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Abstract
Fine-scale analysis of population change is of great theoretical and practical sig-
nificance for deepening the understanding of the coupling mechanisms of human–
land systems and optimizing regional development policies. Based on data from
the fifth, sixth, and seventh national population censuses, this study comprehen-
sively applies GIS spatial analysis, standard deviation ellipse, and GeoDetector
methods to systematically examine the evolutionary characteristics and driving
mechanisms of the spatial distribution pattern of township-level population in
the Yellow River Basin from 2000 to 2020. The results show that: (1) The distri-
bution of township-level population density in the Yellow River Basin presents
a pattern of higher density in the east and lower density in the west, consistent
with the distribution pattern of economic development levels. During the study
period, township-level population shrinkage was pronounced, with 5530 town-
ships experiencing population decline, accounting for 59.89% of the total number
of townships. (2) Population distribution exhibits a strong spatial autocorrela-
tion effect. During the study period, there were 935“high-high”townships and
2406“low-low”townships; hotspots of population growth showed an expansion
trend “from north to south and from east to west”; coldspots of population
growth formed a stable pattern of “central collapse.”The center of gravity of
population distribution was located in Jincheng City, Shanxi, and showed a slow
northward migration. (3) GeoDetector analysis reveals that the synergistic ef-
fects of physical geography, socioeconomic conditions, and geographical location
are the key mechanisms shaping the township-level population distribution pat-
tern in the Yellow River Basin, with stronger synergistic effects between physical
geography factors and geographical location factors. The dominant influencing
factors differ across regions, and per capita cultivated land area has the most
significant constraining effect on population distribution.
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and practical significance for deeply understanding the coupling mechanisms of
human–land systems and optimizing regional development policies. Based on
data from the fifth, sixth, and seventh national population censuses, this study
comprehensively applies GIS spatial analysis, standard deviational ellipse, and
geographical detector methods to systematically analyze the evolutionary char-
acteristics and driving mechanisms of the spatial distribution pattern of town-
ship population in the Yellow River Basin from 2000 to 2020. The results show
that: (1) The distribution of township population density in the Yellow River
Basin presents a pattern of high values in the east and low values in the west,
which is consistent with the pattern of economic development levels. During the
study period, township population contraction was evident: 5,530 townships
were in a state of population contraction, accounting for 59.89% of the total
number of townships. (2) Population distribution exhibits a relatively strong
spatial autocorrelation effect. During the study period, there were 935 “high–
high”type townships and 2,406“low–low”type townships; population growth hot
spots showed an expansion trend “from north to south and from east to west,”
while population growth cold spots formed a stable “central collapse”pattern.
The center of gravity of population distribution was located in Jincheng City,
Shanxi Province, and showed the characteristic of slowly migrating northward.
(3) Geographical detector analysis reveals that the synergistic effects of natural
geography, socioeconomic conditions, and geographical location factors are the
key mechanisms shaping the population distribution pattern of townships in
the Yellow River Basin, among which the synergistic effect between natural ge-
ographical factors and geographical location factors is stronger. The dominant
influencing factors differ among regions, and per capita cultivated land area has
the most significant constraining effect on population distribution.

Keywords: influencing factors; geographical detector; spatial distribution of
population; evolution of spatial pattern; Yellow River Basin
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The Yellow River Basin is an important ecological barrier and ecological corridor
in China. Its ecological protection and high-quality development constitute an
important component of ecological civilization construction in China and even
globally[1]. However, the basin faces multiple challenges, including prominent
contradictions between population, resources, and the environment, as well as
unbalanced regional development. On September 12, 2024, at a symposium
on comprehensively promoting ecological protection and high-quality develop-
ment in the Yellow River Basin, General Secretary Xi Jinping emphasized the
need to promote ecological protection across the entire basin to a new level,
achieve new results in high-quality development, bring new improvements to
people’s lives, and open up a new situation for ecological protection and high-
quality development in the Yellow River Basin. Population is the core element
of regional development[2]; its spatial distribution pattern directly affects the ef-
ficiency of resource allocation, environmental carrying capacity, and the quality
of economic and social development[3]. Scientifically grasping the evolutionary
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laws of population distribution can not only provide a basis for current regional
policymaking, but also offer an important reference for future urban–rural devel-
opment planning and population management strategies[4]. Especially against
the background of integrated urban–rural development, in-depth study of pop-
ulation distribution characteristics at the township scale is of great significance
for solving the problem of“rural hollowing”and promoting rural revitalization.

As a comprehensive representation of the state of regional development, the
spatial distribution of population has always been a core topic in human ge-
ography research. Existing studies have achieved abundant results in mea-
suring population distribution patterns, identifying spatiotemporal evolution
laws, and exploring driving mechanisms[5–8]. Studies at the macro scale show
that since Hu Huanyong proposed the Hu Line, the basic pattern of China’
s population distribution has remained stable, but southeastern regions have
displayed significant spatial restructuring characteristics internally[9–11]. This
spatial heterogeneity originates from the coupling effects of multiple factors,
among which natural geographical factors—especially topographic conditions—
establish the basic framework of population distribution[12–15], while economic
factors have played an increasingly prominent leading role in modern popula-
tion agglomeration[16–17]. With socioeconomic development, the influence of
new driving factors such as geographical location and public services on popula-
tion redistribution has continuously increased[18–22]. Overall, although existing
studies have revealed macro-level patterns relatively well, the following two lim-
itations remain[23–25]: research scales are mostly concentrated at the national
and provincial (regional) levels, with insufficient fine-scale depiction of micro
administrative units such as townships and subdistricts; and research on the re-
sponse of new characteristics of population distribution under the background
of urban–rural transformation still needs to be deepened.
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Townships are the basic units of coordinated urban–rural planning and inte-
grated development, and the evolution of their population distribution patterns
has unique research value. In the process of traditional urbanization, the“urban-
biased”development strategy led to rural population outflow and weakening
development momentum[^26]. However, with the in-depth implementation of
a series of major strategies such as rural revitalization, integrated urban–rural
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development, and village merger and cohabitation[^27–28], rural land-resource
allocation has been optimized to a certain extent, infrastructure conditions have
improved, and localized population agglomeration in townships has been pro-
moted, resulting in more complex population migration patterns in urban–rural
regions. As the cradle of Chinese civilization, the Yellow River Basin has a
process of population agglomeration and diffusion in its riparian townships that
profoundly reflects the internal laws of regional development. Based on this,
this study takes 9,234 townships in the Yellow River Basin as the research
objects, integrates multi-period population census data, and systematically an-
alyzes the spatiotemporal evolution characteristics and multi-factor synergistic
driving mechanisms of the spatial pattern of township population in the basin
from 2000 to 2020. The results will provide a scientific basis for promoting co-
ordinated population–economy–environment development in the Yellow River
Basin, and have important practical value for advancing high-quality regional
development.

