Journal of Geographical Research | Volume 06 | Issue 03 | July 2023

D BILINGUAL Journal of Geographical Research
PUBUSHING _ . . _
_) GROUP https://journals.bilpubgroup.com/index.php/jgr

ARTICLE

Spatial Agglomeration and Diffusion of Population Based on a Regional
Density Function Approach: A Case Study of Shandong Province in China

Xiaohan Zhao", Yanbin Chen”

College of Geography and Environment, Shandong Normal University, Jinan, Shandong, 250358, China

ABSTRACT

Population density functions have long been used to describe the spatial structure of regional population
distributions. Several studies have been conducted to examine the population distribution in Shandong Province,
China, but few have applied regional density functions to the analysis. Therefore, based on the 2000, 2010, and
2020 population censuses, this study used monocentric and polycentric regional density functions to study the
characteristics of population agglomeration and diffusion in Shandong. This is followed by an in-depth discussion
based on population growth rate data and hot- and cold-spot analyses. The results showed that the Shandong Province
population was spatially unevenly distributed. Population growth rates were higher in urban centers and counties,
with more significant changes in population size in the eastern coastal areas than in the inland areas. As verified in this
study, the logarithmic form of the single-center regional density function R was greater than 0.8, which was in line
with the population spatial structure of Shandong Province. During the study period, the estimated population density
of the regional center and the absolute value of the regional population density gradient both increased, indicating
a clear and increasing trend of centripetal agglomeration of regional centers over the study period. Overall, the R’
value of the multicenter region density function was higher than that of the single-center region density function. The
polycentric regional density function showed that the population density gradient of some centers had a downward
trend, which reflected the spatial development trend of outward diffusion in these centers. Meanwhile, the variation
in the estimated population density and the population density gradient exhibited differences in the central population
distribution patterns at different levels.
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1. Introduction

Population is the most dynamic and active
element in the process of urban development, and
its spatial distribution in cities has always been an
important part of urban geography research '™\
The spatial structure of a population refers to the
tendency of the population to agglomerate or diffuse
within a given region, which can, to a certain extent,
reveal the strength or weakness of the region’s so-

™ With the increasingly

cioeconomic activities
significant spatial reconfiguration of the inner
city, studying population distribution within the
city has become increasingly vital . Population
spatial structures have far-reaching implications for
regional transport planning ', risk assessment and
policy decisions ©', public safety, and crisis manage-
ment . Therefore, this study helps understand the
characteristics of the regional spatial structure and its
evolutionary trends, thus providing a reference for
regional spatial organization and restructuring.
Researchers have a long history of studying
regional spatial structures from the perspective of
population spatial distributions. In 1951, Clark pio-
neered the Distance Decay Model, which suggests
that population density tends to decrease with
increasing distance from urban centers *'. Since
then, population density functions have been used
as effective tools to characterize urban spatial
structures. On this basis, scholars such as Tanner,
Sherratt, McDonald, Suits, Mason and others have
proposed various models of population density
1 which have resulted in
significant achievements in the study of urban

in monocentric cities !

population spatial structures. However, these studies
only depicted population distribution at the city
level. Parr highlighted in the mid-1980s that the
decaying characteristics of population density with
distance in suburban and rural areas outside cities
did not conform to a negative exponential model but
were closer to a Pareto function. He also proposed a
unified functional form to describe the characteristics
of population density across regions """, Later, Bark-
ley 'Y, Wang ™!, and others applied different forms of
monocentric regional population density models to
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explore the fitting of the regional population density
distribution and analyze the regional spatial struc-
ture and its evolutionary characteristics. However,
compared to urban population density models, the
research results are still relatively limited. With the
innovation of information technology, restructuring
of economic space, and development of transport
infrastructure, the trend toward urban polycentricity
is becoming increasingly evident. The existence of
multiple centers with specialized economic, social,
and cultural functions, as well as the interaction
between the centers, makes monocentric models no
longer suitable for describing contemporary urban
structures ', Therefore, scholars have questioned

5] and have

the application of monocentric models
begun to apply polycentric regional density functions
to explain the spatial structural characteristics
and evolutionary trends of regional population
density. Heikkila et al. " proposed three models of
population density distribution in polycentric urban
areas, followed by Small and Song "', Bontjie ",
McMillen, McDonald " and Joseph '” who applied
polycentric regional density functions to Los
Angeles, Western Europe, Chicago, and Port-au-
Prince.

Research into population density models in
China began in the late 1990s. This research focused
on fitting regional optimal population density
models based on census data and summarizing the
characteristics of regional spatial structure evolution.
Zhou Chunshan and Xu Xueqiang were the first to
apply a monocentric city population density model to
illustrate the urban population density development
process in Guangzhou "*. Later, Wang and Zhou """’
and Luo and Wei *” simulated the population density
distribution in Beijing and Nanjing, respectively,
under monocentric conditions. Along with rapid
urbanization and industrialization in China, the
spatial variation in population density has taken on
new characteristics, and the regional spatial structure
has gradually changed to a complex polycentric
structure. Consequently, scholars have begun to
explore the spatial structure of polycentric cities and

population spatial distribution. Wang and Meng "*"
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used Shenyang as the study object and were the first
to investigate the polycentric population density
distribution structure in Chinese cities. Feng Jian and
Zhou Zhouxing conducted a systematic study on the
multi-core population density model in Beijing **'.
Wu Wenyu and Ma Xiya used Shanghai as the study
object to analyze the characteristics of the polycentric
structure of population distribution from 1990 to
2000 ¥, Jiang Li and Wu Shoulong measured
the change in population spatial distribution in
Guangzhou **, and the results demonstrated a good
fit for the polycentric model. Subsequently, the
analysis of polycentric structures gradually expanded
to regional areas, including the Beijing-Tianjin-He-
bei metropolitan area **', Yangtze River Delta urban

