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ABSTRACT

Walking physical activities can improve people’s health, for which
exploring the influence mechanisms of green infrastructure on
walking physical activities is important to the creation of healthy
urban environment. This paper focuses on the relationship between
green infrastructure in Changsha—Zhuzhou—Xiangtan urban
agglomeration of China and the frequency and intensity of walking
physical activities. The research first identified the elements of green
infrastructure (i.e. hubs, links, and sites) and studied the spatial
distribution of walking trajectories, then constructed the indicator
system from perspectives of the internal environment, external
environment, and landscape pattern of green infrastructure in the
urban agglomeration, and employ the multiple linear regression
model to analyze the influence mechanisms of green infrastructure
on the frequency and intensity of walking physical activities. The
results suggest that the walking physical activities mostly overlapped
with the links and sites, and the indicators impact residents’ walking
physical activities differently. Housing density, housing price, public

1 Introduction

With the rapid development of cities, the global incidence of many
chronic diseases is on the rise. At present, the number of chronic
diseases occurring in China has exceeded 200 million, accounting
for more than 20% of the total population'. According to the
report by World Health Organization in 2014, there were about 40
million deaths caused by chronic diseases each year worldwide,
accounting for 70% of the total number of deaths. It is estimated
that this number will reach 55 million by 2030, Walking
physical activities can help reduce the risks of chronic diseases

BBl Existing

and improve residents’ health and the quality of life
studies have demonstrated that walking environment conditions
can affect people’s walking physical activities in frequency and
intensity, thereby, influencing their physical (e.g., BMI) and mental
health!®~1*?],

Green infrastructure (GI) is a network consisting of connected
natural areas and other green open spaces and the accessory
engineering infrastructure™"*, The elements of GI are usually
categorized as hubs, links, and sites™® GI is characterized by

systematic, networking pattern and high accessibility, and can
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toilet density, urban plaza density, bus stop density, percentage of
green spaces, large patch index, and aggregation index all have
significant correlations with both the frequency and intensity; land
use mix, average daily temperature, and percentage of water body
area only have significant correlations with intensity; and, path
density only has a significant correlation with frequency. Based on
the findings, this paper proposed suggestions for urban construction
and renovation in aspects of internal environment, external
environment, and landscape pattern, respectively, aiming to improve
the cities’ walking environment, and boost the social and ecological
values of green infrastructures in the urban agglomeration.
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provide low-cost, nature-friendly outdoor exercise places and
recreational spaces'"” for walking physical activities'™. In 2016,
the National Recreation and Park Association of the USA surveyed
residents on the use of parks and recreational facilities, and the
results showed that approximately 52% of respondents preferred
to take their daily physical activities in GI such as parks and urban
plazas™.

Current research mainly examines the relationship between
GI and a single attribute of physical activities, which investigated
the landscape characteristics (e.g., accessibility*”*"!) of different
elements of GI (e.g., urban green space and water bodies), the
number and types of infrastructure®, the design of pathway

networks!*?

, etc. Christopher Coutts et al. found that an increase

in the number of green spaces would positively affect residents’
willingness to engage in physical activities”*. The research by
Fuzhong Li et al. showed that the increase of housing density,
number of green and open spaces, and path crossings would
enhance people’s willingness to walk continuously®. It is revealed
in the research by Abdullah Akpinar et al. and Jasper Schipperijn
et al. that the frequency of walking physical activities decreases

with the increasing distance between GI***’!, The studies by
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Thomas Astell-Burt et al. and Christopher Coutts et al. prove that
with the increased number of GI and reduced distance between GI,
the frequency of adults carrying out physical activities of different

(22124 Existing studies on overall GI

intensity would all increase
put more efforts into inspecting the impact of spatial patterns

on human production and living activities”® and its correlations
with living environment quality and human health®®”, while less
on walking physical activities. Therefore, there is a research gap of
the correlation between GI spatial patterns and walking physical
activities, and further analysis of the differences and influence
mechanisms of GI on the frequency and intensity.

Urban agglomeration refers to an economic region centering
one or two megacities with the surrounding cities, which has close
internal economic connections and is supported with developed
and integrated regional infrastructure®®. The permanent resident
population in China’s urban agglomerations already accounts
for 64.6% of the country’s total population®". This means that
GI in urban agglomerations would play a major role in ensuring
urban and rural residents’ walking physical activities. The existing
studies on GI in urban agglomerations focus on the construction

[32]~[34]

of green space systems , protective development of green

hearts™, formation of landscape security pattern®®, green space

B7I38] atc, A number of studies have shown that GI in

evaluation
urban agglomerations can fulfill diverse needs for exercise, improve
public health, promote the quality of human living environment,
and encourage social interaction by optimizing the cities’ ecological
pattern* P14,

Aiming to further understand the correlation between GI in
urban agglomerations and walking physical activities, this paper
focuses on GI and residents’ walking physical activities in the
Changsha-Zhuzhou-Xiangtan urban agglomeration (CZX urban
agglomeration hereafter) in China. The research team applied the
multiple linear regression model for variance analysis, to explore
the influence mechanisms of GI on frequency and intensity of
walking physical activities, and proposed suggestions to promote
walking and to construct healthy urban environment, which can be

conducive to enhancing human well-beings.