1 Data and Methods
1.1 Overview of the Study Area
As an important ecological barrier and economic belt in China, the Yellow River
Basin flows through nine provinces (autonomous regions): Qinghai, Sichuan,
Gansu, Ningxia, Inner Mongolia, Shanxi, Shaanxi, Henan, and Shandong. Its
main stream is 5,464 km long; the average elevation of the source region is above
4,000 m; and the basin covers a vast area of 79.5 × 104 km2. The population
distribution in the Yellow River Basin is uneven: most of the population is con-
centrated in the middle and lower reaches of the basin, especially in megacities
such as Zhengzhou and Xi’an, forming densely populated core areas. From
2000 to 2020, the resident population of townships in the Yellow River Basin
decreased by 4.56 × 107, with this decline particularly prominent in the tradi-
tional plain agricultural areas of the middle and lower reaches of the Yellow
River Basin, exerting a considerable impact on ecological protection and high-
quality development in the basin[^29]. As the influence of various new factors
becomes increasingly evident, the region will show a more complex population
distribution pattern in the future. In view of this, this study takes the 9,234
townships of 85 prefecture-level cities along the Yellow River as the basic analyt-
ical units. Their spatial extent covers the main population agglomeration areas
while also fully retaining the urban–rural transition zones. The study area has
typical geographic gradient characteristics and prominent human–land relation-
ship contradictions, providing an ideal sample for exploring the laws governing
the evolution of population distribution.
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1.2 Research Methods
1.2.1 Spatial Autocorrelation Analysis

This study uses the global Moran’s 𝐼 index to reflect the overall trend of spa-
tial correlation in township population in the Yellow River Basin[^30]. Global
Moran’s 𝐼 ranges from −1 to 1. The closer the value is to 1, the stronger the
spatial agglomeration of the population; the closer it is to −1, the stronger the
negative spatial autocorrelation; when it equals 1, the population space exhibits
a random distribution pattern. Its calculation formula is as follows:

𝐼 =
𝑛 ∑𝑛

𝑖=1 ∑𝑛
𝑗=1 𝑤𝑖𝑗(𝑥𝑖 − 𝑥𝑧)(𝑥𝑗 − 𝑥𝑧)

∑𝑛
𝑖=1 ∑𝑛

𝑗=1 𝑤𝑖𝑗 ∑𝑛
𝑖=1(𝑥𝑖 − 𝑥𝑧)2 (1)

𝑥𝑧 = 1
𝑛

𝑛
∑
𝑖=1

𝑥𝑖 (2)

where 𝐼 is the global Moran’s index; 𝑛 is the number of research units; 𝑤𝑖𝑗 is the
spatial weight; 𝑥𝑖 and 𝑥𝑗 are the observed values of the 𝑖-th and 𝑗-th research
units, respectively; and 𝑥𝑧 is the mean value of 𝑥𝑖.

Local spatial autocorrelation (LISA) analysis reflects the association of popula-
tion distribution between each township unit and neighboring township units,
as well as the degree of spatial clustering; it is generally characterized using
LISA maps. The calculation formula is as follows:

𝐼𝑖 = 1
𝑆2

𝑛
∑
𝑗≠𝑖

𝑤𝑖𝑗(𝑥𝑗 − 𝑥𝑧)(𝑥𝑖 − 𝑥𝑧) (3)

𝑆2 = 1
𝑛

𝑛
∑
𝑖=1

(𝑥𝑖 − 𝑥𝑧)2 (4)

where 𝐼𝑖 is the local Moran’s 𝐼 value of the 𝑖-th research unit; 𝑆2 is the sample
variance.

1.2.2 Standard Deviational Ellipse Analysis

The standard deviational ellipse describes and visualizes the spatial distribution
characteristics of research objects in terms of centrality, extent, distribution
direction, and distribution shape[^31]. This study uses the standard deviational
ellipse to reveal the spatial morphology of population distribution in the Yellow
River Basin and its evolutionary characteristics. The calculation formula is:

̄𝑥𝑤 = ∑𝑛
𝑖=1 𝑤𝑖𝑥𝑖

∑𝑛
𝑖=1 𝑤𝑖

, ̄𝑦𝑤 = ∑𝑛
𝑖=1 𝑤𝑖𝑦𝑖

∑𝑛
𝑖=1 𝑤𝑖
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𝜎𝑥 =
√√√
⎷

𝑛
∑
𝑖=1

(𝑤𝑖 ̄𝑥𝑖 cos 𝜃 − 𝑤𝑖 ̄𝑦𝑖 sin 𝜃)2

∑𝑛
𝑖=1 𝑤2

𝑖
, (5)

𝜎𝑦 =
√√√
⎷

𝑛
∑
𝑖=1

(𝑤𝑖 ̄𝑥𝑖 sin 𝜃 − 𝑤𝑖 ̄𝑦𝑖 cos 𝜃)2

∑𝑛
𝑖=1 𝑤2

𝑖

where ̄𝑥𝑤 and ̄𝑦𝑤 are the coordinate deviations from research unit 𝑖 to the mean
center, respectively; 𝑥𝑖, 𝑦𝑖, and ̄𝑥𝑖, ̄𝑦𝑖 are the longitude–latitude coordinates and
weighted mean-center coordinates of research unit 𝑖, respectively; 𝜎𝑥 and 𝜎𝑦 are
the standard deviations of the X and Y coordinate axes; 𝜃 is the azimuth angle
of the ellipse; and 𝑤𝑖 is the population size of research unit 𝑖.

