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Abstract: Patterns of spatial development and protection form a basic category of geoscience, 
and redesigning them is a popular subject of research in regional sustainable development 
that is important for ecological civilization construction. The authors here report a case study 
of Wuhan city using the circuit theory model and minimum cumulative resistance (MCR) 
model to rebalance its spatial protection and development. The results show the following: (1) 
Using the density of the gross domestic product (GDP), density of population, rate of ur-
banization, and access to transportation as evaluation indicators, seven core areas of de-
velopment in Wuhan were identified, accounting for 59% of the total number of streets, that 
exhibited a “circular-satellite” spatial structure. (2) According to the importance of ecosystem 
services, ecological sensitivity, land use type, and slope of the terrain, the resistance surface 
of spatial development in Wuhan had a stereoscopic spatial form of an “inverted pyramid,” 
with high surroundings and a low center. The area of low resistance accounted for 6.64% of 
the total area of Wuhan. (3) Based on coupling analysis using the MCR and spatial morpho-
logical characteristics of current, nine axes of spatial development with a total area of 427.27 
km² and eight key strategic points with a total area of 40.02 km² were identified. Streets that 
were prioritized for development accounted for 9.63% of Wuhan’s total area. (4) By combining 
the characterization of the development axis with the structure of the three-level core area, 
we extracted the structure of spatial development of “one heart, two wings, and three belts” in 
Wuhan. The research framework and empirical results can provide scientific guidance for the 
urban spatial layout, the development of regional linkages, and ecological environmental 
protection in China. 

Keywords: spatial development and protection; circuit theory model; minimum cumulative resistance model; core 
area; development axis; Wuhan 
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1  Introduction 
The goals of constantly optimizing the pattern of national spatial development and con-
structing an ecological civilization were proposed at the 19th National Congress of the 
Communist Party of China (CPC) in 2017. The document stated that the state had upgraded 
the optimization of patterns of spatial development to the national strategic level, and con-
sidered it an important foundation for ecological civilization construction (Huang et al., 
2015). Through spatial planning and controlling human activities to promote the coordina-
tion of population distribution, economic layout and resources and environmental carrying 
capacity—in other words, the guidelines of the blueprint—have become crucial for spatial 
optimization. The difficulty of “sticking to a single blueprint until the end” lies in the scien-
tific and quantitative depictions of the structure of spatial development (Fan, 2018). Most 
scholars in China and abroad have studied quantitative depictions following two research 
paradigms. From the perspective of development, they have developed “point–axis–area” 
development projects to promote economic growth by characterizing regional functions and 
spatial structures under interregional interactions (Zhou et al., 2015; Bradburd et al., 2016). 
This also serves the interests of planning for national economic development and imple-
menting the relevant policies at the spatiotemporal scale, and promotes orderly urban spatial 
expansion (Todes, 2017; Chen et al, 2018). From the perspective of protection, researchers 
have assessed the spatiotemporal pattern, process, and mechanism of regional landscape 
ecology for ecological conservation, and have highlighted the patterns of ecological security 
as a means of alleviating the contradiction between ecological protection and economic de-
velopment to protect the ecological space (Ferretti and Pomarico, 2013; Correa Ayram et al., 
2016; Nunes et al., 2019). Based on the “point–axis” theoretical framework, the central 
points, axes of development, and core areas of land space were measured and portrayed. The 
most widely used methods are spatial clustering and kernel density analysis (Vasanen, 2012; 
Veneri, 2013; Yu et al., 2014). Another method involves identifying the ecological sources, 
corridors, and patches at all levels using theories on the patterns of ecological security of 
land space to develop systematic patterns. Commonly used methods for the network analysis 
of minimum paths include redundancy analysis, circuit theory, random walk theory, mini-
mum cumulative resistance (MCR), and the cost distance model (Blazquez-Cabrera et al., 
2016; Luo et al., 2018; Li et al., 2019). Regardless of the perspectives of development or 
protection, the purpose of the existing research is to use a single goal as the direction of 
space management (Peng et al., 2015; Jin et al., 2019), ignoring the mutual competition and 
synergy within various land spaces. Few studies have incorporated agricultural space into 
the research framework of competition for land use and the relevant trade-offs. 