2 Research Methods

2.1 Study Area

The study area of this research is the central area of CZX
urban agglomeration in Hunan Province, China. It includes
Tianxin, Furong, Kaifu, Yuhua, and Yuelu Districts in Changsha
City, Tianyuan, Lusong, Shifeng, and Hetang Districts in
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Zhuzhou City, and Yuetang and Yuhu Districts in Xiangtan

City. The CZX urban agglomeration has a total area of about
1,260.65 km” (Fig. 1)®. In 2021, the permanent population in
the study area was 16.8316 million. With an urbanization rate of
77.70%, CZX urban agglomeration is the economic growth pole of

Hunan Province!*?.

2.2 Data Sources

The walking physical activity data used in this research was
sourced from the app “DuoRui” that covered the period from 2016
to 2019. DuoRui is a sports and health application mainly used by
young and middle-aged users®?. During the study period, there were
3,785 users in the CZX urban agglomeration. This app combines
algorithms with smart hardware for physical exercise detection and
data analysis, and can generate professional evaluation reports with
customized exercise plans. The raw data obtained included users’
running and walking trajectories. Among them, 83% were walking
data such as spatial position, type, duration, distance, date, and
frequency of exercises, used in this research.

The urban land use classification data of the study area
were obtained from the Urban Comprehensive Planning of
Changsha (2003-2020) (Revised in 2014), Urban Comprehensive
Planning of Xiangtan (2010-2020) (Revised in 2017), and Urban
Comprehensive Planning of Zhuzhou (2006-2020) (Revised
in 201 7)[43]~[45]. After raster vectorization of the maps, the data
were adjusted and corrected according to the actual construction
situation in 2020. The road network data were processed based
on Open Street Map, also corrected according to the actual
construction situation®. Average daily precipitation and average
daily temperature data from 2016 to 2020 were obtained from
the National Meteorological Information Center. Landsat 8
images of the study area as of December 2019 were downloaded
from the USGS website to calculate the Normalized Difference
Vegetation Index (NDVI). The average monthly housing price
(2016 ~ 2019) was calculated based on three major real estate
platforms in China, i.e. Anjuke, Home Link, and Fang, after

(D The total area of CZX urban agglomeration was calculated referring to data on the
website of People’s Government of Hunan Province.

(2) The information about main user group was sourced from the team of DuoRui.

(3) Researchers used Amap to compare the categorization of land use in planning
documents and the road network obtained from Open Street Map with the actual
situation of land use, road network, and infrastructures in 2020, and then corrected
the vector data.
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deduplication. Population data were obtained from China’s seventh
national census statistics by Hunan Provincial Bureau of Statistics.
Based on the total population of each street in the study area
and the corresponding number of households, the population
of each neighborhood was corrected. Finally, the POI data (e.g.,
bus stops, public toilets, urban plazas, and parks) crawled from
Amap in December 2019 were used after data correction and
cleansing.

2.3 Analysis Methods
2.3.1 Delineation of the Scope of GI in the Urban Agglomeration

The widely accepted and applied method for delineating
GI generally involves defining the objectives and functions of
GI, determining its elements (hubs, links, and sites!"*''"*"), and
identifying the pattern of GI networks™®.,

Hubs are natural habitats that are patches being less disturbed
with relatively larger areas, in forms of undeveloped lands,
conservation areas, suburban parks, forests, lakes, wetlands,
farmlands, pastures, and woodlands in the urban area”!. The
delineation of hubs requires a holistic assessment of regional
development and conservation policies, integrating indicators such

as patch size, number of species, and connectivity in GI patterns'®.

~ © Bo Li, Hao Ouyang, Qiuhong Liu

Thereby, the patches with better performance on such indicators
could be identified as GI hubs™’.

Links are linear ecological corridors that connect hubs and sites,
normally in forms of urban green spaces along rivers and roads,
and protective green belts®". The location and extent of links can
be delineated using GIS analysis and survey on the collection of
various data such as ecological conditions, area, connectivity, and
other regional statistics”"*,

In addition to hubs and links, sites provide recreational places
with both ecological and social values, in forms of small urban parks,
plazas, roadside green spaces, and community parks/gardens in
urban area'”). Existing research relies on qualitative methods to
identify sites after the delineating hubs and links!*!"*~152 Wwith
land use maps and urban POI data, this study identified sites by
filtering various nodes such as green spaces and plazas that are

closely connected with citizens’ daily life.

2.3.2 Grid Cell Division

Grid analysis has been widely applied in landscape evaluation,
environmental monitoring, and social analysis[ss]N[SS]. The
subdivided grid cells can reflect the heterogeneity and spatial
characteristics of the landscape, and further facilitate the
integration and analysis of multi-source data. The grid scale in this
study was based on the walking distance of a 10-minute life circle.
Normally, the walking speed of people is 4.60 ~ 5.35 km/h, i.e. about

800 meters in 10 minutes. Referring to related studies®*'"*"

,agrid
system of 800 m x 800 m was created for the study area using the
fishnet creation tool in ArcGIS 10.6. By overlaying with the layers of
GI, 1,436 grid cells containing GI in the urban agglomeration were

identified (Fig. 2).