1.2.3 Geographical Detector

The geographical detector can effectively identify spatial heterogeneity charac-
teristics and analyze their formation mechanisms, including factor detection,
interaction detection, risk-area detection, and ecological detection[^32]. This
study uses the geographical detector to examine the influencing factors of town-
ship population distribution in the Yellow River Basin from 2000 to 2020. The
calculation formula is as follows:

𝑞 = 1 − 1
𝑁𝜎2

𝑥
∑

ℎ
𝑁ℎ𝜎2

ℎ (6)

where 𝑞 is the statistic of the influence factor, with a value ranging from 0 to 1.
The larger the value of 𝑞, the greater the influence of the independent variable
on the dependent variable. 𝑁 and 𝑁ℎ are the numbers of units in the whole
region and in stratum ℎ, respectively; 𝜎2 is the variance of township population
density; 𝜎2

ℎ is the variance of population density in stratum ℎ; and 𝑥 is the
classification of the independent variable.

1.3 Data Sources and Processing

This study adopts a multi-source data fusion method. The data sources include:
(1) township-level population data from the fifth, sixth, and seventh national
population censuses of 2000–2020; (2) 30 m-resolution elevation data and 1 km-
resolution precipitation and temperature data provided by the Resource and En-
vironment Science Data Platform of the Chinese Academy of Sciences; (3) road
network and river data extracted from the OpenStreetMap platform; and (4) the
global nighttime light dataset (GHNTL) published by Li et al. [33]. Through ra-
diometric calibration and resampling (1 km resolution), this dataset integrates
DMSP-OLS nighttime light data for 2000–2013 and NPP-VIIRS nighttime light
data for 2013–2020, resolving the temporal comparability problem between data
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from different sensors. All data were subjected to unified spatial registration
and standardization to ensure that data quality met the needs of the study.

Because some township administrative divisions were adjusted during 2000–
2020, this study processed them accordingly. The specific processing steps are
as follows: (1) The data from the fifth, sixth, and seventh national population
censuses for 2000–2020 were matched. Information on changes in township ad-
ministrative divisions over the three periods was collected from the National
Bureau of Statistics, the website of the Place Name Network of Administra-
tive Divisions, and county- and municipal-level government websites. Changed
townships were corrected and processed; among them, renamed townships were
queried for their names before and after renaming and the two were matched.
For townships that were canceled, merged, or newly established, manual cor-
rection was conducted according to their administrative divisions, and precise
matching was carried out with township-level census data for the three periods.
(2) Spatialization of township-level census data. To ensure consistency between
census data and spatial boundaries, the complete township name (province name
+ city name + county name + township name) was used as the linking field, and
the census data for the three periods were spatially joined with the township
vector boundaries. Deviations found during the matching process were corrected
using a combination of manual correction and GIS techniques.

2 Results and Analysis
2.1 Spatial Distribution Pattern of Township Population in the Yellow
River Basin

2.1.1 Spatial differentiation characteristics of population density
This paper selects population density as the key indicator for measuring the
spatial distribution characteristics of township population in the Yellow River
Basin. It is calculated as the ratio of the resident population of a township
to the township land area. Based on relevant research results [34] and the
characteristics of population distribution in the basin, it is divided into seven
levels: agglomeration core areas (population density ≥ 1000 persons・km−2),
highly agglomerated areas (500–1000 persons・km−2), relatively highly agglom-
erated areas (200–500 persons・km−2), moderately agglomerated areas (100–
200 persons・km−2), relatively low-density agglomerated areas (50–100 persons・
km−2), low-density agglomerated areas (25–50 persons・km−2), and relatively
sparse areas (≤ 25 persons・km−2), and spatial visualization was conducted (Fig.
1). From the perspective of spatial pattern evolution, population density in the
Yellow River Basin shows stable and significant differentiation characterized by
being high in the east and low in the west. High-density agglomerated areas
(≥ 500 persons・km−2) remain persistently concentrated in

Fig. 1 Distributions of township population density in the Yellow
River Basin from 2000 to 2020

(a) 2000
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(b) 2010

(c) 2020

Legend: national boundary; provincial boundary; municipal boundary; county
boundary.
Population density / persons・km−2: ≤ 25, 25–50, 50–100, 100–200, 200–500,
500–1000, ≥ 1000.
Scale: 0–500 km.

Note: The map is compiled based on the standard map with review number
GS(2024)0650 from the Standard Map Service website of the Ministry of Natural
Resources; the base-map boundaries have not been modified. The same applies
below.

Figure 1. Distributions of township population density in the Yellow River Basin
from 2000 to 2020

Shandong and Henan, and follows a distance-decay pattern of diffusion toward
the periphery; medium-density clusters (100–500 persons・km^-2) are distributed
in Shaanxi and Shanxi; low-density clusters ((�)50 persons・km^-2) are concen-
trated in remote areas such as Qinghai and Sichuan, where the sparse population
is constrained by remoteness, inconvenient transportation, and harsh natural
background conditions. Overall, the high- and medium-density clusters across
the basin are mostly distributed along major roads and overlap with areas of
high road-network density and flat terrain.