In the backdrop of promoting well-coordinated environmental conservation and avoiding ex-
cessive development, it is important to form patterns for the development and protection of 
space to use it efficiently, create a livable space, and ensure that the ecological space is unspoiled. 
Based on a combination of point–axis theory and the theory of patterns of ecological safety, we 
selected Wuhan as study area and used the random walk theory and MCR to implement function 
recognition. Quantitative description of the axis of development and a comprehensive ex-
pression of the spatial form of the natural–human system are also provided. Scientific pat-
terns of spatial development and protection for Wuhan can provide reference for decisions on the 
regional ecological civilization construction and the management of natural resources. 
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2  Study area 
Wuhan is located in central China, in the middle reaches of the Yangtze River, and is an im-
portant node city for the Belt and Road Initiative (Figure 1). By the end of 2017, Wuhan’s 
population and GDP accounted for 18.46% and 36.72%, respectively, of those of Hubei 
province, and its urban built-up area was 585.61 km². The expansion of the city is based on 
the natural pattern formed by such elements of the ecological landscape as mountains, rivers, 
and lakes, and serves as a corridor for the urban landscape and pattern of economic devel-
opment (Liu et al., 2015; Yang et al., 2019). Large scale, low density, and imbalance are 
typical characteristics of the Yangtze River Economic Belt, and have hindered the sustain-
able development of Wuhan (Jin et al., 2018). Therefore, it is important to form a 
“point-axis-area” spatial structure that can help reap the comprehensive benefits of its geo-
graphical location and natural ecosystem according to the demands of human activities. A 
research framework for Wuhan that considers the patterns of spatial development and pro-
tection during construction can provide reference for decisions on regional spatial govern-
ance and further urbanization as well as guidance for the urban spatial layout, development 
of regional linkages, and environmental protection of the Yangtze River Economic Belt. It is 
also significant for theoretical exploration and practical guidance for ecological civilization 
construction of in China. 

 
Figure 1  Location of Wuhan within the Yangtze River Economic Belt (a), and administrative divisions of the 
city (b) 

3  Data and methods 
3.1  Data sources and processing 

The research data included natural environmental data to characterize the indigenous eco-
system and socioeconomic data to reflect the appropriate needs of the relevant human activi-
ties. The natural environmental data included the following: (1) Data from meteorological 
stations of the National Meteorological Information Center (http://data.cma.cn/), including 
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temperature and rainfall, were used to measure ecological sensitivity and assess ecological 
vulnerability. (2) Data on soil, from the 1:1,000,000 Soil Database of China (http://vdb3. 
soil.csdb.cn/), included soil texture, granules, and hydrology to estimate soil seepage. (3) 
Data on the land use type and elevation, with a spatial resolution of 30 × 30 m, were ob-
tained from the Resources and Environmental Data Cloud Platform (http://www.resdc.cn) to 
extract the resistance surface (degree of inhibition of spatial development by each unit). The 
land use data were classified into built-up land, cultivated land, forest land, grassland, water 
area, and unused land according to the taxonomy system of the Chinese Academy of Sci-
ences. The socioeconomic data included the following: (4) The population, GDP, and other 
data on townships in Wuhan were used to identify the core area. The data were from the 
Wuhan Statistical Yearbook, the Wuhan National Economic and Social Development Statis-
tical Bulletin, and each district’s statistical yearbook. (5) Road network data, used to calcu-
late access for traffic, were from the National Geomatics Center of China (http://www. 
ngcc.cn/). Considering the availability of data, timeliness of research, and the generality of 
the plan’s base year, we focused on 2018 for the study, and all grids of the raster data were 
resampled to 100 m × 100 m. 