2.3.3 Indicator System Construction

In order to better characterize the attributes of GI in urban
agglomerations and systematically investigate the relationship
between GI and walking physical activity, this paper constructed a
Gl indicator system for CZX urban agglomeration (Table 1) to obtain
independent variables based on relevant research.”*~"* It included
three categories: external environment, internal environment,
and landscape pattern. External environment indicators include
population, economic, and environmental subcategories. Although
population and economic indicators are not direct constituents of
GI, some existing studies have shown that they are significantly
correlated as independent variables rather than control variables
for physical activities™*~"®, Internal environment indicators refer
to relevant facilities and landscape elements with GI, including
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Table 1: GI indicator system in the research

Category Sub-category Indicator Definition of indicators
External Demographic Population density (persons/hm?) The number of people living on a unit area of land in the grid cell (Refs. [56][60][61])
environment
Housing density The ratio of the total residential area to the area of the grid cell (Refs. [56][61])
Economic Housing price (CNY) The average price of all housings in the grid cell (Ref. [56])
Land use mix (LM) (zliﬁlnpl)
LM=-
Inn
P, is percentage of the area of land use type i in the grid cell to the total area of the grid
cell, n is the number of land use types within the grid cell (Ref. [61])
Environmental Average daily temperature (°C) The average value of all the daily mean temperature corresponding to the date of each
walking trajectory (Ref. [62])
Average daily precipitation (mm) The mean value of all the daily mean precipitation corresponding to the date of each
walking trajectory (Ref. [62])
Internal Service facility Public toilet density (pcs/hm?) The ratio of the total number of public toilets to the area of the grid cell (Ref. [63])
environment

Parking lot density (pcs/hm?)

The ratio of the total number of parking lots to the area of the grid cell (Ref. [64])

Urban plaza density (pcs/hm?)

The ratio of the total number of urban plazas to the area of the grid cell (Ref. [65])

Bus stop density (pcs/hm?)

The ratio of the total number of bus stops to the area of the grid cell (Ref. [66])

Activity route

Number of path crossing (pcs/hm?)

The total number of path crossings in the grid cell (Ref. [67])

Path density (km/hm?)

The ratio of the total length of paths to the area of the grid cell (Ref. [68])

Water body

Percentage of water body area

The ratio of the total area of water bodies to the total area of the grid cell (Ref. [69])

Distance to water body (m)

The straight-line distance between the grid cell and the nearest water body (Ref. [69])

Green space

Normalized Difference Vegetation
Index (NDVI)

NDVI = (pNIR - pRED)
( pNIR + pRED)

NIR is the reflected value of near-infrared band, and RED is the reflected value of red

light band, the result indicates the degree of vegetation cover (Ref. [70])

Percentage of green space

The ratio of the total area of green spaces and urban parks to the area of the grid cell
(Refs. [70][71])
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Table 1: GI indicator system in the research

Category Sub-category Indicator Definition of indicators
Landscape Number of Patch density (PD) pp = %
pattern landscape patches A,

n; is the number of patches in landscape type i, 4; is the area of landscape type i within

the grid cell (Refs. [72][73])

Large patch index (LPI) max a,
LPI = L~
A

A is the total area of the grid cell, a; is the area of patch jin landscape type i within the
grid cell (Refs. [72][73])

Landscape shape

Landscape shape index (LSI)

LS| = 0.25E

Ja

A is the total area of the grid cell, E is the total perimeter of all the patches within the
grid cell (Refs. [72][73])

Edge density (ED
8 ty (ED) gp = E
A
A is the total area of the grid cell, E is the total perimeter of all the patches within the
grid cell (Ref. [72])
Inter-connection Aggregation index (Al)

between landscape

patches

Al = 9 x 100
max g,

g;1s the number of adjacent pixels around patch j in landscape type i (Refs. [72][73])

Division index (DIVISION)

2
DIVISION = {1 I [%H

A is the area of the grid cell, a; is the area of patch j in landscape type i (Ref. [74])

Contagion index (CONTAG)

DIAID I ] x |Inp —9%
B O >y G

2Inm

CONTAG = |1 + x 100%

P, is percentage of the area of land use type i in the grid cell to the total area of the
grid cell, g; is the number of adjacent pixels around patch j in landscape type i
(Refs. [72][73])
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service facilities, activity routes, water bodies, and green spaces.
Landscape pattern indicators include the number of landscape
patches, landscape shape, and inter-connection between
landscape patches. The walking physical activity indicator
system (Table 2) includes frequency and intensity indicators as the

dependent variables of the regression models®*"?),

2.3.4 Calculation and Data Preprocessing

Data from each indicator were converted to raster data in ArcGIS
(30 m x 30 m pixels), and then went through data processing in
Fragstats 4.0 using moving window command (100 m x 100 m
window). After importing into ArcGIS, the mean of each indicator in
each grid cell was generated with the raster data.

In this study, the Z-Scores method was used to standardize the
calculated means of all independent variables for each grid cell”
using the following equation:

Zi :(Xi-‘u)/s' (1)

where Z, is the standardized data, X; is the value of particular
indicator in each grid cell, 1 is the mean value of the indicator in the
study area, and S is the standard deviation of the indicator.