From the perspective of population-change trends, during 2000–2010 the town-
ship population within the basin was mainly increasing. There were 5,206
growth-type townships, mainly distributed in central Shandong, Inner Mongo-
lia, and northern Qinghai; there were 4,028 shrinking townships, concentrated
in Henan and Gansu (Fig. 2). In 2010–2020, however, population transfor-
mation and mobility intensified. In economically lagging areas, the population
continuously flowed and concentrated toward central cities, township popula-
tions decreased, and shrinkage intensified. The number of shrinking townships
increased to 6,690 (72.45%), forming contiguous population-shrinkage zones
in Gansu, Shanxi, and Henan; there were only 2,544 growth-type townships
(27.55%), scattered in Ngawa Prefecture of Sichuan, Shaanxi, and southeastern
Qinghai. From a longitudinal perspective over 2000–2020, the overall township
population in the basin showed a shrinking trend. Among them, 1,342 townships
had population shrinkage exceeding 40% (24.27% of shrinking townships), and
2,230 townships had shrinkage of 20%–40% (40.33% of shrinking townships).

2.1.2 Spatial clustering characteristics of population distribution

The spatial autocorrelation analysis results show that township population dis-
tribution in the Yellow River Basin presents significant spatial clustering char-
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Fig. 2 Distributions of township population growth in the Yellow River Basin
from 2000 to 2020

Figure 1: Fig. 2 Distributions of township population growth in the Yellow
River Basin from 2000 to 2020

acteristics. Based on the ArcGIS 10.8 platform, global spatial autocorrelation
analysis was conducted on township population census data for 2000, 2010, and
2020. The results show that the global Moran’s I values were 0.355, 0.298, and
0.254 (P=0.000), respectively, indicating that population distribution in the
study area has a significant positive spatial correlation; that is, township pop-
ulation exhibits a non-random clustered pattern in space. Notably, the global
Moran’s I decreased over time, reflecting that the degree of spatial cluster-
ing of population in the Yellow River Basin gradually weakened and that the
distribution pattern tended toward more balanced development.

To further reveal the spatial heterogeneity of population clustering, this study
used the LISA cluster analysis method to identify specific clustering areas (Fig.
3). “High–high”clusters reflect contiguous areas with substantial population
growth. During 2000–2010, they were mainly distributed in Inner Mongolia
and northeastern Shandong, with 616 townships in total, accounting for 6.67%
of all townships; during 2010–2020, they were mainly distributed in Shandong,
northeastern Henan, central Shaanxi, and townships under the jurisdiction of
Huangnan Tibetan Autonomous Prefecture and Guoluo Tibetan Autonomous
Prefecture in Qinghai, with 2,526 townships in total, accounting for 27.36% of all
townships; during 2000–2020, they were most evident in Inner Mongolia, north-
eastern Shandong, Linyi City, and Huangnan Tibetan Autonomous Prefecture
of Qinghai, with 935 townships in total, accounting for 10.13% of all townships.
“Low–low”clusters characterize concentrated contiguous areas of population de-
cline. During 2000–2010, they were mainly distributed in Henan and Gansu,
with 2,839 townships in total, accounting for 30.76% of all townships; during
2010–2020, they were most prominent in Shanxi, Gansu, and northern Inner
Mongolia, with 2,165 townships in total, accounting for 23.45% of all townships;
during 2000–2020, they were most prominent in Shanxi, southeastern Henan,
and Wuwei City of Gansu Province, with 2,406 townships in total, accounting
for the total number of townships

(a) 2000–2010

(b) 2010–2020

(c) 2000–2020

Legend: national boundary; provincial boundary; municipal boundary; town-
ship boundary.
Population change rate/%: ≤−40; −40–−20; −20–0; 0–20; 20–40; (�)40.
Scale: 0–500 km.
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图 2 2000—2020 年黄河流域乡镇人口增长分布

Fig. 2 Distributions of township population growth in the Yellow River Basin
from 2000 to 2020

(a) 2000–2010

(b) 2010–2020

(c) 2000–2020

Legend
Boundaries: national boundary; provincial boundary; municipal boundary;
township boundary
Cluster type: not significant; high–high; high–low; low–high; low–low

Fig. 3 LISA cluster maps of township population distribution in the Yellow
River Basin from 2000 to 2020

⋯accounted for 26.06%. The LISA cluster analysis results reveal that, during the
study period, the township population distribution in the Yellow River Basin
was undergoing a transition from “core–periphery”differentiation to “multi-
center–networked”restructuring.

2.1.3 Evolutionary characteristics of the spatial distribution of popu-
lation

To further analyze the spatial evolutionary characteristics of township popula-
tion distribution in the Yellow River Basin, this study further employed the
standard deviational ellipse to explore the dynamic evolution process of town-
ship population distribution in the Yellow River Basin (Fig. 4). This method
intuitively shows the spatial displacement trajectory of population agglomera-
tion areas and, in combination with the population distribution centroid, sys-
tematically reveals the evolutionary trend and directional characteristics of the
population spatial pattern. From 2000 to 2020, the spatial distribution struc-
ture of township population in the Yellow River Basin remained relatively stable,
and the standard deviational ellipse was consistently located in the southeastern
part of the basin. This spatial orientation is highly consistent with the pattern
of regional economic development and the spatial alignment of major transporta-
tion corridors, reflecting the close association between population distribution
and economic development as well as infrastructure layout. During the study
period, the centroid of population distribution was always located within the ter-
ritory of Jincheng City, Shanxi Province, and showed a trend of slow migration
toward the north. This phenomenon indicates that the imbalance of popula-
tion distribution within the basin persisted, and the eastern region consistently
maintained a relatively high level of population concentration. Relying on its
superior locational conditions, the eastern region formed a well-developed in-
frastructure network, abundant employment opportunities, and relatively high
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income levels; together, these advantages promoted the sustained agglomeration
of resource factors.