3.2  Minimum cumulative resistance 

On the basis of geography theory and geographic information, the MCR has been proposed 
to quantify the cost or the minimum resistance of the object from the source through differ-
ent patches to the destination (Blazquez-Cabrera et al., 2016). It is expressed as follows: 

 min

i m

ij i
j n

MCR f D R




   (1). 

where MCR denotes the minimum cumulative resistance, Dij represents the spatial distance 
of spatial elements flowing from core area j to the specified unit i, Ri represents the coeffi-
cient of resistance of spatial unit i to the elements, and ƒ represents the positive correlation 
function between the minimum cumulative resistance and the process of spatial expansion. 
Based on this model, the grid matrix can be used to construct the resistance matrix in com-
bination with the spatial position, following which the surface feature of resistance can be 
simulated, that is, the resistance surface of the spatial pattern can be extracted. 

The spatial characteristics of the elements flow revealed by the MCR reflect the possibil-
ity and trend of the spatial structure, and are used to measure the change in overall connec-
tivity by adjusting channel width (Leonard et al., 2017). Due to differences in natural char-
acteristics among locations, the process of expansion of human activities is resisted to vary-
ing degrees. In particular, national nature reserves with good ecological risk prevention ca-
pabilities are imposed on stringent demands on the expansion of construction land and urban 
space (Jin et al., 2019). The connectivity and similarity between the spatial unit and the 
source unit are determined by the magnitude of the MCR. The potential spatial paths of el-
ements flowing from source to destination, that is, the plaque connection channel, can then 
be extracted by lateral comparative analysis. 

3.3  Circuit theory model 

The circuit theory model links the state of motion of an object to resistance to it based on 
random walk to yield the trajectory of spatial motion (Leonard et al., 2017). Objects in ran-
dom walk are in an unpredictable state, but the trajectory of charge in the circuit can be sim-
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simulated by effective resistance and voltage (Roopnarine et al., 1999; Blatti and Sinha, 
2016). Thus, the circuit theory model can be used to explore the laws of flow of the spatial 
elements. A circuit diagram is a meshed network connected by “resistors” that are similar in 
principle to the mechanism of formation of the spatial structure (McRae and Beier, 2007). 
When studying the morphological features of spatial elements, resistance is often expressed 
by the difficulty with which an object passes through the plaque, and the total resistance 
between nodes is used to represent the resistance distance. Thus, the effective resistance 
directly determines the characteristics of connectivity of different spatial nodes. 

The basic indicators of the circuit theory model are current I, voltage V, and resistance 
distance DR, where the latter is the decisive factor in the formation of connections during 
spatial development, and its value is determined by the size of the plaque and number of 
paths. When two nodes can be connected through multiple paths with low resistance, the 
resistance distance is small; when they can be connected through few paths with high resis-
tance, the resistance distance is large. The current, voltage, and resistance distance are cal-
culated as follows (McRae and Beier, 2007; Thulasiraman et al., 2019): 

(1) Current: When the spatial element flows from node A to node B, the current ixy of ad-
jacent nodes x and y is the expected value of the net number of times it flows through the 
directed edge xy during the random walk of the element from A to B, as follows: 

  
y

y x xy y yxx
xy x y xy xy x xy y yx

x Y x

u u C u Cui v v C C u p u p
C C C C

 
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 
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where ux=∑y uypyx represents the average number of times the spatial element reaches state x 
before reaching node B, uxpxy represents the average number of times a spatial element flows 
from x to y, uypyx represents the average number of times a spatial element flows from y to x, 
ixy represents the average net number of spatial elements flowing between x and y, and Cxy 
denotes the conductance of x and y, which is used to measure the flow capability of spatial 
elements between nodes, and has the properties Cxy=Cyx=1/Rxy, Cx=∑yCxy, and Cy=∑xCyx. Pxy 

represents the element of the transfer matrix P, Pxy=Cxy/Cx, which is used to characterize the 
spatial pattern (assumed to be G) formed by points and lines according to the trajectory of 
random walk that conforms to the Markov chain. 