% and Huanghuaihai Plain *. In

agglomeration
terms of research regions, most studies focused on
more economically developed large cities or hotspot
regions. There has been less exploration of regions
than cities in terms of the volume of literature. In
contrast to Western scholars’ systematic analysis
of population density models and improved testing
of model applications, the analysis of population
density models in the Chinese geographical circle
primarily uses the existing population density model
to conduct empirical research on a specific region,
with few theoretical innovations. Moreover, Chinese
scholars mostly base their calculations on the Eu-
clidean distance. The Euclidean distance character-
izes the straight-line distance, which differs from
the actual distance in reality and does not accurately
reflect a real situation. When applying the regional
density function, the shortest vehicular route between
two places, provided by Amap (https://www.amap.
com/), was adopted to describe the distance, which is
more relevant to a real situation than the Euclidean
distance.

In terms of population and economic output,
Shandong is one of the largest provinces in
China and is characterized by an uneven level of
development within the region. In previous studies,
scholars have discussed the population distribution
in Shandong Province, starting from the structure in-
dex "’ population gravity center ***”), shift-share

63

analysis ™ and spatial autocorrelation analysis **";

however, few studies have used regional density
functions for analysis. Population density patterns
are important features of regional economies and so-
cieties "), The optimization of the spatial distribution
of the population can have a significant impact on
the structure and layout of various factors, such as
the economy, culture, and industry, helping to pro-
mote regional economic development and improve
people’s quality of life. Viewing the growing impor-
tance of the population spatial structure and rapid ur-
banization and continuous economic restructuring in
Shandong Province in recent years, it is particularly
essential to utilize the regional density function to
study its population distribution and spatial structure,
evolution pattern and regional spatial structure’s
variation trend.

In summary, this study analyzed the population
density characteristics of Shandong Province
from 2000 to 2020 based on county data. It used
the Inverse Distance Weighted method to clarify
the spatial relationship of population distribution.
Subsequently, the spatial structure of Shandong
Province and its evolutionary characteristics were
shown by applying monocentric and polycentric
regional density functions, respectively. The spatial
agglomeration and diffusion of the population in
Shandong Province were discussed in depth based
on the population growth rate and hot and cold spot
analysis. Analyzing the spatial structure of Shandong
Province from the standpoint of the regional density
function provides a new perspective on the study of
spatial structure, which can be compared with the
results obtained from other methods. Simultaneously,
the evolutionary characteristics and development
trend of Shandong Province’s population spatial
structure can be examined, as well as the problems
that hamper its long-term development process and
the law of urban agglomeration development can be
better understood. This can provide a basis for urban
planners to rationally guide regional population
distribution, optimize resource allocation, make
scientific spatial planning decisions, and serve as a
reference for other urban agglomerations in China.


https://www.amap.com/
https://www.amap.com/
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2. Materials and methods

2.1 Study area

Shandong Province is located in the econom-
ically developed eastern coastal region of China,
downstream of the Yellow River, the second-longest
river in China, and between the two state-level urban
agglomerations: the Beijing-Tianjin-Hebei region,
and the Yangtze River Delta urban agglomerations.
To the east, it is separated from the Korean Peninsula
and Japan by the sea. Its eastern part is dominated
by hills, while the central part has many mountains,
and the southwest and northwest are mostly plains
(Figure 1), with a total land area of 156,700 km”’.
According to data from the 7th National Census,
the number of people living in Shandong Province
exceeded 100 million, ranking second in China in
terms of total population. Simultaneously, the gross
national product of Shandong Province is expected
to reach 728 million yuan in 2020, ranking third in
China. Shandong Province is veritable in terms of its
population and economy. As an uncommon province
in China where a province is developed as an urban
agglomeration, the Shandong Peninsula Urban Ag-
glomeration is one of the important urban agglomer-
ations proposed in the National 14th Five-Year Plan
for development and growth and is also the core of
the national strategy to promote new urbanization

and economic development !

. To respond
positively to the national planning objectives,
Shandong Province specified in the “Outline of the

14th Five-Year Plan for National Economic and

1,000 km

Social Development of Shandong Province and
Vision 2035 that the institutional mechanism for the
coordinated development of the whole region should
be promoted in an integrated manner. Optimizing and
improving the regional spatial structure is the key
to achieving coordinated regional development ™,
which must be based on an in-depth understanding
of the spatial structure of population density and its

evolutionary characteristics in Shandong Province.

2.2 Methods

The regional density function is an important
means to study the spatial structure of the regional
population and its evolution trend. Since its
introduction, many scholars have extended its
application and supplemented its amendments,
achieving rich research results. Given that the
acquisition of population data is relatively
convenient and reliable and the mathematical form
of the regional density function is quite simple, this
study also chose this method to model the population
agglomeration and diffusion characteristics of
Shandong Province.

(1) Monocentric regional density function

The regional density function is used to describe
how population density varies with distance from the
central city, and is an effective tool for studying the
characteristics of population agglomeration and dif-
fusion "*!. Following Alperovich, the following four
forms of monocentric area density functions (Table
1) were validated by some scholars *':

The monocentric regional density function as-

Figure 1. Location and topography of Shandong Province.
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Table 1. Monocentric regional density functions and the parameters.

