future. If high-resolution remote sensing data and other environmental data become more readily available, the research of spatial distribution of carbon cycle nad land-use planning in urban ecological zone will be more rational.
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