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Abstract: In developing countries like China, urbanization is still occurring at a rapid pace. During
urbanization, the urban land expands drastically, which makes suburbs the most affected area
facing urban expansion. The land transition has proven to threaten the function and security of
ecosystems, and therefore the topics of suburban land transition and ecological security have raised
much attention. However, the urban-suburban interaction, which is one of the basic characteristics of
suburbs, has been insufficiently considered. The urban-suburban interaction is developed based on
the flows of people, materials, and information between urban and suburban areas, and it essentially
reveals the relationship between human activities and land-use optimization. To fill the research gap,
this study adopts a case study of Wuhan city, and first quantifies the urban-suburban interactions
from a symbiotic perspective, and investigates rural residents and public buses to verify the estimated
interactions. The results show that there is obvious heterogeneity in urban-suburban interactions in
different suburban towns. Correlation analysis and geographic weight regression are then applied
to demonstrate the relationship between the urban-suburban interaction and urbanization in the
suburbs. Additionally, urbanization potential in the suburbs is estimated. Then, a suburban
ecological security assessment is conducted by a “pressure-status-response” (PSR) model, and the
urbanization potential that is estimated based on urban-suburban interaction is integrated as a
“pressure” indicator. The comparison between the suburban ecological security assessment results
based on considering and not considering urban-suburban interaction demonstrates the importance
of considering urban-suburban interaction. This study contributes to the understanding of the
complicated relationships of urban-suburban socio-economic, spatial, and ecological environments,
and offers suggestions for suburban planning and ecological protection.

Keywords: suburbs; urban-suburban interaction; urbanization simulation; ecological security
assessment; suburban planning

1. Introduction

Suburbs are defined either as adjacent areas of a city or as separate areas but within commuting
distance of the city [1]. Due to the spatial proximity of suburbs to the urban area, suburbs are affected
by the urban area from many aspects. On the one hand, many primary and secondary factories are
wildly distributed in the suburbs to provide producing materials; on the other hand, some people
settle in the suburbs but work in the near urban areas, which develops the commuting pattern of “set
off in the morning and come back at night” between urban and suburban areas. The derived flows of
people, materials, and information form complicated but tight interactions between urban and suburbs,
which generate both positive and negative impacts such as economic improvement, social conflict,
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and ecological threat [2–5]. Hence, studies on urban-suburban interaction have caught much attention
in recent years.

Despite the existing studies on urban-suburban interaction analysis, the effects of such interactions
on land transition and the eco-environment are insufficiently discussed. Land transition is one of the
biggest challenges that the suburbs face in both developing and developed countries. In developing
countries, urbanization is occurring at a rapid pace and is accompanied by fast urban land expansion.
During this process, a large amount of ecological land transits into the urban area, including natural land
and cropland [6–8]. Developed countries also confront similar problems. For example, Salvati, et al. [9]
concluded that the urban expansion in discontinuous and low-density Mediterranean regions threatens
soil quality and vulnerable ecologies. Ustaoglu and Williams [10] pointed out that there is a significant
land conversion from agricultural land to urban land in most European countries, and they also
analyzed the determinants of such land conversion, including socio-economic, political, and natural
factors. Suburban land conversion in the United States in recent years has also been studied, which
is mainly caused by urban sprawl characterized by low-density settlements and automobile use
increase [3,11–13]. In summary, land transition in the suburbs in both developing and developed
countries is on the scarification of ecological land, which is fundamental to maintaining ecological
security [14].

The land transition in the suburbs usually accompanies ecological risks. As the urban land
expands and encroaches on ecological lands, threats are brought in, such as ecological land decrement,
landscape fragmentation, and function degradation [15–17]. To estimate the threats brought by the
urban expansion, an ecological security assessment is usually conducted to describe the conditions of
the structure and function of the ecosystems [18], which is also a fundamental task in the planning
and management of ecological protection. The “press-status-response” (PSR) evaluation model is
one of the most adopted methods to estimate ecological security, which reveals the relationship
between the pressure caused by human activities, the status expressed by the eco-environment, and
the response proposed by human society [19]. To verify the effects of urban-suburban interaction on
ecological security, this study first quantifies the urban-suburban interaction by utilizing the symbiotic
theory. Then, a correlation analysis is conducted to verify the relationship between urbanization and
urban-suburban interactions. Further, a geographically weighted regression (GWR) model is applied
to estimate the urbanization potential of the suburban areas based on urban-suburban interactions.
At last, the urbanization potential that considers and does not consider the urban-suburban interactions
is integrated into the “pressure” indicator in two PSR models. By comparing the estimation results of
the two models, the effects of urban-suburban interactions on ecological security are verified.

The structure of this study is organized as follows. Studies of urban-suburban interaction,
suburban land transition, and ecological security assessment are reviewed in the literature review
section, which is followed by the methodology description. Then the study area is introduced,
and detailed analyses are offered in the results and analysis section. In the discussion section,
the significance of considering urban-suburban interaction in urbanization and suburban ecological
security assessment is emphasized, and the implications on land use management and planning are
also provided. The final section concludes this study.

2. Literature Review

2.1. Urban-Suburban Interaction

Due to the spatial proximity of suburbs to the urban areas, there are varied flows between the
two areas, which form the interactions between urban and suburban areas. As to the proven effects of
urban-suburban interactions on regional socio-economic development and eco-environment, there are
fruitful studies on quantifying the urban-suburban interaction. Conventional methods include census
data utilization, questionnaire investigation, and model simulation. For example, Rae [20] applied
UK census data in 2001 and adopted GIS software to implement people flow mapping, and further
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analyze the geographical patterns of residential mobility. Adepoju [21] investigated the information
about rural–urban visits and remittance and analyzed the socio-economic links between urban and
rural areas. Typical model simulations include the gravity and radiation models. Economic indices
such as population, gross domestic product (GDP), and spatial distance are often used to estimate
the city connection by the gravity model [22,23]. Different from the gravity model, the radiation
model is a parameter-free model. It is applied to estimate the migration based on a distribution data
of population [24], and to further simulate urban-suburban interactions [25]. The existing studies
have usually focused on the urban-suburban relationship pattern; however, to what extent that the
participants depend on the relationship is often neglected, which can be referenced to study respondent
effects on social and economic development.