For the significance and validity tests of the predictive model,
a multicollinearity test was performed for the 23 indicators with
variance inflation factor (VIF). Four independent variables (patch
density, edge density, division index, and contagion index) with
significant collinearity (VIF > 5) were excluded from further
analysis.

2.3.5 Multiple Linear Regression Model
This paper applied the multiple linear regression model for
variance analysis, which is a common statistical model that uses

multiple independent variables to explain changes in the dependent

[77]

variable' ", and is formulated as follows:

Yn=ﬂ0+ﬁ1X1+ﬁ2X2+"'+ﬁX +£l

o (2)
where Y, is the dependent variable, i.e. the frequency (Y,) and
intensity (Y,) of walking physical activity; X;... X,, are independent
variables, i.e. the 19 GI indicators in the urban agglomeration; §3,...
B, are regression coefficients; and € is random error. The multiple
linear regression model was used to examine how the external
environment, internal environment, and spatial pattern indicators
were related to the frequency and intensity of walking physical
activities in the study area.

3 Research Results

3.1 Spatial Analysis of GI and Walking Physical Activity in CZX
Urban Agglomeration

Functional analysis and spatial identification of GI in the CZX
urban agglomeration delineated 9 forms of GI with a total area of
about 553 km?, accounting for 44% of the total area of the study
area. The hubs (Fig. 3) include green hearts and large urban parks
in the urban agglomeration. The green heart with an area of about
141.6 km® was defined according to the Regional Planning of
Changsha-Zhuzhou-Xiangtan Urban Agglomeration (2008-2020)
and the established ecological protection area. Based on the

431~1%) 3nd the indicators studied

planning documents of each city
in relative studies of the structure of Maryland’s GI"** and the GI
system of Changsha'*”, the urban parks with an area of 100 hm® or
more were selected. The Xiangjiang River landscape belt, Furong
Avenue green belt(the main road connecting Changsha City and

Xiangtan City), and the other pedestrian green belt along the major,

Table 2: Walking physical activity indicator system in the research

Indicator

Meaning (Refs. [58][75])

Frequency of walking physical activity
within the grid cell

The times of residents’ walking physical activities during the study period, i.e. the total count (pcs) of all walking trajectories

Intensity of walking physical activity
within the grid cell

The distance of residents’ walking physical activities during a single time, i.e. the total length (km) of all walking trajectories
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secondary, and branch roads were identified as the links (Fig. 4)
based on the distribution analysis of the linear green spaces and
paths in the CZX urban agglomeration and the connections between
the nodes. The total area of links was 281 km”. The sites (Fig. 5)
mainly consisted of other GI around hubs and links such as city
squares, small urban parks, community parks, and other urban
green spaces.

The distribution map of GI in the urban agglomeration was
overlaid with the walking trajectories using ArcGIS (Fig. 6), and it
showed that 88.3% of the walking trajectories occurred within GI
and aggregated in the urban green belts, green spaces, and parks
in the central areas of the three cities. In terms of spatial structure
(Table 3), links had the largest number and longest total length of
the walks, while the hubs had the smallest number and shortest

length. As for the types of GI, the other green belts and the other

urban green spaces had a relatively larger number and longer

Legend Legend

—— Study area Study area total length of trajectories, while the green heart in the urban

I Green heart in the urban
agglomeration

—— Furong Avenue green belt agglomeration, and the large urban parks had smaller number and

— Xiangjiang River landscape belt

@ © Bo Li, Hao Ouyang, Qiuhong Liu
# © Bo Li, Hao Ouyang, Qiuhong Liu

B Large urban park — Other green belt shorter length of the trajectories.

3.2 Correlation Between GI and the Frequency and Intensity of
Walking Physical Activities in CZX Urban Agglomeration

The minimum, maximum, and average values of each indicator
were calculated within the 1,436 grid cells (Table 4), and the
regression analysis with the standardized data in SPSS are shown in
Tables 5 and 6.

Based on the multiple regression analysis (Table 5), R? of the
two models are 0.494 and 0.525, respectively, which means that
the GI indicators in urban agglomeration as independent variables
can explain 49.4% and 52.5% of the changes in walking activities.
The amounts of significant F change for both models are less than
0.05, indicating that the multiple linear regression models fit well
and the constructed GI indicator system significantly influence
the frequency and intensity of walking physical activities. The
results of multicollinearity diagnosis (Table 6) show that all the

independent variables have VIF less than 5, indicating that there

Legend Legend

Siud is no multicollinearity and the significance test of the regression
— Study area

—— Study area

Bl Urban plaza

mm Community park
Bl Small urban park

Other urban green space

Walking trajectory model is valid.

Furong Avenue green belt GI indicators that were significantly correlated with both
Xiangjiang River landscape belt

@ © Bo Li, Hao Ouyang, Qiuhong Liu

frequency and intensity of walking physical activities (P < 0.05) are
Other green belt

Bl Urban plaza ‘:E
8 Community park C;
Bl Small urban park 5 3.Distribution of hubs in CZX urban agglomeration
Other urban green space ;? 4. Distribution of links in CZX urban agglomeration
B Green heart in the urban agglomeration z 5. Distribution of sites in CZX urban agglomeration
W Large urban park S Overlay of Gl distribution and walking trajectories in CZX urban agglomeration
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Table 3: Statistics on GI elements in the urban agglomeration and the number and length of walking trajectories

GI elements Forms of GI Total area (km?)