(2) Voltage: When there is a spatial relationship between nodes A and B, and A is the 
starting point of the process of elements flow, the voltage vx of point x indicates the prob-
ability that the spatial elements return A from x before returning to B, as follows: 

 v , , .xy
x y xy y

y yx

c
v p v x a b

c
      (3) 

(3) Resistance distance: The resistance distance between nodes u and v is expressed by 
R(u, v), that is, the degree of connectivity between nodes u and v in the spatial pattern (Klein 
and Randić, 1993). The resistance distance is formed by combining the common distance 
and resistance of fixed resistors in the network. The Kirchhoff index Kf(G) can be expressed 
in the form of the Wiener index (Dobrynin and Kochetova, 1994) as follows: 
       u, ,Gv V GKf G R u v


  (4) 

The resistance distance characterized by the Wiener index is as follows: 
           u, ,R v V GD G d u d v R u v


      (5) 
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where d(u)=dG(u) and d(v)=dG(v) denote the number of axes connecting nodes u and v on 
the spatial network, respectively. 

Applying the framework of circuit theory to study regional patterns can improve the un-
derstanding of new regional patterns shaped by the flow of spatial elements and provide 
means for interpreting complex geographical changes. Based on this framework, we propose 
research ideas at three levels of a system composed of the core area, resistance surface, and 
axis of development. The urban node network is characterized as a circuit, resistance values 
are set according to the suitability of the spatial unit, and the connectivity of regional units is 
measured using the resistance distance (Figure 2a). When resistance was small, the current 
of the unit voltage was correspondingly large, and the path of transmission of the element 
through the core regions was gradually formed. Note that when there was a “barrier point” 
between A and B in the spatial pattern, that is, a high-resistance unit, the axis of develop-
ment through the “barrier point” was directly broken. When there was a “pinch point” (stra-
tegic point) in the spatial pattern as major node, the degree of connectivity directly deter-
mined the spatial characteristics of the axis of development (Figure 2b). 

 
Figure 2  Schematic of circuit theory: resistance surface (a) and spatial pattern (b) (Spear, 2010) 

3.4  Identifying core area and extracting resistance surface 

This study aims to clarify the scientific connotation of the patterns of ecological security 
identified by the evaluation indicators of the importance of the habitat, its ecological sensi-
tivity, and the connectivity of its landscape (Azaele et al., 2015; Costanza and Terando, 
2019). These indicators are then combined to express the characteristics of human behavior 
and urban expansion, such as the rate of land urbanization, GDP density, population density, 
and access for traffic (Jin et al., 2017).We assessed the importance and potential of each 
street of Wuhan in the patterns of spatial development, and streets with remarkable advan-
tages were used as core areas of development. Due to the obstruction of such agricultural 
and ecological surface features as permanent basic cropland and wetland, it is necessary to 
first construct the resistance surface to express the characteristics of flow of the spatial ele-
ments (Martin et al., 2018). The indigenous characteristics of Wuhan’s ecological system as 
well as its policies for ecological conservation and nature reserves combined with the eco-
logical indicators (i.e., importance of ecosystem services, ecological sensitivity, land use 
type and terrain slope) were used to extract the resistance surface of spatial development. 
Considering the relationship between the nature of land and its potential for spatial devel-
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opment, the coefficient of resistance of land use types in ascending order was found to be 
built-up land, unused land, forest land, grassland, cultivated land, and water area. Using an 
ensemble algorithm, the characteristic of development value of each spatial unit, that is, its 
resistance value, was calculated, and the result was a value between 0 and 100. Value 0 
meant that there was no obstacle to the flow of elements, and value 100 meant that the spa-
tial elements could not flow, that is, they could not form a connection channel through the 
neighboring unit. 
3.5  Characterizing development axis and constructing the geospatial pattern 
Geospatial data were converted into a graph structure and the Laplacian operator was con-
structed to calculate the effective resistance, current, and voltage. All possible paths were 
then integrated into the calculation of distance to identify the potential axes of spatial de-
velopment by an analog simulation of the flow of spatial elements (McRae et al., 2008; 
Kupfer, 2012). In practice, the axes of development are spatial entities with a striped shape 
and a certain width, where the basic network structure of spatial development is determined 
by the attributes of the development axes and nature of the passing spatial unit (Table 1). 
Due to the differences and the presence of a hierarchy, the core areas exerted different in-
fluences on the other territorial units, thus forming a pattern of protection and development 
with spatial elements at different levels. The identification of strategic points and measure-
ment of centrality are crucial for the analysis of these elements. Strategic points are the key 
nodes in the development axes that determine regional connectivity (Avon and Bergès, 2016; 
Peng et al., 2018) and control the flow of elements in space. Centrality is an evaluation in-
dex based on current flow that characterizes the ability of elements to be transmitted from 
the core area to other areas (Carroll et al., 2012). Based on the technical regulations of the 
circuit theory model and MCR, we measured the current along the least-cost path, analyzed 
the centrality of the core areas, and identified the strategic points. In the course of the spatial 
planning, a spatial geographical pattern with efficient elements allocation, orderly spatial 
structure, and coordinated regional functions was constructed by guiding the spatial ele-
ments to the core areas and strategic points. 
Table 1  Comparison of physical terms and their geographical significance in circuit theory 