To fill the research gap, this study utilizes the symbiotic theory to quantify the urban-suburban
interaction. The symbiotic theory was first applied in biology to study unlikely organisms that live
together. Later on, the symbiotic theory was extended to urban studies to analyze the relationship
between geographical entities such as urban and rural areas, urban agglomerations, industries,
and communities and environments [26–29]. According to the benefit that the participant unit gains
from the interaction, the symbiotic relationships can be classified into parasitism, commensalism,
and mutualism. In detail, parasitism indicates that one unit is benefited while the other is harmed,
commensalism means that one is advantaged while the other is not affected, and mutualism refers
to the situation where both units benefit from the relationship [30]. Considering the ability of the
symbiotic theory of quantifying the extent to which that participant units obtain benefits from the
interaction, this study adopts the symbiotic theory to study the mutual relationship between urban
and suburban areas.

2.2. Suburban Land Transition

Accompanied by urbanization, land transition is occurring at a rapid pace in the suburbs, notably
the transition from ecological land to urban land. Such land transitions bring risks like ecological
degradation, soil and water loss, cropland fragmentation, and environmental pollution [31–33]. Hence,
studies on suburban land transition have garnered much attention. In developing countries like
China, urban expansion simulation is essential to predict urban land distribution in future scenarios
to make and adjust urban development plans to optimize construction land distribution, ensure
food security, and protect the natural environment [34]. In this case, urbanization simulation is
necessary, and the priority is to identify the correlative factors of urban land expansion. The most
commonly used model to simulate urban expansion is the cellular automata (CA) model. In this model,
it is crucial to analyze the correlates of land use urbanization and therefore the estimation of land
urbanization potential can be conducted. The analyzed correlates usually include both socio-economic
factors and spatial factors, such as population density, GDP, and distance to a water body, road,
urban center, and town center [35–38]. However, the effect of urban-suburban interactions is usually
neglected. Such interactions are formed based on human activities, and will eventually impact land
use, which influences urban expansion. To fill the research gap, after quantifying urban-suburban
interactions, this study applies a GWR model to verify the correlation between urban-suburban
interaction and urban expansion, which is used to estimate the urbanization potential in the suburbs.

2.3. Suburban Ecological Security Assessment

The rapid process of urbanization and industrialization brings unprecedented social and economic
development to cities all around the world. However, threats to the ecological environment come
at the same time [39–42]. Upon realizing the seriousness of the ecological threats, the conception
of sustainable development was systematically proposed by the United Nations conference on
environment and development in 1992 to call for ecological protection. For decades, ecological
protection has been one of the leading development tasks in most countries, and people’s attitudes
have shifted from only seeking ecological benefit to implementing the coordinated benefit of society,
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economy, and ecology. As an arrangement plan to maintain and protect the ecological balance in
a particular region based on understanding and evaluating the relationship between land use and
human [43], ecological planning plays a vital role in protecting the regional ecological environment
and promoting sustainable development. With the ability to evaluate ecological capacity, estimate
development potential, and rate sustainability, ecological security assessment is one of the primary
and fundamental stages of ecological planning.

Ecological security was first proposed by World Commission on Environment and Development
in a report “Our Common Future”; then, the International Institute of Applied System Analysis
elaborately defined it as a state in which human life, health and well-being, basic rights, sources of
living security, necessary resources, social order, and human ability adapt to environmental changes
are not threatened [44]. To quantificationally estimate the security status of the ecological environment,
ecological security assessment has been applied by considering regional development characteristics
and the interaction between natural, ecological, social, and economic factors [45]. Based on types of
the evaluated objects, ecological security assessment can be conducted to comprehensively estimate a
region’s ecological security status, such as a city’s situation [39,40], or to estimate the status of a single
environmental system, such as cropland, waterbody, soil, and the atmospheric environment [46–48].

Urban expansion inevitably brings ecological risks to suburban areas, and there have been studies
to discuss the effects of urbanization on ecological security. For example, Gong, et al. [49] simulated
urban land distribution in the future and proved that urbanization is correlated with ecological
landscape scatter and homogenous distribution. Xu, et al. [50] found that the expansion of artificial
land mainly sacrificed natural ecological land and therefore generated adverse effects on ecosystem
service values. Feng, et al. [51] applied a generalized additive model to analyze the driving forces
of land ecological security, and they concluded that the dominant factors included distance to the
city center, district center, and road networks. As a conclusion, they claimed that the ecological
deterioration was driven by rapid urbanization.

Despite the fruitful studies on ecological security assessment by considering urbanization,
the effects of urban-suburban interactions are insufficiently discussed. To verify the importance of
considering urban-suburban interactions, this study adopts the PSR model, which is a commonly
applied model to assess ecological security. The PSR framework was first introduced in the 1980s to
analyze the environmental change in chains [52]. Later it was refined by the Food and Agriculture
Organization of the United Nations (FAO), the United Nations Development Program (UNDP),
the United Nations Environment Programs (UNEP), and the World Bank in 1995. In the framework,
“pressure” denotes human social and economic activities that result in environmental change, “state”
refers to the state of the environment, and “response” represents human actions responding to the
state change of the environment. In this study, urbanization potential that considers urban-suburban
interaction is integrated into the “pressure” indicator. As a comparison, an estimation that does not
consider urban-suburban integration is also conducted. By analyzing the two estimation results,
differences can be compared and studied, and the necessity of considering urban-suburban interactions
can be verified.

