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Abstract: The Human Critical Area (HCA) is an area that characterizes the surface landscape created
by human beings in the Anthropocene. Based on the signatures left by major human activities over
the Earth′s surface, this research demarcates an arid inland region of Northwest China, the “Three
Water Lines”, into four HCA types: Agricultural Area, Built-up Area, Ecological Area, and Bare
Area. This paper explores the HCA′s distribution and changes in the “Three Water Lines” region
between 2000 and 2020 with land use/cover data, as well as the impact of socioeconomic factors
on the HCA dynamics with statistics sourcing from authoritative yearbooks. To achieve this, the
Land Use Transition Matrix is used to investigate the changes in area and distribution, while binary
linear regression and stepwise multiple linear regression are applied to examine the single and
joint effects of the socioeconomic factors. The main findings are as follows: (i) The four HCA types
are distinguished quantitatively and by their distribution patterns. Ecological Area and Bare Area
cover most (more than 90% in total) of the territory with extensive and continuous distribution.
Agricultural Area is mainly found on the eastern and western parts of the region, with flat terrain,
abundant water resources, and moderate temperatures. Built-up Area is the most concentrated but
has an unbalanced distribution and the lowest quantity. (ii) Despite some discernible spatial and
quantity changes at regional and county levels between 2000 and 2020, the general characteristics in
HCA’s structure and distribution pattern have mainly remained consistent. (iii) Transitions between
HCA types occur constantly, and the primary source type of the transitions differs from one another.
Ecological Area and Bare Area form the sources of the most evident transitions. (iv) Agricultural
Area and Built-up Area are more prone influence from some socioeconomic dynamics. By contrast,
there is no evidence that socioeconomic factors directly affect Bare Area. As the first empirical study
of the newly conceived concept, Human Critical Area, this paper sheds light on the renovation of
geographic traditions of studying the evolution of the human-environment system through the lens
of human activities-driven landscape changes.

Keywords: Anthropocene; Human Critical Area; human-environment system; Land Use Transition
Matrix; “Three Water Lines”
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1. Introduction

Investigating the interaction between humans and the environment, which constantly
evolves with the development of human society [1], is a continuing concern within geog-
raphy traditions [2,3] and ‘the geographic advantages’ [4]. Previous research has already
highlighted the heavy pressure that human beings have been exerting on the planet’s
surface layer and the environment as a whole since the Industrial Revolution [5,6]. It has
been recognized that the Earth System is confronted with unprecedented threats posed by
the booming population, burgeoning demands, intensive human activities, and the massive
discharge of pollution and human-induced greenhouse gas emission [7]. The human-
induced consequences, including global climate change, terrestrial biosphere alteration [8],
ecosystem degradation [9], biodiversity loss [10,11], and more frequent occurrence of major
disasters [12,13], are perceived as a reflection of an imbalanced human-environment (or
human-Earth) relationship in essence by Earth Science researchers [14]. The narrative of
Anthropocene was then emerged [15] and has been rapidly adopted in a range of fields to
explore the recent changes in the Earth System and their anthropogenic drivers [16,17]. The
Earth’s Critical Zone [18] facilities a systematic understanding of the linkage between mat-
ter, energy, and organisms in the human-dominated epoch [19]. The term “critical” refers
to life on Earth (including the human species) being dependent upon the Critical Zone’s
structures and functions, as well as the significant human impacts on the Critical Zone [20].
This concept brings forward a three-dimensional theoretical framework where the Earth’s
surface system is divided into relatively uniform units across different spatial scales [21],
shifting the traditional geographical understanding of the human-environment relationship
where nature acts as a relatively stable background. Many scholars have also found it to be
an effective interdisciplinary tool to investigate human-Earth interactions [22,23] with the
inclusion of natural entities, time, and physical depth [24].

However, previous research derived from the Earth’s Critical Zone almost exclusively
focused on the chemical, biological, physical, and geological processes of the Earth System
in the Anthropocene [22]. The role of human beings in those processes has received scant
attention. To highlight the anthropogenic impacts, the Human Critical Area (HCA) [25]
was recently conceived based on the fact that human activities have been changing the
physical signatures and condition of the Earth’s surface, i.e., extensive cultivation and land
cleaning, artificial surface expansion [26], and transportation networks’ construction [27].
HCA refers to an area that characterizes the surface landscape created by human beings in
the Anthropocene. It categorizes the Earth’s surface into four types (Built-up Area, Agri-
cultural Area, Ecological Area, and Bare Area), representing the footprints of construction,
cultivation, conservation of nature, abandonment of land, and other human-dominated
processes [25].