Terms Geographical significance 

Current Probability of each element flowing through a geographic unit in the pattern of spatial pro-
tection and development 

Resistance The resistance to development of the spatial unit; the geographical unit with a tendency 
toward protection is assigned a high resistance value 

Voltage The probability that the spatial element leaves a node and successfully reaches a specified 
node is also the probability that two nodes can be connected through the axis 

Effective resistance Resistance distance of different paths between nodes 

Ground Endpoint of the spatial development axis 

4  Results and analysis 

4.1  Core area and resistance surface 

The core areas were identified by integrating the calculations of population density, GDP 
density, traffic accessibility, and rate of land urbanization to express the characteristics of 
spatial differences that were suitable for human activities. We selected 20% as the key 



576  Journal of Geographical Sciences 

 

threshold for the identification of the core areas (Peng et al., 2018), and extracted seven core 
areas in Wuhan based on the criterion of spatial continuity and characteristics of spatial het-
erogeneity. They featured 111 streets, accounting for 59% of the total number of streets in 
the city (Figure 3a). The extracted core areas showed a “circular-satellite” distribution cen-
tered on core area 4, which was located in Wuhan’s central urban area and accounted for 
70.31% of the total area of core areas. It exhibited a horizontal extension of the transition to 
Dongxihu along the rail, urban trunk road, and other traffic lines. The other core areas dis-
tributed in the administrative area of Wuhan were in the form of mosaics, and exhibited a 
high degree of consistency with the district-level political center because of significant dif-
ferences in the processes of natural distribution and redistribution of spatial elements in the 
regions. The administrative center thus had advantages in terms of population, land use, and 
a transportation network to form and strengthen the spatial characteristics in the context of 
preferential policies, spatial resource agglomeration, and robust foundations for develop-
ment in the core areas. As lowlands of policies and resources, the core areas play a leading 
role in regional development due to their resources endowments, and their strategic sup-
port-related position should be clearly defined during spatial planning. 

 
Figure 3  Spatial distribution of core areas (a) and development resistance (b) 