3. Study Area and Data Collection

This study chooses Wuhan city, which is the capital city of Hubei Province, as the study area.
By the end of 2018, the GDP of Hubei province was USD 594 billion, which ranked the seventh out of
thirty-four provincial-level administrative regions of China. The GDP of Wuhan in 2018 was USD
224 billion, and it ranked ninth nationally. Wuhan has witnessed rapid urbanization in the past
years. From 2008 to 2018, the population urbanization rate of Wuhan increased from 63.8% to 80.29%.
According to city planning, it is composed of seven urban areas (Hanyang, Qiaokou, Jianghan, Jiang’an,
Qingshan, and Wuchang) and six suburbs (Hannan, Caidian, Dongxihu, Huangpi, Xinzhou, Hongshan,
and Jiangxia). The six suburban towns include 80 villages in total. The population urbanization rate of
the main urban areas is almost 100%, and the land use type of the main urban area is dominated by
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urban land. Along with the on-going urbanization, urban expansion in suburban areas is apparent in
Wuhan. Figure 1 shows the land use information of 2013 and 2016. It also shows that the urbanization
process of Wuhan City is occurring rapidly, and the land-use transition is evident, occurring primarily
at the urban area margins. In summary, Wuhan was chosen as the study area for two reasons: first, it is
representative of cities with rapid urbanization and land transition. The urban expansion in suburban
areas is noticeable. Second, there is spatial heterogeneity of the occurrence of urban expansion in
different suburban areas, which can be referenced to verify the effects of urban-suburban interactions.
Since land transition caused by urban expansion is proven to have negative effects on the natural
environment and ecosystems, it is important to distinguish the urban expansion in suburban areas
where there are close interactions with the city.
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Figure 1. Land use types of Wuhan city in 2013 (a) and 2016 (b).

The map data were extracted from the land use database offered by the local land management
office. The social and economic data were collected from the city statistical yearbook. The people flow
data used to verify the simulated urban-rural interaction was from a questionnaire survey taken in
Huangpi in 2016. A team of 30 people (including teachers and students) conducted the investigation,
which mainly investigated the information on the daily activities of local people, including the activity
type, frequency, origination, and destination. The whole investigation was conducted four times,
lasted nearly two months, and covered all villages of Huangpi. The basic attributes of the respondents
are shown in Table 1.

Table 1. Basic attributes of the investigation.

Attributes Classification Number Proportion

Gender
Male 2541 48.73%

Female 2673 51.27%

Age
18–40 1629 31.24%
41–65 2373 45.51%
>65 1212 23.25%

Educational level

Primary school 2060 39.51%
Junior high school 2150 41.24%

High school 796 15.27%
College 168 3.22%

Master or above 40 0.76%
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Table 1. Cont.

Attributes Classification Number Proportion

Occupation type
Farm 2199 42.18%

Half-farm 2362 45.30%
Non-farm 653 12.52%

Annual income

<10,000 2098 40.24%
10,000–20,000 1050 20.14%
20,000–30,000 916 17.57%
30,000–40,000 800 15.34%
40,000–50,000 273 5.24%

>50,000 77 1.47%

4. Methodologies

4.1. Quantification of Urban-Rural Interaction

Mutual advantage is one of the basic features of symbiosis. The main steps of identifying
urban-suburban interaction are first, the socio-economic development levels of both the urban area and
suburban villages are estimated; second, the correlation between urban and suburban areas needs to be
verified to demonstrate their relationship; third, the extent to which suburban villages are interrelated
with the urban area is calculated, and an index that reflects the mutualistic level can be estimated.
To estimate the urban and suburban socio-economic development level, a comprehensive estimation is
conducted. Referring to existing studies [53–56] and adjusting to the local situation, a series of social
and economic indicators to reflect the regional development level was selected, as shown in Table 2.

Table 2. Comprehensive evaluation system for socio-economic development.

Objective Criteria Index Obtaining Method Direction

Socio-economic
development level

Economic
development

GDP The total number of GDP +

Population Total population +

The ratio of the secondary
industry output value

The secondary industry
output value / GDP (%) +

The ratio of the tertiary
industry output value

The tertiary industry output
value / GDP (% +

Average personal annual
income Statistical data +

Demographic urbanization Urban population / Total
population (%) +

Social development

Number of primary school per
10,000 persons

Number of primary school /
10,000 person +

Number of junior high school
per 10,000 persons

Number of junior high school /
10,000 person +

Number of hospitals per
10,000 persons

Number of hospitals / 10,000
person +

Employment rate Number of employment /
population (%) +

Non-agricultural employment
rate

Number of non-agricultural
employment / population (%) +

Construction
development

Public road length per capita The total length of public road
/ population +

The density of the road
network

The total length of public road
/ total area (%) +

Area of construction land per
acre

Area of construction land /
total area (%) +

Principal component analysis (PCA) is adopted to obtain a comprehensive estimation to avoid
multicollinearity among the indicators.
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Following estimation, a correlation analysis between urban and suburban socio-economic
development levels needs to be conducted. Pearson’s r is utilized to measure the correlation. It is
calculated as

r =
∑n

i=1(xi − x)(yi − y)√∑n
i=1(xi − x)2

√∑n
i=1(yi − y)2

(1)

where n is the number of samples, xi and yi are the sample values, and x and y are the mean values.
The symbiotic index (SI) is calculated by first defining ∆Zi j to show to what extent urban and

suburban socio-economic development are related.

∆Zru =
dZr/Zr

dZu/Zu
=

ZudZr

ZrdZu
, ∆Zur =

dZu/Zu

dZr/Zr
=

ZrdZu

ZudZr
(2)

where Z is the comprehensive estimation of the socio-economic development of suburban village r and
urban area j, dZr is the change value of Zr during a period, and ∆Zru reflects the change of Zr caused
by the change in Zu.

Then, SI is calculated as

SIru = |∆Zru |/|∆Zru |+ |∆Zur |, SIur = |∆Zur |/|∆Zru |+ |∆Zur | (3)

where SIru + SIur = 1, SIru refers to the interaction from the urban area to the suburban village, and
SIur denotes the connection from the suburban village to the urban area.

In an ideal mutual interaction situation of urban-suburban areas, the values of SIru and SIur are
equal. Hence, we define that there is mutual interaction when the difference value of SIru and SIur is
less than 0.4. The interaction index Fru is defined as follows:

Fru = 1− |SIru − SIur| (4)

where Fru reflects the mutual advantage level of both urban and suburban areas and is a positive
indicator. All the values need to be standardized.