Number of walking trajectories (pcs) Length of walking trajectories (km)

Hubs Green heart in the urban agglomeration 141.60 1,458 342.96
Large urban park 15.70 8,625 1,264.56

Links Xiangjiang River landscape belt 68.70 12,643 2,081.22
Furong Avenue green belt 7.80 11,211 1,705.23
Other green belt 205.40 71,526 12,157.92

Sites Urban plaza 5.14 20,021 3,049.83
Small urban park 4.50 11,794 1,709.15
Community park 8.05 15,977 2,803.56
Other urban green space 96.70 64,994 11,162.17

housing density, housing price, public toilet density, urban plaza
density, bus stop density, percentage of green spaces, landscape
patch index (LPI), and aggregation index (Al). Among them,
the public toilet density (standardized coefficient f = -0.080,
B =-0.130) and LPI (8 =-0.051, 8 = -0.053) are negatively related
to the frequency and intensity of walking physical activities. GI
indicators that had no significant influence on the frequency or
intensity of walking physical activities (P > 0.05) are population
density, average daily precipitation, distance to water body, NDVI,
and landscape shape index (LSI).

In addition, the research found that GI indicators
differentially influenced the frequency and intensity of
walking physical activities. Among external environmental
indicators, land use mix (LM) (P = 0.001, 8 =0.071) and average
daily temperature (P = 0.006, 8 = 0.053) have a significant
positive correlation with intensity, while their correlation
with frequency is not significant; among internal environmental
indicators, path density (P = 0.001, 8 = 0.134) has a significant
positive correlation with frequency, while percentage of water
body area (P = 0.034, 8 = -0.045) has a significant negative
correlation with intensity.

In general, housing density, housing price, and path density
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have the most significant correlation with the frequency of walking
physical activity (P < 0.01), while housing density, housing price,
LM, average daily temperature, public toilet density, urban plaza
density, bus stop density, number of path crossing, percentage of
green space, and Al have the most significant correlation with the
intensity of walking physical activity (P < 0.01).

4 Discussion

The results confirm that GI in CZX urban agglomeration serves
as the primary places for residents’ walking physical activity and
has a significant correlation with it, which aligns with the results
of previous studies"”®. It is also verified that the GI factors of
external environment, internal environment, and spatial pattern
have varied correlations with the frequency and intensity of
walking physical activities.

4.1 Spatial Distribution of GI and Walking Physical Activities in
CZX Urban Agglomeration
In terms of specific spatial types, walking physical activities
mainly took place in links and sites, especially in the other green
belts and other urban green spaces, indicating that residents prefer



Table 4: Statistics on each indicator in the research walking along linear spaces (e.g., green belt) or in smaller urban open

spaces, which is consistent with existing research findings”®"”., links

Indicator Minimum Maximum Average can effectively connect different kinds of urban open spaces, e.g.,
value value value exercise places for walking, urban recreational nodes, and natural
scenic areas, and are suitable for walking by meeting various needs
Population density (persons/hm?) 0.0000 16,987.2000  2,606.4834 for workout and recreation!®”. Enjoying proximity to residential
Housing density 0.0000 0.7938 0.1807 areas and commuting routes, sites can offer amenities and diverse
routes for physical exercise and, enhance walking experience,
Housing price (CNY) 0.0000 29,208.0000  8,372.3174 thereby, becoming the main venues for people’s daily walking
physical activities.
LM 0.0000 1.0000 0.5826 In addition, only a small part of walking trajectories were
distributed in green hearts in the urban agglomeration (e.g. Yuelu
Average daily temperature (C) 24185 318022 212389 Mountain, Shiyan Lake) and large urban parks, which may be
Average daily precipitation (mm) 0.0000 427036 43105 related to the location and accessibility of hubs. Due to conservation
regulations and policies, green hearts and large urban parks rarely
Public toilet density 0.0000 0.4748 0.2433 locate in highly developed central urban areas, but more in the
(pcs/hm?) suburban and rural areas, which requires a longer travel time for
residents living in the central districts; and these places often have
Parking lot density (pcs/hm?) 0.0000 27.6562 16.3867 less recreational or exercise facilities.
Urban plaza density (pes/hm’) 0:0000 07787 01657 4.2 The Impact of GI on the Frequency and Intensity of Walking
Bus stop density (pcs/hm?) 0.0000 5.6377 0.8734 Physical Activities in CZX Urban Agglomeration
Regarding external environment indicators, the regression
Number of path crossing 0.0000 44,0000 3.5623 analysis shows that housing density (P = 0.000, 8 = 0.161;
(pcs/hm’) P =0.000, 8 =0.186) and housing price (P = 0.006, § = 0.065;
P =0.001, B =0.075) are positively correlated with the frequency
Path density (km/hm’) 0.0000 02520 0.0330 and intensity of walking physical activities. At present, there are
Percentage of water body area 0.0000 0.9607 01171 few studies directly probing into the correlation between housing
prices and walking physical activities, and the findings of this
Distance to water body (m) 0.0000 5.500.0000 1,008.7858 paper need to be verified with empirical research in the future.
Meanwhile, relevant research results show that the areas with
NDVI 0.0000 0.7757 0.0758 higher housing density may have a larger number of population and
higher travelling demands™" with higher street connectivity and
Percentage of green space 0.0000 1.0000 0.1221 accessibility for walking'®”. Second, LM has a positive correlation
LPI 63.2479 100.0000 91.8660 with intensity (P = 0.001, 8 = 0.071). Areas with higher degree of
LM are often equipped with more service facilities and amenities
LSI 1.0000 1.3077 1.0740 allowing residents to do other things conveniently via walking'®?,