Function used Original

Models . . . X variable Y variable  Restrictions Meanings of parameters
in regression  function
Linear D,=a+br Same r D, None r is the distance between the
Logarithmic D, = a + blnr Same Inr ot r#0 area and the regllonal cen.ter,
, D, is the population density at
Power ll’lDr =aqa + blnr Dr =ar Inr ll’lDr r # 0 and DV ¢ 0 distance 7 from the regional
Exponential  In(D,)=a+br D,=ae” r InD, D,#0 center, and a and b are

parameters to be estimated.

sumes that there is only one central city in the re-
gion. Therefore, when discussing the form of the
monocentric regional density function, it is first nec-
essary to divide Shandong Province into a number
of monocentric metropolitan areas. In this study, we
referred to Wang Fahui’s approach for delineating
urban influence ranges * and used the urban areas of
the central cities in the region as the core to delineate
their zones of influence. The delineation of the zone
of influence was based on the gravity model:

L =G/ rl/ﬁ Q)]

; 1 1s the dis-

tance between regional unit j and city i; /; indicates

where C; is the population size of city i

the degree to which regional unit j is influenced or
radiated by city 7; and £ is the distance friction coef-
ficient, where the empirical value of f = 2.1 is taken
from the gravity model used by Yang Qi in his study
of inter-regional passenger flows in China **. A cen-
tral city is an attributed city of regional unit ; if its
radiation or influence on regional unit j is the great-
est among all central cities.

(i1) Polycentric regional density function

The monocentric regional density function only
considers the influence of a single central city when
analyzing the regional population distribution . Tt
is believed that the population density at the same
distance from the center is the same, regardless of

17 which has some limitations when

the direction
analyzing the trend of population density changes
in polycentric regions. Therefore, it is essential to
consider the impact of multiple centers in the region
on the population distribution to more accurately in-
terpret the characteristics of regional population ag-
glomeration and dispersion. The polycentric regional

density function was used to reveal the distribution
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and trend of regional population density under the
combined effect and influence of multiple centers.
Heikkila et al. argued that if multiple centers are in
competition and division of labor with each other,
and there is both substitutability and complementari-
ty, then the polycentric density function may formal-
ly take the form of a merger of multiple monocentric
density functions. Based on this, they proposed three
models for the distribution of population density in
polycentric urban areas . Assumptions regarding
the impact of multiple centers on population distri-
bution range from full substitution to full comple-
mentation. Given the fact that most scholars deem
the impact of each center in the region to be between
complete substitution and complementation ** and
the actual situation in Shandong Province, this study
selected the exponential model to test Shandong
Province. Its functional form is:

n
— bi;
D = E ae
i=1

where D, is the population density at distance » from

)

the regional center, n represents the number of re-
gional centers, r; is the distance from the region to
each center, and a; and b, are parameters specific to
regional center i.

(ii1) Inverse Distance Weighted (IDW) Interpola-
tion

To clearly reflect the spatial relationship of the
population distribution in Shandong Province, this
study applied the IDW method to analyze the region-
al population density distribution. The IDW is one of
the most commonly used methods for interpolating
spatial information. It is based on the “first law of
geography”, which assumes that the parameter val-
ues of observations closer to the prediction point are
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more similar than those further away from the pre-
diction point "', Therefore, the IDW method assigns
more weight to observations that are closer to the
predicted points ", The equation for this method is
as follows:

n z. n
z=13Ly/yaf
i=1dP i

©)

where Z is the estimated value, Z,; is the i (i = 1,...,n)
sample value, d; represents the distance, and p is the
power of the distance, which was chosen based on
the minimum mean absolute error criterion. The de-
fault setting is p = 2, at which point the correspond-
ing method is called inverse distance squared inter-
polation ©*).

(iv) Cold and hotspot analysis

Cold and hotspot analysis is one of the methods
used for global aggregation testing. It identifies high-
and low-value clusters of regional elements at differ-
ent spatial locations by calculating the Getis-Ord G,
statistics for each element in the dataset. That is, it
identifies the spatial distribution pattern of cold and

hot spots in the study area "”. The equation “” is as
follows:
n
G =—, Q)
jeingi’?

where G, is the Getis-Ord G, statistic. x; is the el-
emental attribute value at location j; n is the total
number of districts and counties; and W is the spatial
weighting matrix. When the G,” value is positive and
significant, it indicates that the values around the
detected points are relatively high and belong to the
high-value spatial agglomeration (hot spot area); a
negative and significant G, value indicates that the
values around the detected points are relatively low
and belong to the low-value spatial agglomeration
(cold spot area); a G, value of zero indicates that the
result was randomly generated and not statistically
significant. A significance test was performed on the
obtained G,” values to identify cold and hot spots at
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the confidence intervals.

2.3 Data sources

In this study, resident population data for 2000,
2010, and 2020 were selected as the population data.
Compared to the household population indicator, the
resident population indicator more accurately reflects
the total number of people residing in a region over a
certain time period and can more accurately indicate
the true size of a region’s population “"’. Resident pop-
ulation figures for 2000, 2010, and 2020 were obtained
from the fifth, sixth, and seventh national census bulle-
tins, respectively, published by each municipality.

For the administrative division data, the land area
data of the county administrative area were used to
calculate the regional population density, and the
data were derived from the Baidu Encyclopedia of
the corresponding county. The administrative divi-
sions of Shandong Province underwent adjustments
and changes during the study period. To ensure con-
tinuity and comparability of the data, this study used
the 2020 administrative divisions as the standard and
matched the statistics for 2000 and 2010. This in-
cluded correction and matching of the names used in
2020 for county-level administrative units that had
been renamed and adjusted, adjustment of the zoning
of newly established districts and counties according
to the streets and towns under their jurisdiction in
2020, and merging or splitting of county-level units
with boundary adjustments and changes according
to boundary changes. In addition, non-administrative
areas, such as high-tech zones and economic and
technological development zones in each municipal-
ity were consolidated according to the area in which
they were located.