To verify the estimated urban-suburban interaction, first, the suburban-to-urban connection is
quantified. Real people flow data based on the questionnaire survey in Huangpi.

The real suburban-to-urban connection is calculated as follows:

Tru =
∑4

f=1

w f ni j

Ni
(5)

where T′i j is the quantified calculation based on the questionnaire investigation, ni j is the number of
people that claimed they visited location j and Ni is the total investigated people in location i. w f is the
weight, which is decided based on the visiting frequency. The value of f ranges from 1 to 4, denoting
that the visiting frequency changes from several times a week to several times a year, and the values
are 0.533, 0.317, 0.094, and 0.056, respectively. A natural break method is then applied to classify the
estimation result into three categories. Only the categories with the highest values are identified as
having a strong suburban-to-urban connection.

To estimate the urban-to-suburban connection, public bus information from urban Wuhan to
Huangpi villages is collected. The collected data cover one week to capture differences between
weekdays and weekends. The urban-to-suburban connection is then calculated using the following
formula:

Tur =
frvr∑

fivi
(6)

where frvr refers to the total passenger volume from urban Wuhan to village r, and
∑

fivi is the total
passenger volume from urban Wuhan to Huangpi Town. Similarly, the natural break method is
applied to classify the urban-to-suburban connection into weak, medium, and strong types. Together,
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real mutual interaction between urban and suburban areas can be determined only when both the
suburban-to-urban connection based on people flow and the urban-to-suburban connection based on
the public bus information are classified as strong. A crosstab table is built between the calculated
interaction by the symbiotic theory and the real interaction by the investigation data (Table 3). When a
mutual interaction is identified, the respondent value in the crosstab is set to 1; otherwise, it is 0.

A chi-square value χ2 is calculated as follows.

χ2 =
∑ (O− E)2

E
(7)

where O is the calculated urban-rural integration, and E is the real integration based on the investigation.

Table 3. The example of the crosstab.

Numbers The Estimated Mutual Interaction The Real Mutual Interaction

1 1 1
2 1 0
. . . . . . . . .
n 1 1

4.2. Relationship between Urban-Suburban Interaction and Suburban Land Transition

A GWR model is adopted to analyze the relationship between urban-suburban interaction
and suburban urbanization. GWR is a widespread application based on ordinary least regression
(OLS), which enables the estimation of local-specific coefficients [57], and therefore reflects spatial
differentiation [31]. By adopting the GWR model, not only the relationship between urban-suburban
interaction and suburban urbanization can be verified, but also the spatial urbanization potential can
be estimated. The following equation expresses the traditional regression model:

Yi = β0 + β1Xi1 + β2Xi2 + · · ·+ βkXik + εi (8)

where Y is the dependent variable; X1, X2, X3, . . . , Xk are the independent variables, and β1, β2, . . . , βk
are the coefficients.

GWR extends the traditional regression model so that parameters can be locally estimated:

Yi = β0(ui, vi) +
∑

k βk(ui, vi)xik + εi,
εi ∼ N

(
0, σ2

)
, Cov

(
εi, ε j

)
= 0(i , j)

(9)

where (ui, vi) is the spatial position of sample i, β0(ui, vi) is the intercept, and βk(ui, vi) represents the
local regression coefficient of factor k at the i position.

Gaussian distance decay is applied to express the weight function:

wi(ui, vi) = exp

−(di j

b

)2, i = 1, 2, . . . , n (10)

where wi(ui, vi) is the weight of i with spatial position (ui, vi), di j is the distance between the position
(ui, vi) and

(
u j, v j

)
, and b is the kernel bandwidth. The selection of optimal bandwidth was decided

based on minimizing the corrected Akaike Information Criterion (AIC) [58]:

AIC = 2n ln(σ̂) + n ln(2π) + n
[

n + tr(L)
n− 2− tr(L)

]
(11)

where n is the number of samples, σ̂ is the standard deviation of the residuals, and tr(L) is the trace of
the hat matrix.
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To verify the relationship between urban-suburban interaction and suburban urbanization, the
urbanization rate at the town level is calculated as the dependent variable. The calculation formula is
as follows.

At1+n = At1(1 + r)n (12)

where A is the urbanized area; t1+n and t1 represents the ending and starting year, respectively; and
r is the urbanization rate. Referring to existing studies, in addition to urban-suburban interaction,
population density, GDP, and distance to a water body, road, the urban center, and the town center are
selected as independent variables. Then, GWR is applied to verify the correlations and estimate the
urbanization potential at a town level.

4.3. Ecological Security Assessment Based on Integrating Urban-Rural Interactions

The PSR model reveals the interrelationship between humans and the ecological environment
through the logic that humans generate pressure on the environment by social and economic activities,
the respondent effects change the structure, pattern, and function of ecosystems and people give
responses to solve the eco-environment issues in turn [59]. Therefore, ecological security can be
estimated based on a comprehensive evaluation of the pressure, status, and response.

(1) The pressure indicators

Human activities are interrelated with the optimization of land use. Land use has been proven
to have a significant impact on the extent and condition of ecosystems [60]. People aggregation,
industry development, and infrastructure improvement raise a drastic land demand for construction,
which forms a conflict between land-use utilization and eco-environment protection. From the
perspective of ecological pressure, artificial lands like rural settlements, urban land, and other
construction land are developed from natural land, and the potential ecological pressure includes
resource consumption caused by the urban and rural construction, pollutant discharge brought by
human activities, and ecological risk induced by the construction land expansion, such as heat island
effects [61–63]. Hence, the land-use structure is an important indicator of ecological pressure.

Besides, urbanization potential, which is estimated based on the GWR model by considering
urban-suburban interaction, is integrated into the PSR model as an indicator of ecological pressure.
There is both direct and implicit pressure caused by the urbanization potential. On the one hand, a high
urbanization potential, which is driven by strong urban-suburban interaction, represents constant
flows of people and materials, and ecological risks can be generated from human activities such as
transportation pollutants. On the other hand, a high urbanization potential indicates a high possibility
of land transition in the future, and such land-use changes would exert pressure on local environments.