thus increasing their willingness to walk. Average daily temperature
Al 92.3077 100.0000 98.3069 has positive correlations with intensity (P = 0.006, 8 = 0.053). The
walking trajectories were mainly recorded in spring and autumn,

Frequen(cy O)f walking physical 1.0000 819.0000 532710 when the outdoor temperature is comfortable for physical activities,
activity (pcs
yip facilitating people’s exercises with a longer duration and higher
. . [84]
Intensity of walking physical 0.0301 74.7600 9.1129 Intensity™".
activity (km) As for internal environment indicators, urban plaza

density (P =0.000, 8 =0.333; P =0.000, 8 = 0.488) and bus stop
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Table 5: Multiple regression analysis results of GI on frequency and intensity of walking physical activities in the urban agglomeration

Multiple regression analysis of GI on frequency of walking physical activities in the urban agglomeration

Model R R’ Adjusted R Errors in standard estimation R’ change amount Significance F amount of change
1 0.703 0.494 0.485 1.225 0.494 0.000
Multiple regression analysis of GI on intensity of walking physical activities in the urban agglomeration
Model R R’ Adjusted R® Errors in standard estimation R’ change amount Significance F amount of change
2 0.725 0.525 0.518 1.158 0.525 0.000

density (P = 0.000, 8 =0.220; P = 0.000, 8 = 0.159) in CZX urban
agglomeration are positively correlated with both frequency and
intensity of walking physical activities, which suggests that the
appropriate increase of the numbers of urban plaza and bus stop
to improve the accessibility of infrastructure can promote walking
physical activities. Public toilet density is negatively correlated
with the frequency (P = 0.016, § = -0.080) and intensity (P = 0.000,
B =-0.130) , which is inconsistent with related previous studies,
such as Qiang Ma et al. found that the density of public toilets is
positively correlated with travel vitality index in commercial area,
green spaces and transportation function areas'™.. A possible
reason of the disparity of research findings is that the research
subjects in Ma’s study include all the travel modes, while only
walking physical activities is discussed in this paper. Further
targeted research is needed to verify the relationship between the
distribution of public toilets and walking. In terms of activity
route, path density has a positive correlation with frequency
(P =0.001, 8 = 0.134), while the number of path crossing has a
positive correlation with intensity (P = 0.000, f = 0.137), which
proves the findings of Peng Zhang et al. and Ken R. Smith et
al.’"®”) These two indicators reflect the level of connectivity
within a given area. An improved connectivity implies an easier
pedestrian movement between areas—for both walkers and

88]__that enlarges the scope for exercises; also, path

crowds
crossings can effectively decrease vehicle speed and contribute
to a safer walking environment. The percentage of water body
area has a negative correlation with the intensity (P = 0.034,

B =-0.045), which aligns with the research by Zhiyong Wang
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et al.”®”, but differs from the findings of Marijke Jansen et al. and
Camille Perchoux et al.®”®", Their studies suggest that adults
incline to conduct physical activities around the water bodies near
home, combining with their routine activities such as commuting.
The reason for the discrepancy among these studies may be the
different types of water bodies studied. In Jansen'’s research, the
water bodies were small lakes and ponds in residential areas, which
can provide facilities that improve people’s access and interaction
with water. In contrast, the water bodies in GI of the CZX urban
agglomeration are mainly large rivers, lakes or water conservation
areas (e.g., Shiyan Lake, Songya Lake) where some public activities
are constrained for ecological and water source conservation.
Among spatial pattern indicators, LPI has a negative correlation
with the frequency (P = 0.050, § = -0.051) and intensity (P = 0.039,
B =-0.053) of walking physical activities, while Al has a positive
correlation with frequency (P = 0.023, 3 = 0.061) and intensity
(P =0.005, 8 =0.053). It suggests that the larger area a GI patch
has, the lower walking frequency and intensity happened within;
while a higher aggregation level GI patches have, the higher
walking frequency and intensity are found. The large GI patches
in CZX urban agglomeration include green heart and conservation
areas such as Yuelu Mountain and Yanghu Wetland Park, which
are located in suburban areas with poor accessibility and human
activities are partly restricted according to ecological preservation
regulations. The aggregated GI patches in the urban agglomeration
would strengthen the connectivity among different types of
landscape, improve walking experience, and allow walkers to have
more options of routes and venues, thus encouraging residents’



Table 6: VIF values, correlation P values, and standardized coefficient § values of multiple regression model results