Data used to measure the distance between the
two regions were obtained from Amap (https:/www.
amap.com/). This study selected the shortest vehicle
route between the county or municipal government
of the two administrative regions to represent the
distance between each region.


https://www.amap.com/
https://www.amap.com/
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3. Results and discussions

3.1 Population distribution characteristics of
Shandong Province

Statistical characteristics of the population dis-
tribution

An analysis of regional population density can re-
veal the basic characteristics of regional population
distribution and reflect regional differences in pop-
ulation distribution . According to the population
density distribution map of Shandong Province from
2000 to 2020 (Figure 2), the population of Shan-
dong Province was spatially unevenly distributed,
with obvious differences between districts and coun-
ties. Areas with high population densities were more
dispersed, with multiple densely populated circles
in local areas. In contrast, areas with low population
densities were characterized by faceted contiguity.
Specifically, the population density was lower in
the northern part of Shandong Province and higher
in the eastern coastal, central, and southern regions.
Peak population density areas were concentrated in
the urban areas of the cities, with the northern and
southern districts of Qingdao having extremely high
population densities, forming two polarized centers
with population densities of over 10,000 persons per
square kilometer in all years. The other regions with
higher population densities (Lixia District in Jinan,
Zhangdian District in Zibo, Licang District in Qing-
dao and Zhifu District in Yantai) were almost all
between 5,000 and 10,000 persons per square kilo-
meter, a far cry from the two districts in Qingdao.
There were sharp differences in population density
between urban areas and districts and counties out-
side urban areas, presenting a clear decay from urban
areas to the periphery of the city. Most population
densities in the districts and counties outside the city
are less than 1,000 persons per square kilometer. In
addition, the population density varied significantly
between districts and counties in Shandong Province
(Table 2). For example, in 2000, the minimum pop-
ulation density was only 97 persons/square kilome-
ter, whereas the maximum reached 14,918 persons/
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Figure 2. Population density distribution map of Shandong

Province.

square kilometer, a difference of nearly 150 times.
Specifically, in terms of spatial changes in popula-
tion distribution, with the exception of Heze City and
the peripheral districts and counties of Qingdao City,
where there was a widespread increase in population
density, there was little change in the distribution of
all classes of population density over the study pe-
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Table 2. The descriptive statistics of population density in Shandong Province.

Population density (person/km’)

Year
Maximum Minimum Average Standard deviation
2000 14918 97 1010 1889
2010 18162 109 1168 2246
2020 17411 108 1280 2337
Year Number of counties by population density(person/km”)
<300 300-500 500-700 700-1000 1000-3000 3000-5000 >5000
2000 7 38 52 15 18 2 4
2010 7 36 45 19 20 5 4
2020 8 41 34 20 21 6 6

riod, and the pattern of population distribution was
relatively stable.

From the perspective of temporal changes in pop-
ulation density, both the mean and standard deviation
of population density in Shandong Province showed
an increasing trend (Table 2). This indicates that the
population density of Shandong Province has grown
over the past 20 years, and regional differences have
increased. This is demonstrated by the minimum
population density in Shandong Province (Hekou
District, Dongying City) increasing from 97 persons/
km® in 2000 to 108 persons/km’ in 2020; the average
population density increasing from 1010 to 1280 per-
sons per square kilometer over a period of 20 years;
and the number of areas with a population density
greater than 1,000 persons per square kilometer ris-
ing from 24 in 2000 to 33 (Table 2), with new areas
including Licheng District in Jinan, Laoshan District
in Qingdao, Laishan District in Yantai, Donggang
District in Rizhao, Luozhuang District, and Hedong
District in Linyi. There was a marked change in the
districts and counties with population density values
between 500 and 700 persons/km’, with several of
them having increased to 700-1000 persons/km’ in
2020.

In summary, the densely populated areas of Shan-
dong Province are concentrated in economically
developed areas with superior natural geography.
Economically developed areas with accelerating lev-
els of urbanization are attracting growing population
concentrations from outlying districts and counties,
making the local population density significantly
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higher than that of other districts and counties. The
influence of the natural geographical environment
on population distribution can be observed in the to-
pography of the terrain. The flatter terrain favors the
growth of local crops, which in turn leads to higher
population densities **. In the south-central region
of Shandong Province, mountainous and hilly terrain
is widespread, transportation is inconvenient, and
economic development is relatively slow, making
the population more dispersed . The Yellow River
Delta region of Dongying and Binzhou, although
located on the plain, is plagued by seawater erosion
and serious land salinization, making reclamation
and renovation difficult; therefore, it is sparsely
populated. The topography of the Jiaodong Penin-
sula is predominantly hilly and complex; thus, the
population is mostly concentrated in gently sloping
coastal areas **’. Coupled with the advantageous ge-
ographical location of the Shandong Peninsula urban
agglomeration, convenient waterway transportation,
earlier development, and higher levels of economic
development and urbanization than in inland areas,
this has led to the movement of the surrounding
population to coastal areas, resulting in significant
differences between the surrounding districts and
counties **. In addition, the areas along the axes
of the main railway lines (Jiaoji, Beijing-Shanghai,
Beijing-Kowloon and Xinshi lines) are also areas of
high population density.

Spatial characteristics of population distribution

The IDW results (Figure 3) demonstrated that,
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Figure 3. Population density distribution map of Shandong
Province based on IDW.

in general, the areas with high and low values did
not vary significantly during the study period. The
divergence in population density was evident, show-
ing a trend of local concentration in high-value areas
and a contiguous distribution in low-value areas.
A spatial distribution pattern was formed, with Ji-
nan, Qingdao, Zibo, Weifang, Yantai, and Dezhou
as local high-value areas, whereas other areas were
low-value areas for a long time. Meanwhile, several
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high-value areas tended to diffuse from the center to
the periphery, presenting a certain circular structure.
Moreover, degradation of the high- and low-value
areas occurred in almost all outer districts of the city
during the study period. This could indicate a devel-
opmental tendency of the population to concentrate
on the central city.