(2) The status indicators

The status indicators reflect the status of the eco-environment under pressure. In this study,
the status indicators include ecosystem service value, ecological landscape pattern, and ecological
landscape diversity. First, ecosystems play a vital role in human well-being by offering ecosystem
services such as agricultural products, clean water and air, fertile soil, and recreational opportunities [64].
Ecosystem service value is an economic estimation of the varied ecosystem service, which reflects the
status of the ecosystems from the perspective of productivity. In this study, the ecosystem service
values are classified by referring to the value of ecological services per unit area of different terrestrial
ecosystems in China [65]. Second, the ecological landscape is a direct reflection of ecological status
under the human activity pressure. Under the background of urbanization and land resource limitation
in China, intensive and economical use of land is encouraged, with aims to increase the efficiency
of resource utilization and solve the problem of environmental pollution [66]. Referring to existing
studies [67–69], indicators that represent the scale, aggregation level, and function of the ecological
landscape are selected to obtain a comprehensive estimation of the intensity and aggregation of the
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ecological landscape. The indicators include area, largest patch index (LPI), density, aggregation,
proximity index, and fractal dimension. Then, a PCA method is applied to obtain a comprehensive
estimation. Besides, since ecological landscape diversity is an essence of biodiversity [70], it is included
in the ecological status estimation.

(3) The response indicators

The response indicators include forbidden construction zones, which include prime cropland,
national scenery, provincial touring sites and natural reserves, and other environmental protection
areas according to the vectorized city planning results.

Together, a comprehensive evaluation system for ecological security is developed, as shown in
Table 4.

Table 4. The built “pressure-status-response” (PSR) model based on considering urban-rural interaction.

Criterion Layer Factors and Weights Sub-Factors Values

Pressure

Land use
P1 (0.15)

Waterbody 5

Garden/forest/grass land 4

Cropland 3

Rural settlements and other construction lands 2

Urban land 1

Urbanization potential
P2 (0.18)

Low potential 5

Medium-low potential 4

Medium potential 3

Medium-high potential 2

High potential 1

Status

Ecosystem service value
S1 (0.36)

Waterbody 5

Garden/forest land 4

Grassland 3

Cropland 2

Construction land (exclude urban land) 1

Urban land 0

Ecological landscape
pattern
S2 (0.20)

High comprehensive evaluation 5

Medium-high comprehensive evaluation 4

Medium comprehensive evaluation 3

Medium-low comprehensive evaluation 2

Low comprehensive evaluation 1

Ecological landscape
diversity
S3 (0.11)

High diversity 5

Medium-high diversity 4

Medium diversity 3

Medium-low diversity 2

Low diversity 1

Response

Prime cropland

National scenery, provincial touring site, and natural reserve

Other ecological protection areas
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5. Results and Analyses

5.1. The Socio-Economic Evaluation of Wuhan City and Suburbs

The socio-economic development of Wuhan city and its suburban villages were estimated based
on 14 social and economic indicators by applying the PCA models. Two principal components
were extracted, and the eigenvalues of each component were 0.72 and 0.16, respectively. In detail,
GDP, population, the ration of the secondary and tertiary industry output value, average personal
annual income, population urbanization rate, employment rate, and non-agricultural employment
rate have comparatively more significant loading coefficients, which were classified into the first
principal component, and reflected the comprehensive development strength from Wuhan’s society
and economy. The numbers of primary schools, junior high schools, hospitals, and public road length,
road network density, and construction land per capita were classified into the second component.
The classification showed that indicators like GDP and population affect regional development directly.
Implicit indicators like school numbers and public road construction should also be considered. In some
villages, the lack of public infrastructure such as schools and villages has a significant influence on the
people’s quality of life [71]. Additionally, public road construction was related to local development,
especially in suburban areas. By applying the natural break method, the socio-economic levels were
classified into low, medium-low, medium, medium-high, and high categories. Figure 2 shows the
estimation results of Wuhan city and its suburban village in 2016.Sustainability 2020, 12, x FOR PEER REVIEW 13 of 23 
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(a) and 2016 (b).

From the result, the main city area occupied the highest socio-economic development level in both
years. Besides, areas with medium-high and medium development levels were mostly located close to
the main city. Villages with the lowest development were far from the main urban area. The results
indicated that most of the resources, including population, industry, and public infrastructure,
were aggregated in the central city of Wuhan; therefore, it showed the highest development level.
Additionally, suburban Wuhan is composed of 80 villages, and there showed heterogeneity in the
village development levels regarding direct indicators like GDP and population and implicit indicators
like public infrastructure. The general development levels of villages increased from 2013 to 2016,
and there were no significant differences in the distribution of development patterns of the two years.
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The correlation analysis result showed that each suburban village was correlated with the central
city regarding their socio-economic development level changes, with all Pearson coefficients more than
0.95, and significant value less than 0.01. The result verified the correlation between the development
of urban and suburban areas; however, the correlation analysis results cannot reveal to what extent
the suburban village depends on the urban areas. Therefore, the symbiotic analysis was applied to
quantify the urban-suburban interaction.

5.2. Urban-Suburban Interaction and Its Effect on Suburban Urbanization

By adopting the symbiotic analysis method, the interaction between the urban area and suburban
village was calculated. The real urban-suburban interaction was estimated by the combined analysis
of the suburban-to-urban connection based on the questionnaire survey and the urban-to-suburban
connection based on the public bus investigation. A crosstab between the estimated and real
urban-suburban interaction was developed, and a chi-square test was conducted. The result (x2 = 5.915,
and significance = 0.015) indicates the accuracy of the estimation of urban-suburban interaction based
on the symbiotic analysis method. From the analysis results, there was apparent heterogeneity in the
interactions of every suburban village with urban Wuhan. Figure 3 shows the value distribution of
urban-suburban interactions of villages in every town. From the figure, Hannan interacts most weakly
with urban Wuhan, and Dongxihu and Caidian are also weakly connected with the urban area. On the
contrary, Huangpi, Jiangxi, and Xinzhou have comparatively strong interactions with urban Wuhan.