This is the first empirical study applying the concept of HCA, aiming to investigate its
effectiveness in revealing and visualizing the Earth’s surface changes of a vulnerable region
under anthropogenic impacts in the Anthropocene and detecting the socioeconomic drivers
for the changes. The research is conducted in an arid inland region in Northwest China
named “Three Water Lines”, which has a diverse landscape, vulnerable environment and
unbalanced socioeconomic conditions. The demarcation of the four HCA types is achieved
through reclassification of land use/cover (LULC) data, based on which the HCA changes
in quantity and spatial pattern are discussed. Moreover, this paper examines human
socioeconomic dynamics as a driving force for altering the Earth’s surface by employing
regression models.

2. Materials and Methods
2.1. Study Area

The “Three Water Lines” (Figure 1) refers to a key region in Northwest China of
national-class strategic significance for socioeconomic development, ecological preserva-
tion, and national security. It was first proposed by an academic of the Chinese Engineering
Academy in 2018 in relation to the co-evolution of hydro-meteorology, ecological land-
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scapes, and socioeconomic development [28,29]. The “Three Water Lines” is formed
based on three major demarcating lines of socio-ecological significance, namely the Heihe-
Tengchong Line, the Yangguan Line, and the Qitai-Cele Line [29]. The Heihe-Tengchong
Line, uncovers the longstanding uneven distribution of population and land resources in
China, with the sparsely populated western side of the line covering a vast territory [30].
The Yangguan Line, passing through Dunhuang city, is the dividing line of China’s highly
arid areas and the arid regions [29]. Xinjiang province is divided into two halves by the
Qitai-Cele Line, with the northwest half holding nearly 90% of the population and re-
sources [29]. The study area of this research is roughly bound by the national boundary
of China in the west and north, the Great Khingan Mountains in the east, and the Kunlun
Mountains, the Bayan Har Mountains, and the Qinling Mountains in the south, covering a
total territorial area of about 3,450,000 km2 with 383 county-level administrative units.
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Figure 1. Study area (Data of aridity adapted with permission from Xu and Zhang, China Meteo-
rological Background Dataset [31]; published by the Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences, 2017. Base map acquired from Ministry of Natural
Resources of the People’s Republic of China [32]. The boundaries of “Three Water Lines” Region
were developed based on Deng’s proposal [29]. Other features were developed by the authors).

2.2. Data Acquisition and Processing

The Land Use/Cover Remote Sensing Monitoring Datasets (2000, 2010, and 2020) were
acquired from the Resource and Environment Science and Data Center, Chinese Academy
of Sciences. With a resolution of 1 km, the datasets classify the territorial land into seven
primary LULC types: cultivated land; forest; grassland; water bodies; urban and rural
built-up area; unused land; and unclassified land.

The socioeconomic data used in this study were sourced from the China Statisti-
cal Yearbook (county-level) [33], Gansu Development Yearbook [34], Ningxia Statistical
Yearbook [35], Inner Mongolia Statistical Yearbook [36], Qinghai Statistical Yearbook [37],
Xinjiang Statistical Yearbook [38], Shaanxi Statistical Yearbook [39], and Shaanxi Regional
Statistical Yearbook [40]. The data unavailable in the above yearbooks were supplemented
according to regional economic and social development statistical communiques. Linear
interpolation was used to generate the data missing in the above sources.
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2.3. HCA Classification and Methods for Exploring HCA Changes

The seven LULC types in Land Use/Cover Remote Sensing Monitoring Dataset were
firstly reclassified into four HCA types according to landscape features and human activities.
The classification and basis are shown in Table 1.

Table 1. Classification and description of four HCA types.

HCA Type Land Use/Cover Type Description

Agricultural Area Cultivated land Land for planting crops, including mature cultivated land and newly
opened wasteland.

Built-up Area Urban and rural built-up area Urban and rural residential areas, industrial, mining, and transportation land.

Ecological Area Forest The land where trees, shrubs, bamboos, and coastal mangroves grow.

Grassland
All kinds of grasslands are dominated by growing herbs with a coverage of
more than 5%, including shrub grassland dominated by grazing and sparse

forest grassland with a canopy density of less than 10%.

Water bodies
Natural inland water bodies and land used for water conservancy facilities,

including rivers, canals, lakes, reservoirs, pits and ponds, permanent
glaciers and snow, and tidal-flat areas.

Bare Area Unused land
Lands currently unused or difficult to develop include sand-covered lands,

Gobi, saline, and alkaline lands, soil-covered bare lands,
rock/gravel-covered bare lands, and alpine deserts.