Overall, the results based on the IDW revealed
the stable existence of six statistically significant
high population density areas within Shandong Prov-
ince, indicating a polycentric spatial structure char-
acteristic of regional population distribution. The
six densely populated areas centered on the Jinan,
Qingdao, Zibo, Weifang, Yantai, and Dezhou centers
can serve as the six population density centers in
Shandong Province. This finding provided a basis
for the application of the polycentric regional densi-
ty function to analyze the characteristics of regional
population agglomeration and diffusion.

3.2 Agglomeration and diffusion of the
population in Shandong Province

Analysis based on the monocentric regional
density functions

According to the results of the IDW, there are six
statistically significant population density centers in
Shandong province, namely Jinan center (Lixia Dis-
trict, Shizhong District, Huaiyin District, Tianqiao
District, Licheng District), Qingdao center (Shinnan
District, Hebei District, Laoshan District, Licang
District), Zibo center (Zichuan District, Zhangdian
District, Zhoucun District), Yantai center (Zhifu
District, Fushan District, Muping District, Leshan
District), Weifang center (Weicheng District, Hant-
ing District, Fangzi District, Kuiwen District) and
Dezhou center (Decheng District). Considering the
need for computation, this study chose the shortest
route between the other district and county govern-
ments and the regional center government, plus one
kilometer as the distance from the regional center;
and thus, the impact area was divided. Combined
with the results of the influence zone division, this
study fits four forms of density functions for the Ji-
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nan, Qingdao, Zibo, Yantai, Weifang, and Dezhou
centers. The results demonstrated (Table 3) that the
logarithmic model exhibited high goodness of fit in
all six regions. Therefore, a logarithmic model was
selected for analysis of the study area.

The intercept a and slope b of the regional density
function represent the estimated population density at
the center of the region and the regional population
density gradient, respectively. By observing the fitted
lines of density functions based on the logarithmic
model for the Jinan, Qingdao, Zibo, Yantai, Weifang,
and Dezhou centers over the study period (Figure 4),
the absolute values of the intercept a and slope b in-
creased in all six regions from 2000 to 2020, and the
growth in the Jinan and Dezhou centers was prom-

inent from 2010 to 2020, while the growth in the
remaining four population density centers was rela-
tively stable over the two decades, with the Qingdao
and Dezhou centers rising particularly rapidly. An
increase in the intercept reflects an increase in pop-
ulation density in the urban areas of the central city,
while an increase in the slope indicates that popula-
tion density decreases more rapidly as the distance to
the central city increases. This indicates a clear and
increasing trend of centripetal agglomeration in the
six regions over the 20-year period. Districts closer
to the center not only have a higher population densi-
ty but also a faster growth rate in population density
than more distant districts. After analyzing the cen-
sus data, this study suggests that the rapid increase

Table 3. Regression results of monocentric regional density functions.

Region Function a b R’
form 2000 2010 2020 2000 2010 2020 2000 2010 2020
Linear 786.652 919.785 1085.737  —2.793" -3.767 -5.605" 0.226 0.235 0.238
] Logarithmic  1310.016 1624.713  2145.855 —187.243  —251.158  —-372.169  0.801 0.811 0.822
finan Power 7.123 7.321 7.556 -0.216 —0.248 -0.309 0.687 0.694 0.685
Exponential ~ 6.517 6.619 6.676 -0.003" -0.004" -0.005" 0.190 0.193 0.179
Linear 1860.429" 2478.311°  3037.079° —14.989"  —24.340"  —30.040 0.409 0.443 0.502
, Logarithmic ~ 3163.444 4045571  4738.781  —617.727  —834.934  —958.835"  0.921 0.945 0.929
Qingdao Power 8.053 8.353 8.577 -0.409 —0.458" 0471 0.920 0.901 0.837
Exponential ~ 7.261 7.598 7.900 -0.011° -0.016" -0.018 0.511 0.575 0.683
Linear 1203.035 1356.848  1469.173  —13.461 -16.179  -18.770° 0.873 0.895 0.850
Jibe Logarithmic  1328.238 1533.722  1730.581 —194,054** —241.3*1*3 —297.1*2*6 0.780 0.856 0.917
Power 7.264 7.419 7.546 —0.242 -0.271 -0.310 0.655 0.718 0.768
Exponential ~ 7.150 7275 7.343 —0.018 -0.020 -0.021 0.830 0.874 0.854
Linear 567.085" 716.164"  841.868°  —1.030" 2778 —4.409" 0.059 0.238 0.308
Vantai Logarithmic ~ 629.576" 813.582"  988.158" 736.753* 781.05*9* 7126.5*24* 0.155 0421 0.528
Power 6.507 6.686 6.860 -0.075 -0.139 -0.200 0.167 0.364 0.397
Exponential ~ 6.317 6.507 6.581 -0.002" -0.005" —0.006" 0.066 0.192 0.193
Linear 562.077 621.762 689.244  -12427 0937 -2.967 0.283 0.041 0.307
Weifang Logarithmic ~ 560.444 742.276 924.003 —16.90?* —47.69*0* —110.5;5*1** 0.115 0.184 0.735
Power 6.330 6.593 6.807 -0.035 -0.076 -0.162 0.130 0.174 0.603
Exponential ~ 6.328 6.398 6.463 —0.002" —0.001" -0.004 0.294 0.038 0.251
Linear 2358.959" 2904.270° 4286.715° -52.823"  —67.412°  -106.679°  0.937 0.942 0.939
Deshon Logarithmic  2383.428"  2932.550" 4334.992" 7542.227“ 7690.9*2*4** 71094.*7*09** 0.993 0.994 0.993
Power 7.771 7.979 8.365 —0.468 -0.515 —0.648 0.986 0.988 0.985
Exponential ~ 7.745 7.956 8.325" -0.045 -0.050" —0.063* 0.924 0.933 0.919