Sustainability 2020, 12, x FOR PEER REVIEW 14 of 23 

 
Figure 3. Data distribution of urban-suburban interaction in every suburban town. 

To verify the correlation between urban-suburban interaction and suburban urbanization, the 
urbanization rate of every village from 2013 to 2016 was calculated by Formula (12). In the calculation, 
every village was assigned a number, and Table 5 shows the examples of the calculation. 

Table 5. Calculation examples. 

No. 
Urbanized Land (unit: km2) 

Urbanization Rate Urban-Rural Interaction (2016) 
2013 2016 

1 0.662 1.462 0.302  0.49 
2 0.007 0.170 1.830  0.47 

… … … … … 
80 0.007 0.007 0 0 

To analyze the effects of urban-suburban interaction on suburban urbanization, a correlation 
analysis was conducted for the urbanization rate with quantified urban-rural interaction values. The 
result shows that a correlation does exist, with Pearson’s correlation as 0.291, and the significance as 
0.009. The positive significance indicates that urban-rural interaction promotes suburban 
urbanization. To further verify the correlation, GWR was applied to analyze the correlation between 
urban-suburban interaction and urbanization rate in suburban villages, together with other factors 
including population density, GDP, and distance to water bodies, roads, the urban center, and the 
town center.  

The comparison results are shown in Table 6. 

Table 6. Comparison of results considering and not considering urban-suburban interaction. 

 AICc R2 Adjusted R2 F-test 
Considering  257.65 0.742 0.696 p < 0.01 

Not considering  402.34 0.652 0.611 p < 0.01 

From the results, the GWR that considers urban-suburban interaction explains more variance 
compared with the GWR that does not consider urban-suburban interaction, according to the R2 and 
adjusted values. Additionally, the AIC value performed better in the GWR that considers urban-
suburban interaction. Figure 4 shows the estimation of urbanization potential at the village level by 
the GWR that does not consider and considers urban-suburban interaction. 
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To verify the correlation between urban-suburban interaction and suburban urbanization,
the urbanization rate of every village from 2013 to 2016 was calculated by Formula (12). In the
calculation, every village was assigned a number, and Table 5 shows the examples of the calculation.

Table 5. Calculation examples.

No.
Urbanized Land (unit: km2)

Urbanization Rate Urban-Rural Interaction (2016)
2013 2016

1 0.662 1.462 0.302 0.49

2 0.007 0.170 1.830 0.47

. . . . . . . . . . . . . . .

80 0.007 0.007 0 0

To analyze the effects of urban-suburban interaction on suburban urbanization, a correlation
analysis was conducted for the urbanization rate with quantified urban-rural interaction values.
The result shows that a correlation does exist, with Pearson’s correlation as 0.291, and the significance as
0.009. The positive significance indicates that urban-rural interaction promotes suburban urbanization.
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To further verify the correlation, GWR was applied to analyze the correlation between urban-suburban
interaction and urbanization rate in suburban villages, together with other factors including population
density, GDP, and distance to water bodies, roads, the urban center, and the town center.

The comparison results are shown in Table 6.

Table 6. Comparison of results considering and not considering urban-suburban interaction.

AICc R2 Adjusted R2 F-Test

Considering 257.65 0.742 0.696 p < 0.01

Not considering 402.34 0.652 0.611 p < 0.01

From the results, the GWR that considers urban-suburban interaction explains more variance
compared with the GWR that does not consider urban-suburban interaction, according to the R2

and adjusted values. Additionally, the AIC value performed better in the GWR that considers
urban-suburban interaction. Figure 4 shows the estimation of urbanization potential at the village
level by the GWR that does not consider and considers urban-suburban interaction.
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(b) urban-suburban interaction.

From the estimation result that does not consider urban-suburban interaction, 5, 26, 18, 12, and 19
villages are identified as having low, medium-low, medium, medium-high, and high urbanization
potential. By comparison, 5, 16, 28, 21, and 10 villages are identified as having low, medium-low,
medium, medium-high, and high urbanization potential, respectively, for results that consider
urban-suburban interactions. In the model that considers urban-suburban interaction, fewer villages
are identified as having high urbanization potential; however, more villages are thought to have
medium-high and medium possibilities compared with the results that do not consider the interaction.
To conclude, both the models identify villages with high urbanization potential located around urban
Wuhan, and the most significant difference is that the model that considers urban-suburban interaction
has a better performance in recognizing villages with medium-high and medium urbanization potential.
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People, material, and information flows are embedded in urban-suburban interactions.
The urbanization in the suburbs can be classified into urban expansion and in-situ urbanization.
The former type denotes that construction land expands upon the urban periphery; the latter means
that the land use type transitions to urban land when the rural area develops to a high stage [72,73].
A strong urban-suburban interaction indicates a high potential for factory development, construction
of residential settlements, and public infrastructure construction. The differences in urban-suburban
interactions among villages result in heterogeneity in different urbanization potential at the village
level. Even though urbanization brings benefits and opportunities for local development, ecological
risks can be raised at the same time. Therefore, this study applies the PSR model to estimate ecological
security status in the suburbs.

5.3. The Ecological Security Estimation by Considering Urban-Rural Interaction

Based on the aforementioned analysis results, the urban-suburban interaction was proved to
relate to the suburban land transition. In the framework of ecological security assessment, the land
transition, especially land urbanization, will exert pressure on suburban ecological environments.
To estimate suburban ecological security, two PSR models are founded, of which urbanization potential
is included as one factor of the “pressure” indicator. In one model, urbanization potential that considers
urban-suburban interaction is integrated, and, as a comparison, urbanization potential that does not
consider urban-suburban interaction is also combined in the PSR model. The comparison results are
shown in Figure 5.
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Table 7 shows the estimation results that both consider and do not consider the urban-suburban
interaction.