(a) Population centroid migration map

(b) Enlarged map of the ellipse local area

(c) Enlarged map of population centroid migration

Legend
Boundaries: national boundary; provincial boundary; municipal boundary;
township boundary
Standard deviational ellipse: 2000; 2010; 2020
Population centroid: 2000; 2010; 2020
Population centroid migration trajectory

Fig. 4 Migration characteristics of township population distribution in the
Yellow River Basin from 2000 to 2020

2.2 Analysis of Factors Influencing Township Population
Distribution in the Yellow River Basin
2.2.1 Selection and processing of influencing factors

From a theoretical perspective, the spatiotemporal heterogeneity of population
spatial distribution originates from the combined effects of natural geographical
factors and socioeconomic factors. Among them, natural geographical factors
shape the basic framework of population distribution through long-term cumu-
lative effects, whereas socioeconomic factors, because of their dynamism, sig-
nificantly change the population distribution pattern in the short term. With
reference to related studies

35–37
, the influencing factors selected in this study include the following three aspects
(Table 1): (1) natural geographical factors. Elevation, temperature, precipita-
tion, and river-network density are used to measure natural geographical factors.
(2) Socioeconomic factors. The nighttime light index is used to characterize the
level of economic development; village density and road-network density reflect
the degree of infrastructure improvement; and per capita cultivated land area
measures agricultural resource endowment. (3) Geographical location factors.
Distance to the county government and distance to the municipal government
are used to characterize locational advantages and to analyze their potential
influence on population agglomeration.

Table 1 Construction of influencing factor indicators for township
population distribution in the Yellow River Basin
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Variable type No. Indicator name
Indicator
meaning

Explained
variable

𝑌 Population
density

Permanent
township
population /
township land
area

Natural
geography

𝑋1 Elevation Average
elevation of the
township area

Natural
geography

𝑋2 Temperature Annual average
land-surface
temperature of
the township

Natural
geography

𝑋3 Precipitation Annual average
land-surface
precipitation of
the township

Natural
geography

𝑋4 River-network
density

Total length of
trunk and
tributary rivers
within the
township /
township area

Socioeconomic 𝑋5 Nighttime light
index

Brightness of
lights within
the township

Socioeconomic 𝑋6 Village density Kernel density
value of villages
within the
township

Socioeconomic 𝑋7 Road-network
density

Total length of
all roads within
the township /
township area

Socioeconomic 𝑋8 Per capita
cultivated land
area

Cultivated land
area within the
township / total
population
within the area

Geographical
location

𝑋9 Distance to
county
government

Distance from
each township
to the nearest
county
government
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Variable type No. Indicator name
Indicator
meaning

Geographical
location

𝑋10 Distance to
municipal
government

Distance from
each township
to the nearest
municipal
government

2.2.2 Analysis of factors influencing population spatial distribution

This study uses the geographical detector to measure the influence of factors
affecting the population spatial distribution of 9,234 township units in the Yellow
River Basin (Table 2), so as to analyze changes in the magnitude of the effects
of influencing factors in different periods. According to the factor-detection
results, the population distribution in the Yellow River Basin is greatly affected
by socioeconomic and geographical location factors. Among them, per capita
cultivated land area, distance to the municipal government, distance to the
county government, road-network density, and village density are the dominant
factors influencing township population distribution in the Yellow River Basin,
whereas river-network density, temperature, and precipitation have relatively
small effects on township population distribution in the Yellow River Basin.
The specific analysis is as follows:

Table 2 Detection results of influencing factors on township popula-
tion distribution in the Yellow River Basin

Indicator
2000 𝑞

value
2000

Rank
2010 𝑞

value
2010

Rank
2020 𝑞

value
2020

Rank
Elevation 0.407∗∗∗ 7 0.363∗∗∗ 6 0.250∗∗ 6
Temperature0.338∗∗∗ 9 0.335∗∗ 7 0.152∗∗ 9
Precipitation0.354∗ 8 0.276∗ 9 0.239∗ 8
River-
network
den-
sity

0.110∗ 10 0.114∗ 10 0.079∗ 10

Nighttime
light
index

0.493∗∗ 6 0.277∗∗ 8 0.240∗∗ 7

Village
den-
sity

0.494∗ 5 0.575∗∗ 4 0.688∗∗ 4

Road-
network
den-
sity

0.514∗ 4 0.435∗∗ 5 0.744∗∗∗ 2
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Indicator
2000 𝑞

value
2000

Rank
2010 𝑞

value
2010

Rank
2020 𝑞

value
2020

Rank
Per
capita
culti-
vated
land
area

0.786∗∗∗ 1 0.698∗∗∗ 1 0.821∗∗∗ 1

Distance
to
county
gov-
ern-
ment

0.584∗∗∗ 3 0.578∗∗∗ 3 0.591∗∗∗ 5

Distance
to mu-
nicipal
gov-
ern-
ment

0.662∗∗∗ 2 0.695∗∗∗ 2 0.735∗∗∗ 3

Note: The 𝑞 value is explanatory power; , , and indicate significance at the
1%, 5%, and 10% confidence levels, respectively.

(1) Per capita cultivated land area. During the study period, per capita culti-
vated land area consistently had the greatest influence on township popu-
lation distribution in the Yellow River Basin. The explanatory powers (𝑞
values) in 2000, 2010, and 2020 were 0.786, 0.698, and 0.821, respectively,
all above 0.6. The size of per capita cultivated land area directly deter-
mines the population that a given region can support, and to some extent
explains the formation of high-density population clusters in Henan and
Shandong within the Yellow River Basin. (2) Road-network density. Dur-
ing the study period, road-network density increased from 0.514 in 2000
to 0.744 in 2020, indicating that the economic core zones and main trans-
portation networks of the Yellow River Basin are highly coupled in space.
This has made the effect of“transportation-led development”increasingly
prominent, and the spatial association between population distribution
and transportation infrastructure as well as the level of economic develop-
ment has continuously strengthened. (3) Distance to the municipal gov-
ernment and distance to the county government. Geographical proximity
has a significant influence on population mobility and distribution. The 𝑞
value of distance to the municipal government is generally higher than that
of distance to the county government, showing a clear“central-place”hier-
archical effect. This proves that high-level administrative centers, relying
on their strong radiation capacity in economic, cultural, and public-service
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resources, exert a stronger attraction on population. (4) Village density.
During the study period, the influence of village density on population
distribution gradually increased. As a comprehensive representation of
regional natural resource endowment and historical settlement suitability,
areas with high village density generate sustained population attraction
through existing settlement foundations and convenience of life, forming a
self-reinforcing positive feedback mechanism of“population agglomeration
—regional development”in regions such as Henan, Shandong, and Shanxi.