Note: The significance level of parameter estimates without labeling is p = 0.001; * indicates that the parameter estimates are not significant, and ** indicates that the sig-

nificance level of parameter estimates is p = 0.01.
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in population density in the centers of Jinan and
Qingdao is mainly due to the large influx of people
from other areas. The population of the urban area in
Jinan is large, and the growth of its population densi-
ty is closely related to its special status as the capital
city of the province. The population density in the
Jinan center rose faster from 2010 to 2020, and this
study speculates on the following reasons: In 2017,
Shandong Province clarified the strategic concept of
the conversion of old and new kinetic energy, and
Jinan city actively responded to the requirements
by developing a number of new industries. The ob-
jective demand for economic structure optimization
and policy support led to the migration of talent to
Jinan. In addition, in 2020, Jinan proposed a “strong
provincial capital” strategy and zero-threshold settle-
ment policy, which also contributed to rapid growth
in population density. Qingdao, the most developed
leading city in the Jiaodong Economic Circle and an
important national coastal center city, is well placed
in terms of economic output, employment opportu-
nities, social security, and infrastructure. Simulta-
neously, Qingdao hosted various major events, such
as the Shanghai Cooperation Organization summit,
and the city’s influence increased significantly. The
reform of the household registration system and the
relaxation of settlement and access conditions also
provided conditions for population agglomeration,
which undoubtedly attracted the population of the
surrounding districts and counties. As far as the other
three centers are concerned, Zibo has a long history
of industry and is an old industrial area that has de-
veloped based on its resources. This, coupled with its
emphasis on the transformation and upgrading of tra-
ditional industries and its focus on the tertiary sector
during its development in recent years, has allowed
the region to flourish. Yantai is strategically located
and is an important land and sea transportation hub
in Northeast Asia and the Circum-Bohai Sea Eco-
nomic Zone. Relying on its excellent port conditions,
the city is actively cultivating and growing its hub
economy. Simultaneously, as one of the “three cores”
of Shandong Province’s comprehensive pilot zone
for the conversion of old and new kinetic energy,
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it is developing well. Weifang ranks among the top
cities in Shandong Province in terms of geographical
area, population, and total economic scale, and has a
strong industrial base as a traditional industrial and
agricultural city. It relies on the Weifang Port to ac-
tively develop its port economy. In recent years, Wei-
fang has been optimizing and upgrading its industrial
system, improving its modern industrial system, and
continuously increasing its investment in innovative
cities with certain advantages. The transport location
and natural conditions provide a good foundation for
the development of Dezhou. Relying on its superior
transportation location, the Dezhou center has taken
the lead in development, driven by the synergistic
development of the Beijing-Tianjin-Hebei Region.
As a large national transportation hub, Dezhou is
developing at a relatively rapid pace. In addition,
rich mineral resources exist underground in Decheng
District. The Dezhou Power Plant of Huaneng Inter-
national Power Co., Ltd., the second largest thermal
power plant in China, is located in the Decheng Dis-
trict, which also attracts the population of surround-
ing districts and counties to work there **. Although
the Zibo, Yantai, Weifang, and Dezhou centers also
have a certain floating population, they are inferior
to the Jinan and Qingdao centers.

Furthermore, it can be observed from Figure 4
that the growth rate varied considerably between the
different areas in the hinterlands of the Qingdao and
Dezhou centers. The growth in population density
was very significant in proximity to the Qingdao
and Dezhou centers, whereas the growth in areas
further away from them was slow. This is in line
with the “core growth-hinterland stagnation” pattern
of Barkley et al. """, In contrast, the growth patterns
of the remaining centers were more moderate, and
although the areas closer to the center continued to
grow faster than those away from it, the difference in
growth rates was more moderate than that in the two
centers mentioned above. These two growth patterns
reflect the difference between the development of
the central city and that of its hinterland. Qingdao’s
economy is large and has an extremely strong ag-
glomeration effect. It has a large development gap
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Figure 4. Growth patterns in different population density centers.

with the surrounding districts and counties, and the
city of Qingdao does not have a strong radiation
drive. The lack of large-scale, complete industrial
chains and high-level modern industrial enterprises
in the Jiaodong Peninsula makes it difficult to stimu-
late economic development in the hinterland . The
stronger polarization effect led to a larger difference
in population density between the central area and
peripheral districts and counties. The reason for the
large difference in population density between the
center of Dezhou and the periphery is the low level
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of economic development in Dezhou as a whole.
Compared to other county-level regions, Decheng
District has a high degree of development. In De-
zhou city, the center has a comparative advantage. In
addition, most new infrastructure is concentrated in
cities and counties, which increases the development
gap [47]
economy, excellent service facilities and, thanks to

. The center of Jinan has a well-developed

the integration construction of the Jinan metropolitan
area, Jinan and its neighboring cities have reached
the standard of a “one-hour economic circle” with
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convenient transportation "*”. The diffusion effect has
also led to higher population densities in neighboring
areas, with stronger spatial correlations between re-
gional units . In addition, Figure 4 shows that the
population density in Jinan center is lower than that
in Qingdao center. This study speculates that this
is because of the rapid development of Qingdao in
recent years, with Jinan, the provincial capital city,
being overwhelmed by Qingdao, and the increasing
competition gap. Compared to Jinan, the gap be-
tween the centers of Zibo, Yantai, and Weifang and
the peripheral areas is smaller. The common reason
for this is that the economic development of the dis-
tricts and counties within the sphere of influence of
these three centers is at a similar level. The centers
do not have a strong population concentration capac-
ity, but their relatively rapid economic development
has attracted a certain population from the surround-
ing districts and counties. Together with the prox-
imity of these three centers to the cities of Jinan and

Qingdao, their development is inevitably influenced
by the two powerhouses, limiting their polarization
and diffusion effects.