The extraction of the resistance surface requires the comprehensive consideration of 
natural indigenous characteristics and the needs of human ecological security. An index sys-
tem that considers ecological sensitivity and the importance of ecosystem services based on 
this consideration can have important scientific and policy-related implications. The global 
feature of the resistance surface extracted by the ensemble algorithm was the “inverted 
pyramid” distribution in which the resistance decreased from the periphery to the center 
(Figure 3b). The streets that were far from the administrative center were assigned more 
stringent responsibilities related to ecological security, which is consistent with the scientific 
understanding of the low ecological service function and high socioeconomic development 
function of the core areas. High ecological service functions and low socioeconomic 
development functions were assigned to the resistance surface. Areas with high resistance 
were mainly distributed in the ecological space with significant ecological benefits, such as 
the basic agricultural development zone in the center of Huangpi and Xinzhou, and the 
southwest of Caidian. The ecological function protection areas were in the center of Huangpi, 
and the east and southwest of Xinzhou. To extract more spatiotemporal features of the 
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the east and southwest of Xinzhou. To extract more spatiotemporal features of the resistance 
surface, 10 and 90 were set as the upper (development tendency) and lower (protection ten-
dency) limits of development resistance, respectively. Areas that had low development re-
sistance values covered an area of 568.77 km² accounting for 6.64% of the total area of 
Wuhan, concentrated in the periphery of the core areas with a flat terrain and high develop-
ment potential. Areas with high development resistance values covered 1073.37 km² and 
accounted for 12.53% of the city’s total area, mainly distributed in the north of Huangpi, 
southeast of Xinzhou, southwest of Caidian, and in south-central Jiangxia. By comparing 
resistance values inside the core zone, an average resistance in the core area 5 was calculated 
to be the smallest, whereas the average resistance in core zone 6 was over 90. 

4.2  Development axis and geospatial pattern 

Based on the MCR, “linear” channels with a maximum width of 6 km between the core ar-
eas were extracted by the Linkage Mapper as the axis of development to quantitatively de-
scribe the spatial characteristics of elements flow (Figure 4a). The results show that, first, 
the extracted development axes covered an area of 427.27 km², accounting for 5% of the 
total area of Wuhan. Second, the core areas played leading roles in the connectivity of the 
development axes, where core area 4 was connected with the other core areas by six devel-
opment axes, and other core areas were connected to one another by only two or three axes. 
This exacerbated the spatial differences in terms of the intensity of communication. Finally, 
not all core areas were connected by the development axis, some transit nodes satisfied ele-
ments exchanged between regions. For example, core areas 4 and 7 realized interregional 
communication with core area 6 as transit point. However, only the least-cost path was 
found to be inadequate to guide the design of Wuhan’s spatial planning in practice, and it 
was thus necessary to refine the channels of spatial development of different widths to sup-
plement the communication and coordination between core areas. 

 
Figure 4  Least-cost path (a) and current density (b) of spatial development 

Based on the measured results of the resistance distance between core areas, we used it-
erative calculation to obtain their current densities, where this reflected the degree of spatial 
connections of each core area in Wuhan. The resistance distance could identify the potential 
characteristics of spatial connections under the condition that other factors were uniform to 



578  Journal of Geographical Sciences 

 

quantificationally reflect the important features and spatial structure of the spatial elements. 
The results show that the resistance distances of core areas 1-2, 1-4, 2-4, 4-5, and 4-6 were 
all shorter than 10, whereas the resistance distances of core areas 1-7, 2-3, 2-7, 3-5, 3-6, and 
3-6 were all longer than 20. When the resistance distance was longer than 13, a direct con-
nection could not be formed between the core areas (Table 2). Table 2 shows that the resis-
tance distances between the core areas were prominently different, and this value was af-
fected by the mutual positional relationship and connection of the spatial elements between 
core areas. 

Table 2  Resistance distance between pairwise cores 

Code of core area 
Code of core area 

2 3 4 5 6 7 
1 5.06 17.71 6.75 17.95 17.34 26.01 
2  21.31 5 15.11 15.37 23.26 
3   16.22 29.15 27.77 37.1 
4    4.87 5.03 13.72 
5     13.29 12.8 
6      19.25 