2.2.3 Analysis of the interaction among factors influencing population
distribution

Using the geographical detector method, this study further analyzed the popu-
lation distribution in the Yellow River Basin.

⋯a multi-factor synergistic mechanism in the distribution. The results show
that the 𝑞 values of all two-factor combinations are significantly higher than
those of single-factor effects, indicating that the formation of the population
spatial pattern is the result of nonlinear synergistic effects among multiple fac-
tors (Fig. 5). From 2000 to 2020, the interactions among factors were domi-
nated by two-factor enhancement. Among them, the explanatory power of the
interactions between per capita cultivated land area, road-network density, dis-
tance to the county government, distance to the municipal government, and
other factors was markedly stronger than that of interactions among the other
factors. By comparison, the interactions between factors such as temperature
and river-network density and other factors were relatively weak. The synergy-
effect analysis reveals that there are synergistic effects among the influencing
factors of population distribution in the towns of the Yellow River Basin, among
which the synergistic effects between geographical-location factors and natural-
geographical factors are stronger. This also verifies the applicability of the
“human–land system synergy theory”in the Yellow River Basin. Specifically,
geographical-location factors form a “location–environment”synergistic effect
through spatial coupling with the background conditions of natural-geographical
factors; socioeconomic factors generate a“development–governance”synergistic
effect through spatial superposition of infrastructure networks and administra-
tive resources. In addition, as a fundamental condition, natural-geographical
factors continuously influence the suitability pattern of population distribution
through interactions with geographical location and socioeconomic factors.

2.2.4 Spatial heterogeneity analysis of the factors influencing popula-
tion distribution

Based on the natural-geographical characteristics and administrative divisions
of the Yellow River Basin, this study divides the basin into three typical sections.
The upper reaches extend from the source of the Yellow River to the river mouth
in Togtoh County, Inner Mongolia, and are dominated by plateau and moun-
tainous natural-geographical characteristics; the middle reaches extend from the
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Fig. 5 Interaction effects of influencing factors on population distribution in
the Yellow River Basin from 2000 to 2020

Figure 2: Fig. 5 Interaction effects of influencing factors on population distri-
bution in the Yellow River Basin from 2000 to 2020

Fig. 6. Heat map of contribution rates of influencing factors. Vertical axis:
influencing factors 𝑋1–𝑋10; horizontal groups: upper reaches, middle reaches,
lower reaches; columns in each group: 2000, 2010, 2020, average value; color

bar: 𝑞 value.

Figure 3: Fig. 6. Heat map of contribution rates of influencing factors. Verti-
cal axis: influencing factors 𝑋1–𝑋10; horizontal groups: upper reaches, middle
reaches, lower reaches; columns in each group: 2000, 2010, 2020, average value;
color bar: 𝑞 value.

river mouth to Taohuayu in Zhengzhou, Henan, and are dominated by transi-
tional plains in natural geography; the lower reaches extend from Taohuayu
to the estuary in Shandong, and their natural-geographical characteristics are
those of an alluvial plain. Based on the geodetector model, this study detects
the factors influencing population distribution separately for the upper, middle,
and lower reaches of the Yellow River Basin, indicating that these factors have
significant spatial heterogeneity (Fig. 6). In the plateau and mountainous ar-
eas of the upper reaches, a “natural–social compound driving”characteristic is
shown, with road-network density (𝑞 = 0.751),

Note: 𝑋1 is elevation; 𝑋2 is temperature; 𝑋3 is precipitation; 𝑋4 is river-
network density; 𝑋5 is nighttime light index; 𝑋6 is village density; 𝑋7 is road-
network density; 𝑋8 is per capita cultivated land area; 𝑋9 is distance to county
government; 𝑋10 is distance to municipal government; 𝑞 value is explanatory
power. The same below.

Fig. 5 Interaction effects of influencing factors on population distribution in
the Yellow River Basin from 2000 to 2020

Fig. 6 Contribution rates of influencing factors in the upper, middle, and lower
reaches of the Yellow River Basin from 2000 to 2020

River-network density (𝑞 = 0.460) and the nighttime light index (𝑞 = 0.411)
jointly dominate the population distribution. Among them, topographic con-
straints cause the population to concentrate in valley basins; the arid climate
(annual precipitation < 400 mm) makes river-network areas key population
carriers; and the difficulty of transportation construction makes road-network
density an important limiting factor. The middle-reach transitional plain zone
shows the characteristics of a “socioeconomic-dominated”type: road-network
density (𝑞 = 0.481), distance to the municipal government (𝑞 = 0.465), and
per capita cultivated land area (𝑞 = 0.450) have the most significant influence.
Flat terrain promotes the formation of high-density road networks, municipal

chinarxiv.org/items/chinaxiv-202608.00114 Machine Translation

https://chinarxiv.org/items/chinaxiv-202608.00114


administrative-resource radiation forms a 15–30 km population aggregation cir-
cle, and cultivated-land resources influence population distribution through ur-
banization transformation. The downstream alluvial plain area presents the
characteristics of an“agriculture–location coordinated”type: the 𝑞 value of per
capita cultivated land area (𝑞 = 0.561) is the strongest, followed by distance
to the municipal government (𝑞 = 0.518); fertile soils support high-density agri-
cultural populations. Overall, the basin exhibits an obvious “environment–
development”gradient: from upstream to downstream, the 𝑞 value of natural-
geographical factors decreases by 68%, the 𝑞 value of socioeconomic factors
increases by 15%, and the 𝑞 value of geographical-location factors also increases
by 25%. This finding provides a scientific basis for formulating differentiated
regional development policies. It is suggested that the upper reaches should
focus on constructing development axes along river valleys, the middle reaches
should coordinate urban expansion with cultivated-land protection, and the
lower reaches should rely on agricultural advantages to promote rural revitaliza-
tion.