From the results, both models were able to distinguish the high and medium-high risk suburbs
based on the low ecological security area identification. Specifically, Dongxihu was estimated as the
suburb with the highest ecological risk. As an economic and technological development zone of
Wuhan, there is industrial aggregation in this area. According to the statistic yearbook of Dongxihu in
2016, the output of the secondary industry was 60%. The fast development and expansion of industrial
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construction land caused tense pressure on the eco-environment; therefore, the general ecological
security level of this area was at a low level. The results also showed that the PSR model that considered
the urban-suburban interaction identified more areas with low ecological security compared with
the result that did not consider the interaction. As the industrial back-land of the city, Dongxihu has
developed a close interaction with the city, like the labor force flow, product transportation, and money
exchange. Such interactions not only accelerate the urbanization but also bring threats to the local
ecological environment. The estimation that does not consider the urbanization potential, which is
affected by the urban-suburban interaction, will fail to capture sufficient ecological pressure.

Table 7. Areas with low ecological security levels based on PSR models by considering and not
considering urban-suburban interaction.

Suburbs
Considering
Urban-Rural

Interaction (km2)

Proportion to
the Suburb

Not Considering
Urban-Rural

Interaction (km2)

Proportion to
the Suburb

High risk Dongxihu 271.48 54.81% 254.08 51.29%

Medium risk
Hannan 117.24 40.85% 114.30 39.82%

Caidian 434.19 39.72% 428.48 39.20%

Low risk
Xinzhou 416.70 28.47% 397.91 27.19%

Huangpi 478.60 21.21% 471.36 20.89%

Jiangxia 407.38 20.18% 349.45 17.31%

Total 2125.60 27.92% 2015.59 26.47%

Similarly, Hannan and Caidian were identified as suburbs with medium ecological risk by both
models, and the difference in the results was that the model that considered the urban-suburban
interaction recognized more areas than the result of the model that did not consider the interaction.

Xinzhou, Huangpi, and Jiangxia were classified as suburbs with low ecological risk. However,
there were significant differences in the estimation results. Specifically, the difference was most
significant in the estimation of Jiangxia. Jiangxia is a large suburban district of Wuhan with a total
area of 2018.36 km2 and it is composed of 20 administrative sub-towns. Due to the differences in
the natural conditions, traffic location, and development base, the development levels of different
villages were varied, and the dependence of each village on the urban-suburban interaction differed too.
Compared with the two models, the model that considered the interaction identified more areas with
low ecological security close to the central city, while the model that did not consider the interaction
evaluated that remote areas had more risks.

The ecological pressure evaluation caused the differences in the estimation results, and the results
show that the model that considers the urban-suburban interaction can figure out more areas with low
ecological security. As the adjacent area of a city, the suburbs are facing drastic land-use transition
caused by urbanization, and it is essential to balance the demand for construction land and the
security of the eco-environment. Therefore, identifying the ecological security level by considering the
characteristics of suburbs that have close interaction with the city is significantly necessary to guide
future construction and to conduct ecological protection and remediation for environmentally-friendly
sustainable development.

6. Discussion

6.1. The Quantification of Urban-Suburban Interaction and Its Correlation with Urbanization

The urban-suburban connection can be explained from the perspective of city flow, which refers
to both direct flows, such people mobility, and implicit flows, such as telecommunication connections.
Existing studies on urban-suburban interactions have focused on quantifying the connection based on
selected indicators, such as population migration, mobility, and institutional linkage [74,75]. Generally,
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the dependence of both areas and the respondent results from such interactions are neglected. Suburbs
are broad areas that surround the urban area. The differences in urban-suburban interactions will cause
different effects. On the one hand, a strong urban-suburban interaction increases the opportunities
for the social and economic development of suburbs; on the other hand, frequent human activities
will generate pressure on the local natural environment. Therefore, quantification of the extent to
which a suburb depends on urban-suburban interaction is necessary to analyze its effects on suburban
development and the environment. By focusing on the results of interaction, the symbiotic theory was
applied to quantify the urban-suburban interaction and the results showed that there was apparent
differences in the connections between urban and suburban Wuhan.

After quantifying the urban-suburban interaction, this study utilized the GWR model to verify the
correlation between urbanization and urban-suburban interaction. In existing studies, the analysis of the
driving forces of urbanization usually include socio-economic factors like GDP, population, and spatial
factors such as distance to the city center and road networks [76–78]. However, the characteristics
of suburbs that are interrelated with the city are usually neglected. The interaction reflects the
human activities between urban and suburban areas, and in essence, it reveals the land-use demands
for construction land development. Under the background of on-going rapid urbanization, urban
expansion in China is still occurring. The correlation between urbanization and urban-suburban
interaction proves the necessity of considering such connections when studying urbanization and land
transition in the suburbs.

6.2. Suburban Ecological Security Assessment Considering Urbanization Potential Based on Urban-Suburban
Interaction

Ecological security assessment in the suburbs is an essential task of ecological protection in
China. The urbanization rate of China in 2018 hit 59%, indicating that China still has a long way to go
compared with developed countries with urbanization rates around 80%. Suburbs are the first areas
that face urban expansion, and the respondent pressure can be categorized into three aspects. First,
as the adjacent area of urban areas, it faces land use and landscape changes caused by land transition
in urbanization. In detail, the transition from rural land into urban land is inevitable and irreversible.
During this process, ecological land decreases simultaneously, and the ecological service function
degenerates along with the land transition. Second, as the back-land of urban areas, suburbs offer
necessary materials for city development, including agricultural and industrial products. In cities,
many secondary industries are distributed in the suburbs to serve urban construction conveniently.
The construction of industries not only requires a large number of land resources but also creates
pollutants during production and transportation. Third, due to the high price of living in urban areas,
some people choose to settle in the suburbs and therefore form a common phenomenon of commuting
between the urban area and the suburbs. Such settlement choices increase the land-use change in the
suburbs, and the accompanied infrastructure construction also aggravates the burden.