As a representative indicator of resistance distance and the importance of core areas, cur-
rent density was used to characterize the spatial correlation between a core area and adjacent 
core areas. The highest current density in Wuhan was about 1495.27 km², and appeared as a 
“center-peripheral” layered sphere in which core areas 1-2-4 and 4-5-7 were the “two peaks” 
of current density. The high current density around core areas 1 and 2 showed a “planar” 
spatial distribution, which provides strong support for the flow of spatial elements between 
core areas. Regions of high current density between core areas 4 and 5 were “linearly” dis-
tributed (Figure 4b). Specifically, distant suburban areas, such as Huangpi, Xinzhou, Ji-
angxia, and Caidian, had low current density and weak regional flows of spatial elements. 
Central urban areas of Wuhan, such as Wuchang, Hankou, and Hongshan, had higher levels 
of socioeconomic development and more frequent flow of spatial elements, indicating that 
current density in these areas was still in the stage of unbalanced growth. By comparing the  
least-cost path with current density, a spatial inconsistency was observed between the two 
types of channels. The former identified the path of spatial development quantitatively by the 
cost of elements flow, and the latter broke through the given state of the connected features, 
development axes as characterized by it were forward looking, innovative, and complete. 
Through a combination of the least-cost path and current density, eight strategic points for 
spatial development in Wuhan with a total area of 40.02 km² were identified as a measure of 
connectivity to complement the least-cost distances, and consisted of 10 streets (Figure 4a). 
The centrality of core areas in Wuhan was divided into three levels. Core area 4 had a higher 
link centrality score than the others because it was a “hub” for keeping the spatial patterns 
connected (Figure 4b). 

To construct a practical hierarchical system for spatial development and protection in 
Wuhan, a structure consisting of ordered core regions at three levels was set up. The first 
level was core area 4 with central urban areas as the main body. There were six core areas at 
the second level, and those at the third level were strategic points that influenced the devel-
opment axes. Core regions at the third level (strategic point) were invisible growth points of 
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spatial development based on the axis of development characterized by the least-cost path, 
and coupled with current density for the recognition of spatial morphological features (Fig-
ure 5). As potential growth points for spatial development, the third level of core regions 
should focus on developing the new organizational model and forming new industrial space. 

 
Figure 5  The patterns of spatial development and protection in Wuhan 

According to the results of identification of the core areas and characterization of the de-
velopment axes, the spatial development framework of “one heart, two wings, and three 
belts” was conceived. “One heart” refers to core area 4 with central urban areas as the main 
body. As the region of the aggregation of spatial elements and strategic pivot of spatial de-
velopment, it undertook regional political, cultural, and economic functions. “Two wings” 
refers to the development groups of the northwestern in Qianchuan and Tianhe, and in the 
southwest in the Caidian Economic Development Zone and Dengnan. “Three belts” refers to 
the axes of development of Huangpi-Jiangxia, Xinzhou-Caidian, and Dongxihu-Optics Val-
ley. Given this spatial development and protection framework of “one heart, two wings, and 
three belts,” imbalance in spatial development can be recognized. Preferential policies 
should be formulated for the core areas to promote the formation of a regional development 
model “from point to region.” 

5  Conclusions and discussion 
5.1  Conclusions 

Patterns of development and protection form the scientific basis for a feasible layout of 
spaces for production, living, and ecology as well as the theoretical basis for the overall co-
ordination of their economic, social, and ecological benefits. Based on basic geographic in-
formation and data from statistical yearbooks, we used circuit theory and the MCR in this 
paper to construct a pattern for the development and protection of Wuhan, and formulated a 
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comprehensive expression for the spatial structure of core areas-resistance surface-develop- 
ment axes. The results show the following: First, the population density, GDP density, access 
for traffic, and rate of land urbanization were used to identify seven core area of develop-
ment that consisted of 111 streets and accounted for about 20% of the total area of Wuhan. 
The distribution of the core areas exhibited a spatial distribution of “circular satellites,” and 
distributions in mosaic form were highly consistent with the administrative center. Second, 
the resistance surface, which was extracted by determining the importance of ecosystem 
services, ecological sensitivity, land use type, and terrain slope, was mainly distributed in 
ecological spaces that offered large ecological benefits, such as the central regions of 
Huangpi and Xinzhou, and southwest Caidian. Areas with low and high values of resistance 
to spatial development in Wuhan accounted for 6.64% and 12.53% of the city’s total area, 
respectively. Third, based on the least-cost path and current density, nine spatial develop-
ment axes and eight strategic points were identified, and a channel for elements flow cen-
tered on core area 4 was formed. The area of the zone where construction was emphasized 
was 467.29 km². The inconsistency between the development axis and distribution of current 
density was revealed, and the problem of arriving at incorrect conclusions by setting the 
width of the development axis subjectively was avoided. Finally, we constructed the pattern 
of the spatial development and protection of Wuhan using the idea of “one heart, two wings, 
and three belts”, and recommended that the government formulate preferential policies for 
strategic areas to form a regional development mode “from point to region” in the new era. 