Analysis based on the polycentric regional den-
sity functions

The determination of regional density centers was
based on the above analysis of the characteristics
of the population density distribution in Shandong
Province. Six population density centers were used
for the monocentric regional density function anal-
ysis: Jinan, Qingdao, Zibo, Yantai, Weifang, and
Dezhou. According to the IDW, the most prominent
centers were Jinan, Qingdao, and Zibo. The polycen-
tric regional density function followed the six
centers mentioned above, and the models were fitted
and compared separately for different numbers of
centers. The fit results for the polycentric population
density model are presented in Table 4.

The polycentric population density model based

Table 4. Comparison of the fitting results of the polycentric population density model.

Center Year Model 1 Model 2 Model 3 Model 4
a b a b a b a b
2000 641.290 —0.002 1538.991 —0.482 1359.701  -0.356  1319.043  -0.324
Jinan 2010 1020.603 —-0.007 1459.236 -0.114 1467.612  -0.124 1444702  —0.100
2020 3223.348 —-0.568 2154.727 -0.111 2137374  -0.094  2138.823  -0.096
2000 3216.818 —0.068 3138.012 —0.080 3144.400  -0.080  3144.892  —0.080
Qingdao 2010 4267.686 —0.046 3932.811 —-0.065 3918.105  —0.066  3928.841  —0.066
2020 4789.047 —0.044 4551.754 —-0.051 4570.155  -0.051  4568.794  —0.051
2000 775.341 -0.050 855.579 —0.044 846.112 —0.045  846.598 —-0.045
Zibo 2010 1016.212 —-0.040 1053.177 —-0.045 1044.845  -0.047 1024.394  —0.049
2020 998.269 —0.006 1284.258 —0.051 1267.076  -0.052  1267.173  —0.052
2000 498.867 0.000 241.642 -0.272  234.610 -0.236
Yantai 2010 504.216 0.000 528.988 0.000 486.983 —0.268
2020 504.531 0.000 805.472 -0.309  771.650 -0.273
2000 504.355 0.000 504.311 0.000
Weifang 2010 486.365 -0.547  568.621 —-0.001
2020 538.579 -0.001  534.415 —-0.001
2000 3972.119  -0.716
Dezhou 2010 2940.236  -0.162
2020 7021.046  -0.577
2000 0.887 0.958 0.958 0.968
R’ 2010 0.888 0.955 0.946 0.962
2020 0.920 0.937 0.940 0.961

73



Journal of Geographical Research | Volume 06 | Issue 03 | July 2023

on the exponential form fits better and is generally —ward urban areas. In terms of changes in b value of

more applicable than the monocentric model, with
R? values above 0.9 in all years of the study period.
This indicates that the exponential model can better
explain the structure of the population density dis-
tribution in Shandong Province, which has formed a
polycentric population density spatial structure, and
the relationship between population density centers
is between complete substitution and complemen-
tation. Model 1 used three centers, Jinan, Qingdao,
and Zibo, all of which had R” values exceeding 0.88,
indicating that these three centers explained, to a
large extent, the distribution of population density in
Shandong Province. By 2020, the R” value reached
0.92, indicating that these three centers had an in-
creasingly strong influence on regional population
density distribution and could dominate regional
population density distribution. Model 2 added the
Yantai center, and the R” value further increased to
over 0.93. The explanatory power of the model was
further enhanced, indicating that these four centers
could fully explain the regional population densi-
ty distribution. However, between 2000 and 2020,
the R* values showed a decreasing trend, indicating
that other population density centers in the region
continued to develop and had an increasingly sig-
nificant impact on the regional population density
distribution, while the explanatory power of the Yan-
tai center on the overall regional population density
distribution decreased. Models 3 and 4 added the
Weifang and Dezhou centers, respectively, and the
results demonstrated that the two centers also had
an impact on the regional population density distri-
bution; however, there was no significant change in
R’ values, indicating that the Weifang and Dezhou
centers made a relatively limited contribution to the
degree of model interpretation.

Changes in the estimated values of @ and b reflect
the characteristics of regional population agglomer-
ation and diffusion at different stages. The estimates
of regional population density a showed that all
six centers had an upward trend in their population
density estimates. This reflected the overall trend of
population concentration in Shandong Province to-
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the population density gradient, both the Jinan and
Qingdao centers exhibited a decrease in the b value
during the study period, demonstrating continuous
outward population diffusion. This reflected the
spatially evolving characteristics of the population
structure of the center’s growth-based diffusion pat-
tern, where the center’s population density increased
while the population density gradient decreased.
This indicated that Jinan and Qingdao grew stronger
as centers while driving the development of other
districts and counties within their spheres of influ-
ence, with a high degree of center development. The
Zibo, Yantai, and Weifang centers displayed a gener-
ally weak upward trend, with the population density
gradient increasing but not changing significantly.
This reflected the centripetal concentration pattern of
the population and the fact that the three areas were
relatively “weak” centers. The population density
gradient in the Dezhou center demonstrated a decline
followed by an increase, indicating that the Dezhou
center had not yet shown a strong agglomeration
ability from 2000 to 2010. The regional population
distribution was mainly dominated by centers such
as Jinan, Qingdao, and Zibo, while the agglomera-
tion effect gradually emerged after 2010, displaying
a trend of population agglomeration toward the
center.