The particularity of suburbs that are interrelated with the city should be distinguished when
estimating ecological security in the suburbs. The analysis results showed that the urban-suburban
interaction has a positive effect on urbanization in the suburbs, indicating ecological threats along with
urban development. “Pressure” is an essential part of the PSR model, which describes the pressure
caused by humans’ social and economic activities. The difference in the estimation results that consider
and do not consider urban-suburban interaction shows the necessity of integrating such interactions
in assessments of suburban ecological security. Additionally, the security assessments can provide
warnings about ecological risks in advance. For example, this study identified that Dongxihu has
most areas identified with a low ecological security level. Dongxihu is a suburban area with a large
aggregation of industries, which makes excellent contribution to the socio-economic development
of Wuhan. From the perspective of resource optimization, two measures can be made to ensure the
balance between industry development and eco-environment protection in the future. First, existing
construction land in Dongxihu can be restructured to implement intensive and economical utilization,
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which can decrease the pressure on ecosystems. Second, construction land demands in Dongxihu
can be satisfied by utilizing areas with low ecological risk in other towns such as Xinzhou, Huangpi,
and Jiangxia.

6.3. Implications and Priority in Future Studies

By adopting a case study of the Wuhan suburbs, this study quantified urban-suburban interactions
and verified the correlation between urban-suburban interactions on suburban urbanization. Then,
this study integrated suburban urbanization potential based on urban-suburban interaction into the
PSR model and assessed the ecological security of the Wuhan suburbs. Several implications regarding
the urban-suburban interaction and the ecological security assessment are obtained as follows.

First, the urban-suburban interaction should be distinguished when studying the suburbs.
The issues regarding suburbs are not limited to land transition and the ecological security assessment;
topics such as ecosystem service value evaluation, ecological risk assessment, and ecological
resilience [79–81] can, in the future, be integrate into the effects of urban-suburban interaction,
to improve the feasibility and rationality of strategies related to suburban ecological protection.

Second, the urban-suburban interaction analysis can be applied for the prediction of construction
land demand. Chinese cities still hold a significant demand for land resources to complement
urbanization. To rationally solve the conflict between urbanization and limited land resources,
it is vital to estimate the land demands for urban development. The urban-suburban interaction is
estimated based on evaluating the flow strengths of people, materials, and information, which
reflects the activeness of social and economic activities. A strong urban-suburban interaction
indicates a high demand for construction land to ensure the activities. Hence, the consideration of
urban-suburban interactions helps predict construction land demand, simulate construction land
distribution, and optimize land use resources.

Third, a differentiated protection mechanism of suburban ecological security by considering
urban-suburban interactions can be established. This study conducted the ecological security
assessment at the village level, and the results showed a spatial heterogeneity in estimation results.
Also, the comparison with the traditional PSR model, which does not consider the urban-suburban
interaction, also showed the necessity of considering such interactions. Since village development
varies, a differentiated protection mechanism should be built according to the assessment results.
For example, villages where the airport and many industries are located need to protect the local ecology
and environment from noise, pollution, and traffic dispersion while satisfying their land-use demands.
In this case, ecological security assessment can be applied as a guideline to find suitable places for
construction land development. For villages featuring rural tourism and cropland planting, construction
activities should strictly comply with the ecological function zoning. In this case, ecological security
assessment can be adopted as an indicator of a ecological carrying capacity evaluation. Therefore,
in practical application, the village’s development base and goals need to be considered together to
build a practical and feasible ecological protection plan.

Several limitations need to solved in future studies. First, the quantification of urban-suburban
interactions can be elaborated from more aspects. In this study, only social-economic interactions are
considered; other connections such as social capital, cargo movement, and telecommunications can be
combined in future studies. Second, this study demonstrated the relationship between urban-suburban
interactions and suburban urbanization at the village level. The specific location of urbanization
can be identified in the following studies by adopting spatial simulation models like CA. Therefore,
the ecological risk prediction can be detailed too. Third, the ecological security assessment system
can be improved. The main thought of this study is to verify the correlation between urban-suburban
interactions with suburban ecological pressure, and further to compare the results of ecological security
assessments considering and not considering such interactions. Hence, the built PSR system was
straightforward, and an improved model can be built in the future. Forth, this study mainly focused
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on the ecological security of the suburbs. In fact, the urban-suburban interaction also has effects on the
urban areas; such effects can be analyzed in future studies.

7. Conclusions

This study adopted the symbiotic theory to quantify the interaction between urban and suburban
areas. Specifically, the socio-economic development levels of both urban and rural areas were estimated,
and by referring to the correlation between the development levels, the interaction strengths were
identified. The utilization of the symbiotic theory is not limited to socio-economic statistical data.
In some cases where there is a lack of statistical data, questionnaire investigations of residents’ daily
travel, telephone communication, and model simulation such as the gravity model can be utilized to
develop connections between the urban and suburban areas, and then the symbiotic analysis can be
conducted to analyze the interaction pattern.

This study demonstrates the correlation between urbanization potential and urban-suburban
interaction. Urbanization predictions, especially urban expansion, have raised much attention for its
importance in land resource optimization and ecological protection. The urban-suburban interaction
can be integrated as an indicator to predict the urbanization level and to simulate the distribution
of urban construction land. For example, in a CA model that simulates urban construction land
distribution, the urban-suburban interaction can be referenced to develop the transition rules of
the cells.

Additionally, this study integrates urbanization potential based on considering urban-suburban
interaction into the PSR model to estimate suburban ecological security. By comparing the estimation
results that considered and did not consider the urban-suburban interaction, this study verified the
necessity of considering such interactions in a suburban ecological security assessment. With ecological
security assessment results, a balance between suburban construction and eco-environment protection
in the future construction can be ensured.

The spatial proximity of suburbs to the city makes suburbs easily affected by urban development
and expansion. The analysis results of this study verify the significance of considering urban-suburban
interaction to distinguish the effects of urban expansion on suburbs. The results of this study can
provide comprehensive and targeted support for suburban land construction land management and
ecological protection for other regions with rapid urbanization.
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