2.3 Driving mechanisms of the evolution of the population
distribution pattern
Based on factor detection and interaction detection of the spatial distribution
pattern of township populations in the Yellow River Basin, the results show
that the spatial distribution of population in the Yellow River Basin is the
result of the combined action of multiple factors (Fig. 7), and that the relation-
ships among these factors and their degrees of influence show characteristics of
strong–weak transformation in different regional types. On this basis, the driv-
ing mechanisms of the evolution of township population distribution patterns
are analyzed in depth.

(1) Foundational constraint mechanism of natural-geographical fac-
tors. The Yellow River Basin spans the three major geomorphic units
of the Qinghai–Tibet Plateau, the Loess Plateau, and the North China
Plain. In the upper reaches, constrained by a fragile ecological environ-
ment and low agricultural carrying capacity, population continues to flow
outward, causing township distribution to tend toward “low density and
decentralization.”By contrast, the middle and lower alluvial plains, relying
on superior natural conditions, have formed strong population attraction;
they not only maintain high-density concentration of the local popula-
tion, but also absorb populations from the upper reaches and from out-
side the basin, thereby forming large-scale, densely distributed township
settlements. This directional flow of population from naturally disadvan-
taged areas to enrichment areas, driven by differences in natural endow-
ments, is ultimately amplified under the superimposed effects of urban–
rural resource flows, forming a polarized pattern of township population
distribution within the basin.

(2) Gradient transmission mechanism of socioeconomic factors. So-

chinarxiv.org/items/chinaxiv-202608.00114 Machine Translation

https://chinarxiv.org/items/chinaxiv-202608.00114


Fig. 7 Driving mechanism of the evolution of the spatial distribution pattern
of the population in the Yellow River Basin

Figure 4: Fig. 7 Driving mechanism of the evolution of the spatial distribution
pattern of the population in the Yellow River Basin

cioeconomic factors reshape township population distribution through the
gradient potential energy generated by uneven development and through
transmission mechanisms. From 2000 to 2010, dominated by a core–pe-
riphery structure, population showed a large-scale one-way flow from rural
areas to towns; after 2010, with industrial transfer and county-level eco-
nomic development, population flows showed a new trend of “return and
concentration”toward county seats and central towns.

Fig. 7 Driving mechanism of the evolution of the spatial distribution pattern
of the population in the Yellow River Basin

In this process, improvements in transportation facilities reduced spatial re-
sistance and accelerated urban–rural flows; meanwhile, the advance of scaled
agricultural operations released a large amount of labor from agricultural pro-
duction. These factors acted together, guiding population flow to shift from
single-direction mobility to diversified mobility, and forming a new regional
population distribution pattern with urban clusters and county seats as pivots
and towns as nodes.

(3) Mechanism of strengthened interaction in geographical location. Strength-
ened interaction in geographical location dominates the spatial restructur-
ing of population flows and the evolution of town distribution forms. In
the upper reaches, constrained by natural conditions, urban–rural link-
ages are weak, the population is mainly characterized by out-migration
and dispersion, and the distribution presents a dispersed pattern. In down-
stream urban clusters, tight urban–rural economic linkages have promoted
high-frequency, networked population mobility and created a highly ag-
glomerated form. From 2000 to 2010, transportation accessibility mainly
strengthened the population agglomeration effect of central cities; after
2010, through population diffusion and redistribution within the driving
region, the distribution of town populations in the Yellow River Basin
evolved from the traditional “concentric-circle”model toward a “point–
axis”model, forming population agglomeration belts along main trans-
portation corridors.

3 Conclusions and Suggestions
3.1 Conclusions

(1) Population density shows a significant differentiated pattern of being high
in the east and low in the west. The population distribution of the Yel-
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low River Basin has marked spatial imbalance. High-density agglomera-
tion areas (≥ 500 persons・km−2) are concentrated in downstream plain
areas such as Shandong and Henan, forming stable population agglomer-
ation cores supported by superior geographical conditions and economic
development advantages. Medium-density agglomeration areas (100–500
persons・km−2) are distributed in midstream provinces such as Shaanxi
and Shanxi. Low-density agglomeration areas (≤ 50 persons・km−2) are
concentrated in upper-reach plateau areas such as Qinghai and Sichuan,
where the population has long been sparse because of natural constraints.
Population density is significantly positively correlated with terrain flat-
ness and transportation-network density, and high- and medium-density
agglomeration areas are mostly distributed along major transportation
arteries.

(2) The trend of population shrinkage has intensified, and spatial polarization
is prominent. From 2000 to 2020, the township population in the Yellow
River Basin as a whole showed a shrinking trend. The proportion of
shrinking towns rose from 43.62% in 2000–2010 to 72.45% in 2010–2020,
and contiguous population-loss areas formed in Gansu, Shanxi, Henan and
other regions. Growth-type towns are scattered sporadically in ecological
resettlement areas or policy-supported areas such as Aba Prefecture in
Sichuan and southeastern Qinghai. This pattern of “central collapse and
marginal sporadic growth”indicates that, in the process of urbanization,
the vast majority of towns in the Yellow River Basin face severe challenges
of population outflow.