GI and frequency of walking GI and intensity of walking
physical activities physical activities
Category Indicator VIF
Relevance Standardization factor Relevance Standardization factor
(P) ® (P) ®
External Population density 1.123 0.948 0.001 0.173 0.027
environment
Housing density 1.604 0.000* 0.161 0.000* 0.186
Housing price 1.472 0.006* 0.065 0.001* 0.075
LM 1.218 0.206 0.027 0.001* 0.071
Average daily temperature 1.066 0.951 0.001 0.006* 0.053
Average daily precipitation 1.061 0.661 0.009 0.709 0.007
Internal Public toilet density 2.958 0.016* -0.080 0.000* -0.130
environment
Parking lot density 2.502 0.232 0.037 0.953 0.002
Urban plaza density 3.908 0.000* 0.333 0.000* 0.488
Bus stop density 4.708 0.000* 0.220 0.000* 0.159
Number of path crossing 4.321 0.348 0.038 0.000* 0.137
Path density 4.444 0.001* 0.134 0.097 -0.066
Percentage of water body area 1.274 0.279 -0.024 0.034* -0.045
Distance to water body 1.027 0.955 -0.001 0.724 0.007
NDVI 1.319 0.236 0.026 0.134 0.032
Percentage of green space 1.237 0.000* 0.105 0.000* 0.107
Spatial pattern LPI 1.889 0.050* -0.051 0.039* -0.053
LSI 1.008 0.973 0.001 0.197 -0.024
Al 1.876 0.023* 0.061 0.005* 0.053
NOTE

* means P < 0.05.

041 LANDSCAPE ARCHITECTURE FRONTIERS / PAPERS



walking physical activities.

The impacts of each indicator category on the frequency
and intensity of walking physical activities vary. Spatial pattern
indicators have more significant correlations with frequency, while
external environment and internal environment indicators have
more significant correlations with intensity. This suggests that the
spatial structure of landscapes and inter-connection between GI
in the urban agglomeration are directly related to the frequency
of walking physical activities. Frequency represents residents’
intention to conduct regular walking physical activities. A GI patch
that has a better connectivity and a higher degree of aggregation
usually witnesses a more orderly and stable landscape system,
which can properly direct and ease people’s movement and provide
favorable environment for walking. Intensity implies the duration
and physical state of walking. Mixed land use and infrastructure
types, as well as suitable temperature and precipitation, help
with the creation of diverse landscapes along the long-distance
walking routes, alleviate the feelings of exhaustion, and improve
the experience of high-intensity walking activities. As the studies

1] 921 reveal,

by Jelle Van Cauwenberg et al.” ' and Amy Spring et al.
the neighborhoods with convenient transportation and higher
accessibility of supportive services can encourage longer-time

physical activities.

5 Conclusions

Based on relevant GI theories, this paper identified the GI system
in CZX urban agglomeration, and revealed the spatial distribution
of walking physical activities and how the GI indicators were
correlated with the frequency and intensity of walking physical
activities differently through multiple regression model analysis of
walking trajectories. The main findings are as follows.

1) The Gl in CZX urban agglomeration can be categorized as
hubs (i.e. green heart in the urban agglomeration and large urban
parks), links (i.e. Xiangjiang River landscape belt, Furong Avenue
green belt, and other green belt), and sites (i.e. small urban park,
community park, urban plaza, and other urban green space).
Walking trajectories were mostly overlapped with links (other
green belt) and sites (other urban green space), but less distributed
in hubs.

2) Part of the GI indicators have significant correlations with
the frequency and intensity of walking physical activities, including
housing density and housing price, public toilet density, urban
plaza density, bus stop density, percentage of green space, LPI, and
Al Indicators that have not shown significant correlations with the
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frequency and intensity include population density, average daily
precipitation, distance to water body, NDVI, and LSI. In addition,
the research proves that the impacts of some indicators on the
frequency and intensity vary: LM and average daily temperature
have positive correlations with intensity, the percentage of water
body area has a negative correlation with intensity, but none of
them show significant correlations with frequency; path density
has a positive correlation with frequency, but shows no significant
correlation with intensity.

The construction of GI that are suitable for walking in urban
agglomerations will be beneficial to promoting walking physical
activities, developing healthy cities, and enhancing human well-
beings. Based on the findings, the research team proposed three
strategies for GI construction. Regarding external environment, the
construction of multi-functional residential areas with parks, green
belt pathways, and other urban green spaces in their surroundings
would enhance the overall intensity of residents’ walking physical
activities. In terms of internal environment, it is important to
increase the number of urban plazas and bus stops in GI, build
more clustered pedestrian networks, and appropriately add more
path crossing to boost people’s frequency of walking physical
activities. As for landscape pattern, a proper control of the area
of large green spaces under the premise of ensuring ecological
functions, the increase of number and area of walkable medium
and small green spaces, and rational planning of the network of
links between various types of GI can ensure the continuity of
walking, further enhancing the willingness of the public to walk as
physical exercise.