5.2  Discussion 

Research on constructing patterns of ecological security featuring development and protec-
tion axes are common, but spatial contradictions have been noted in such analyses when a 
non-uniform framework is used. On the basis of the summary and conclusion of the charac-
teristics of spatial structure under the field of “function and system” in geography, a basic 
understanding of the “point–axis–area” spatial structure was provided. “Point” is the source 
of power driving the spatial elements to flow. “Axis” is the carrier of elements that connect 
and interact with the each other at “points,” and the points and axes work together on geo-
graphic entities to form patterns of development and protection. At the same time, the de-
velopment axes based on the resistance surface can guide the layout of spatial elements, ar-
range the order of spatial development, and minimize the impacts of spatial develop-
ment-related activities on functions of ecosystem services. Therefore, by analyzing the 
characteristics of the spatiotemporal distribution of elements of the nature-society-economy 
system and the spatial structure of the “point-axis-area,” patterns for the spatial development 
and protection of core areas were constructed by using the circuit theory model and MCR as 
a useful complement to prevalent research on spatial structure. Through the comparative 
analysis with the current development situation of Wuhan, the seven core areas, nine devel-
opment axes and eight strategic points identified in this study are highly consistent with the 
trend of spatial development and protection in Wuhan, which shows that the research results 
are consistent with the objective facts. For example, the flow of spatial elements in Hankou 
is significantly higher than that in Wuchang, and the streets on the axis connecting core area 
1 and core area 4 are developing rapidly. 

However, there are still some limitations to this study: First, due to the unavailability of 
data, the spatiotemporal resolution of the smallest research unit used in this study was at the 
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sub-district level, and thus failed to break through the administrative boundary, identify core 
areas, characterize the development axes, and construct patterns of development and protec-
tion at a high resolution. In future work, we plan to introduce datasets consisting of stream-
ing data, urban POI data, and night-light data to research high-resolution geographical pat-
terns. Second, the basis of the patterns of spatial development and protection is spatial plan-
ning given the requirement of ecological civilization construction based on the heterogene-
ous characteristics of the spatial elements. However, the heterogeneity and homogeneity of 
geographic elements have prominent scale effects. Thus, studying the construction of spatial 
patterns at different scales can provide comprehensive guidance for formulating policies for 
regional development. Third, the research on the construction of the spatial pattern based on 
the existing basic data reflects the comparative advantages of the spatial elements under 
historical accumulation, and the identified spatial pattern is the heritage and continuation of 
the existing space development and protection. But on the summary of the existing space 
development laws, there is a risk of continuing the early blind development and protection. 
It's necessary to further study the inherent differences in the flow patterns of elements under 
different scenarios in the space development trade-off as a reference and choice of space 
development and protection solutions for policy makers and planners. Finally, policy orien-
tation as an important factor in the ultimate blueprint for development and the path of im-
plementation were not adequately considered in the theoretical exploration and practical 
argument. Territorial space-related policies with a single development goal, with character-
istics of local rather than global optimality, struggle to meet regional developmental needs 
that are multi-objective, multi-path, and multi-concept. Thus, guiding the transition of policy 
from local to global optimization should be the focus of scientific research on patterns of 
spatial development and protection. 
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