3.3 Further discussion on population agglom-
eration and diffusion

To further explore the spatial variation pattern
of population dispersion in Shandong Province, we
first visualized the population growth rate during the
study period using ArcGIS, and the results are shown
in Figure 5. Overall, there were significantly more
areas with positive population growth rates from
2000 to 2010 than from 2010 to 2020, and the areas
with higher population growth rates were broadly
concentrated in the central districts and counties of
the cities. Specifically, from 2000 to 2010, the popu-
lation growth rate in the western region of Shandong
Province was higher than that in the eastern region,
with a contiguous positive regional distribution of
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Figure 5. Population growth rate map and distribution map of hot and cold spots in Shandong Province.

growth rates. However, the eastern regions of Ping-
du City, Kuiwen District, Fangzi District, Laoshan
District, Huangdao District, Laishan District and
Ju County had the highest population growth rates.
The regions with the lowest population growth rates,
namely Jimo, Chengyang, Licang, and Lanshan,
were also located in the eastern part of Shandong
Province. This indicated that the population growth
rate varied more among districts and counties in the
eastern region and less among districts and counties
in the western region. For the period 2010-2020,
regions with negative population growth rates con-
stituted the majority. The population growth rate be-
tween city center districts and peripheral districts in-
creased further. This reflected a further strengthening
of population agglomeration and a more pronounced
polarization effect of the centers. It is worth noting
that most of the regions with the highest growth rates
in the period 2000-2010 had growth rates of less
than —4% in the period 2010-2020. In contrast, the
regions with the lowest growth rates in the period
2000-2010 almost all saw their growth rates increase
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above 4% in the period 2010-2020.

Based on the characteristics of the population
growth rate of each county and district in Shandong
Province, this study further explored the agglomera-
tion and diffusion characteristics using cold and hot
spot analyses. As shown in Figure Sc, the spatial
variations in the cold and hot spot areas from 2000
to 2010 were small, with more hot spot areas than
cold spot areas. Specifically, there are six hotspot
areas, mainly in the eastern part of Shandong Prov-
ince, including Pingdu City, Fangzi District, Laos-
han District, Huangdao District, Leshan District,
and Juxian County. There are four cold spots: Jimo
District, Chengyang District, Licang District, and
Lanshan District, which are more concentrated than
the hot spots. Figure 5d shows that there was some
replacement of cold and hot spot zones in 2010-2020
compared with those in 2000-2010. Four cold spot
zones—Pingdu City, Laoshan District, Huangdao
District, and Ju County—were hot spot zones during
the last time period. There are five hotspot zones: the
Zhoucun, Lanshan, Jimo, Chengyang, and Licang
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Districts. Except for Zhoucun District, the other four
districts were cold spots during the last time period.

In summary, the population agglomeration effect
in the central districts and counties of Shandong
Province was increasing. Variations in population
size were more significant along the eastern coastal
area than in the inland area, and the phase of popula-
tion growth rates along the eastern coastal area was
more evident over the study period.

4. Conclusions and limitations

4.1 Conclusions

This study analyzed the distribution of population
density in counties in Shandong Province based on
data from the 2000, 2010, and 2020 censuses. To
directly reflect the spatial relationship of the pop-
ulation distribution, this study used the IDW. On
this basis, the monocentric and polycentric regional
density functions were applied to study the charac-
teristics of population agglomeration and diffusion in
Shandong Province, and the changes in the popula-
tion growth rate and variations in cold and hot spots
were further analyzed over a twenty-year period. The
results indicated that the spatial distribution of the
population in Shandong Province was uneven, with
obvious differences in population size and changes
between districts and counties. With urban areas as
the center of population concentration, a multi-center
spatial structure was formed, and six central cities
dominated the spatial distribution trend of regional
population density, including Jinan, Qingdao, Zibo,
Yantai, Weifang, and Dezhou centers. Methodologi-
cal and conclusive differences between monocentric
and polycentric regional density functions were com-
pared. The polycentric regional density function ex-
hibited a better fit and was more applicable than the
monocentric model. The results of the monocentric
regional density function analysis showed a clear and
increasing trend toward the centripetal agglomera-
tion of regional centers over the study period, but the
ability to agglomerate and the difference in the rate
of population growth between the center and hinter-
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land differed. Conversely, the polycentric regional
density function reflected that some of the centers
displayed a spatial trend of diffusing outward, and
that different levels of centers exhibited different
patterns of population agglomeration and diffusion.
The spatial statistical analysis of population densi-
ty growth further validated the polycentric density
function. The multicenter regional density function
reflected the trend of population density change
more accurately and precisely because of the com-
prehensive consideration of the influence of multiple
centers on the distribution of population density.

4.2 Limitations

The study of the characteristics of regional popu-
lation density distribution is important for identifying
the characteristics of regional spatial structure devel-
opment. In this study, monocentric and polycentric
regional density functions were discussed, and the
analysis and comparison were relatively complete.
However, this study only started with demograph-
ic data, as a more diverse range of socioeconomic
data was required for a comprehensive analysis of
the regional spatial structure. Simultaneously, the
distribution of the population density is influenced
by economic, social, and natural factors, and further
exploration of the mechanisms that influence the
spatial structure of the population is needed. In ad-
dition, this study was based on county data and did
not discuss the spatial structure of the population of
Shandong Province in sufficient detail; a more com-
prehensive study could be conducted in the future
using data from smaller-scale geographical units.
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