Limited by the data collection, there are some shortcomings
in this study. First, since DuoRui is mainly used by the young and
the middle-aged, the research findings less reflect how the GI
system in CZX agglomeration impacts on the minors’ and elderly
people’s walking physical activities. In the future, target research
on these two user groups is expected. Second, this study only
used environmental factors as independent variables to examine
the relationships between GI and walking physical activities,
lacking exploration on the influence mechanism of residents’
environmental perception and feelings. Further studies can be
conducted to refine the research outcome.
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- L0000 077 L0740 P, TR 7 P o 0 TR T8 U0 5 e L ) 38 2
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1], A% R ATIE SR 2 IEAH G R (P=0.001, B=0.134) ; &
TR SR FEA TG 2o FE S IEAROCOC R (P=0.000, B=0.137) , X
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MRS SR Rk &, LP LS AT MR I3 3h i i % (P=0.050,
B =-0.051) FI38E (P=0.039, B=-0.053) LHMELE, MAISEFT
WIEEHE (P=0.023, B =0.061) FIFEE (P=0.005, B=0.053) &
IEMISEIE R, UL T O G IBRE AR A, ARV 1) J BB AT TG sl i
MR PR s T BRERR ) SR 5 O R BT, R AR S REAT I Bl 4 A
AR . KRG A OB e 32 B 5 KRBT a0, AR
AU RE =30 BT RN T R N = B/ 1 P o [ [ S8 VAR B S S = 4
B X, TR PEAR A 25, IF BRSO ZOR7E— @ R L BRI 2047
FENCAIEE . RTTREG T R4 9 5000 A 56 22 U AT DLAE N5 45 5oL Al

ZIE L REE AT s Sl AP T as sl AT R, TR
Ja AT AT R T3 sh i

NI T AR G RS A3 5 1 J3E PR S IR 22 5 K T, 55 U Jmd R A X A3 3R 1
SEW 3, MR TR AR A PN PR 1 b X 0 B AR T 2 . X
WL B G ) 5% L 2 i) 4 ) 0 A 0 S5 L2 42 56 2R 2 B R I J IS AP AT
PRIITE S BRI R REAE TR T R AT AP LA TR T %
SR, MEETE R . REEE S NCIRE F BAEAT .
ERFIALE, fed BB A R AR R, 2T A Al n
ST ARG 9 R R T RPEAT D AT R T 1 Sl S B I R ALE SR A
P LA AR B ZE Y, e 3 A B e R R K RE AT AL
N ERENE ¢ T 1IN N SRS i B AP O B S VIE 2 S A AU A 2 A P e
(PR AR, R T B LR SRR . IEANARE - Y5 - B SRR S A
K - BB RTINSl EER] | AR S5 ] s PR A I, B
AR T T RT3 Fhin e

5 &5

TGRS, ABTEHADFE T RAREMITIFGUAR, 454
Ja B AT RS E sl Bt , i M 2 bk AR R, SR TR K
BRI TR G TR 2 AT R 7 1 3l 14 22 18] A A% TG T B X 25 AT 44 33 3
ARG BE AR 22 5%, EEFTEE e

1) BRI T A G 1T 23 D 190 28 Fps (A 435 30k T 0 o R R RS
OB EREMRIE CRLAE T RILAT | SRR I Sty A A 3 i I Ak
G IDIINIPANICE 775 R G T A NV /N U BN o RS/ 7 N T KA 77 | B N8 A
2R ) o APATRUIEAE P O3 A A S R 1 Tl P R, LR

50 YRTHE GI 581716 1 TG ah i3 R L i 2 e ol ) 50 Bl R

YRTITEE GI M B AT 1K 116 2h 53R R WK 2 e 1l 53 B

f R R? %A R PRIE(G S 1R R* A&t PENFBLR

1 0.703 0.494 0.485 1.225 0.494 0.000
YRR GL BT T8 25 B S WA 2 ST 181V 53

et R R? VA5 R? PRUEAS ST A HE IR R* Zfu & BENF B R

2 0.725 0.525 0.518 1.158 0.525 0.000
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K 6: ZyuhIBR VIF {H. HM: P HMARHEC R BB (H

Yol GI 54716 g ah i

Yot RE GI 54T G a5

ES7 ik VIF B -
PSS PRI R 5L R PRIEIL R B
(P) B P) ®
BRI BE UNEE: s 1.123 0.948 0.001 0.173 0.027
o T 1.604 0.000* 0.161 0.000* 0.186
Bk 1.472 0.006* 0.065 0.001* 0.075
LM 1.218 0.206 0.027 0.001* 0.071
H <R 1.066 0.951 0.001 0.006* 0.053
ERBS[ETN 1.061 0.661 0.009 0.709 0.007
PIRER B N ife % 2.958 0.016* -0.080 0.000* -0.130
23 2.502 0.232 0.037 0.953 0.002
Wi R 3.908 0.000* 0.333 0.000* 0.488
AR g 4.708 0.000* 0.220 0.000* 0.159
SR R ER 4.321 0.348 0.038 0.000* 0.137
PG 4.444 0.001* 0.134 0.097 -0.066
KRR 5 b 1.274 0.279 -0.024 0.034* -0.045
PR NS i 1.027 0.955 -0.001 0.724 0.007
NDVI 1.319 0.236 0.026 0.134 0.032
SRR G b 1.237 0.000* 0.105 0.000* 0.107
SRS R LPI 1.889 0.050* -0.051 0.039* -0.053
LSI 1.008 0.973 0.001 0.197 -0.024
Al 1.876 0.023* 0.061 0.005* 0.053
*
*ft3 P < 0.05.
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