(3) The degree of spatial agglomeration has weakened, but local polarization
continues to intensify. The global Moran’s 𝐼 decreased from 0.355 in 2000
to 0.254 in 2020, reflecting that the overall population distribution tends
toward equalization. Local agglomeration

The typological analysis further reveals that population distribution is undergo-
ing a transformation process from “core–periphery”differentiation to “multi-
center–networked”restructuring. Hot spots of population growth have expanded
from Inner Mongolia and Shandong toward Shaanxi and Qinghai, while cold
spots of population contraction have remained consolidated in central provinces.
The center of gravity of population distribution is mainly located in Jincheng
City, Shanxi Province, and during the study period it showed the characteristic
of slowly migrating northward.

(4) The spatial distribution pattern of township population in the Yellow River
Basin is affected by multiple factors, among which socioeconomic and
geographical-location factors play the most significant roles. Per capita
cultivated land area, road-network density, and distance to county gov-
ernments and municipal governments are the core driving factors, respec-
tively reflecting agricultural carrying capacity, traffic-guiding effects, and
the radiating role of central places. During the study period, per capita
cultivated land area was consistently the strongest influencing factor, the
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effect of road-network density continued to increase, while the impacts of
distance to county governments and municipal governments showed hier-
archical differences, with the effect of distance to municipal governments
stronger than that of distance to county governments. Interaction analy-
sis indicates that the influencing factors of township population distribu-
tion in the Yellow River Basin have synergistic effects; among them, the
synergy between geographical-location factors and physical-geographical
factors is stronger. Spatial heterogeneity analysis shows that population
distribution in the upstream region is mainly constrained by road-network
density and river-network density; the midstream region is dominated by
transportation and administrative resources; and the downstream region
shows collaborative driving by agriculture and location, forming an overall
gradient from natural-constraint type to socioeconomic-dominant type.

3.2 Suggestions
In view of the above research conclusions, in the process of promoting regional
coordinated development in the Yellow River Basin, local characteristics should
be fully considered and optimal development paths explored. All regions need to
attach importance to cultivating population agglomeration areas, and to deeply
understand the influence of physical geography, socioeconomic conditions, and
geographical-location factors (especially their synergistic effects) on population
distribution so as to maximize agglomeration effects. For example, the upstream
region may build a coordinated development model of “ecological protection–
specialty industries”; the midstream region may strengthen a dual-wheel drive
of “transport hub–energy base”; and the downstream region may advance in-
tegrated development of “urban agglomeration–rural revitalization.”Based on
the existing population-density pattern, growth poles can be developed in high-
density agglomeration areas, the level of regional economic development can be
improved, and radiating and driving effects can be brought into play. Specific
strategies include: (1) starting from geographical-location and socioeconomic
factors, strengthening the construction of transportation, communications, and
other infrastructure, improving accessibility within the basin, and promoting
population mobility and agglomeration over a broader scope. (2) Guiding vari-
ous townships to explore development paths suited to local conditions, enhanc-
ing regional economic vitality, improving development levels, actively creating
employment opportunities, attracting population inflow, and promoting the for-
mation and development of population agglomeration areas.

This study preliminarily analyzed the evolutionary characteristics and influenc-
ing factors of township population distribution in the Yellow River Basin from
2000 to 2020, and focused on the roles of factors such as physical geography,
socioeconomic conditions, and geographical location; however, deficiencies re-
main. Future research can proceed from the following two aspects. On the one
hand, demographic factors such as population transition, natural growth, and
migration may be integrated to construct a more complete mechanism-analysis
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framework and deepen the discussion of the mechanisms influencing spatial dif-
ferentiation of population. On the other hand, from the perspective of multi-
factor interactions, social factors such as education, medical care, marriage, and
fertility attitudes, as well as policy factors such as family planning and ecological
migration, should be incorporated; these are crucial for understanding changes
in population distribution.
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Evolutionary characteristics and driving mech-
anisms of population distribution patterns in
townships along the Yellow River Basin
LUO Qing^1,2,3, ZANG Yongting^1,2,3, WANG Yunlong^1,2,3, WANG Shan-
bing^1,2,3, LIU Le^1,2,3

(1. School of Urban and Rural Planning, Henan University of Economics and
Law, Zhengzhou 450046, Henan, China; 2. Research Center for Coordinated
Economic Development of the Yellow River Basin, Zhengzhou 450046, Henan,
China; 3. Laboratory of Evolutionary Analysis and Simulation for Urban–Rural
Socioeconomic Systems, Zhengzhou 450046, Henan, China)

Abstract: Fine-scale analyses of population change are of theoretical and prac-
tical significance for deepening understanding of human–land system coupling
mechanisms and optimizing regional development policies. Drawing on data
from the fifth, sixth, and seventh Chinese national population censuses, this
study systematically analyzes the evolutionary characteristics and driving mech-
anisms of spatial distribution patterns of township-level populations in the Yel-
low River Basin from 2000 to 2020, using integrated methods such as GIS spa-
tial analysis, the standard deviational ellipse, and geographical detection. The
results indicate the following: (1) The population density distribution in the Yel-
low River Basin exhibits a pattern of high values in the east and low values in the
west, which is consistent with the distribution pattern of economic development
levels. During the study period, township population shrinkage was pronounced,
with 5,530 townships experiencing population decline, accounting for 59.89% of
all townships. (2) The population distribution displays strong spatial autocor-
relation. During the study period, there were 935 high–high type townships
and 2,406 low–low ones. Hotspots of population growth expanded from north
to south and from east to west, while cold spots of population growth formed a
stable pattern of central collapse. The center of gravity of the population distri-
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bution was in Jincheng City, Shanxi Province, and exhibited a slow northward
migration trend. (3) Geographical detector analysis reveals that the synergistic
effects of natural geographical conditions, levels of economic development, and
locational factors were the key mechanisms shaping the population distribution
pattern in the townships of the Yellow River Basin, with stronger synergistic
effects observed between natural and locational factors. The dominant influenc-
ing factors vary across regions, and per capita arable land area exerted the most
significant constraining effect on population distribution.

Keywords: influencing factors; geographical detector; population spatial dis-
tribution; spatial pattern evolution; Yellow River Basin

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv. Machine translation. Verify with the original.
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