Transition Matrix was applied to investigate changes in the area and distribution of
HCA by identifying the transitions between each pair of the four types with a cross-tabular
matrix [41]. The matrix is generated by the tool ‘Intersect’ in ArcGIS 10.2, the expression of
which is:

Sij =


S11 S12 . . . S1n
S21 S22 . . . S2n

...
...

...
...

Sn1 Sn2 . . . Snn

(1)

where Sij refers to the amount of area transited from HCA type i to HCA type j, and n is
the number of HCA types (n = 4 in this study). The sum of each row is the total area of one
HCA type in the starting year, and the sum of each column is the total area of this type in
the ending year. Each value in the matrix illustrates the source and end HCA types as well
as the area of transition.

2.4. Methods for Examining Socioeconomic Drivers for HCA Changes

Exploding population and urbanization, along with their corresponding surging
demands, have left evident topographic traces on the Earth’s surface through industrial
and construction activities, agricultural practices, and the exploitation of natural resources,
affecting the geomorphic processes across landscapes [27]. From the lens of landscape,
previous studies have confirmed the role of socioeconomic development in changing the
Earth’s surface. However, rarely have they considered the combined effects of various
socioeconomic factors.

This research first investigated the driving force of a single socioeconomic indicator
for HCA changes using binary linear regression and then applied stepwise multiple linear
regression to examine the existence of joint effects. The stepwise approach generates
the optimum multiple regression equation by examining the statistical significance of
each new variable introduced to the model according to specific predetermined criteria,
until no independent variables can enter or be removed from the equation, such that the
resulting equation reflects the combined effect of all remaining variables. Six socioeconomic
indicators were utilized as independent variables due to the limited availability of county-
level statistical data: population density, urbanization rate, GDP per capita, value-added
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per capita of the primary sector, value-added per capita of the secondary sector, and grain
yield per square kilometer. The data are normalized with the max-min method before the
binary and multiple regression analyses were performed.

3. Results
3.1. HCA Structure and Spatial Characteristics in the “Three Water Lines” Region

The HCA structure and spatial features across the entire study area remained essen-
tially unchanged from 2000 to 2020, whereas increases and decreases in the quantities and
proportions of individual types of HCA varied (Figure 2 and Table 2).
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Table 2. Areas and changes of four HCA types from 2000 to 2020.

HCA Type
Area (km2) Area Changes from 2000 to 2020

2000 2010 2020 by km2 by %

Agricultural Area 241,729 248,446 263,765 22,036 9.12%
Built-up Area 18,449 20,650 32,334 13,885 75.26%

Ecological Area 1,427,301 1,423,059 1,420,836 −6465 −0.45%
Bare Area 1,654,582 1,649,907 1,621,478 −33,104 −2.00%

Bare Area and Ecological Area were the predominant HCA types with vast distri-
butions across the “Three Water Lines” region. While Bare Area continued to hold the
majority position, accounting for around 49% of the entire region, both its area and pro-
portion continually diminished over the two decades. Ecological Area, which was ranked
second, had a proportion slightly lower than Bare Area (stayed over 42.5% from 2000 to
2020) and continued to decline. With a total proportion of over 7%, Agricultural Area
typically spread over flat terrains with ample water supplies and moderate temperatures.
Compared with the other HCA types, Built-up Area was highly concentrated and had the
highest growth rate (reaching 1.75 times its original size by 2020), although its share had
not exceeded 1% by the end of the study period.
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3.1.1. Agricultural Area

Agricultural Area was primarily found in relatively flat areas with rivers and/or
abundant precipitations and moderate temperatures, such as the middle reaches of the
Yellow River and the north and south sides of the Tianshan Mountains. This distribution
pattern remained unchanged over the two decades. Also, an uneven distribution can be
observed that in Agricultural Area around the Yangguan Line, which is extremely scarce in
comparison to the other two lines (Figure 3).
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Figure 3. Agricultural Area’s distribution and changes from 2000 to 2020.

Agricultural Area covered 263,765 km2 in 2020, accounting for 7.90% of the whole
study area. It increased by 22,036 km2 over the two decades, and growth during the
second decade was more than double that in the first decade. On a county scale, 27 more
counties present an expansion of the Agricultural Area in the second decade, and the
greatest increment surged from 468 km2 to 1451 km2. From 2000 to 2010, more than 40%
of the counties experienced a shrinkage in Agricultural Area, most of which were located
adjacent to the Heihe-Tengchong Line, and the number of counties continued to increase
in the next decade while the distribution pattern remained almost the same (Figure 4).
During both decades, counties with an area reduction of less than 50 km2 accounted for
the majority, but the number of counties decreased slightly during the second decade. By
contrast, the number of counties in which the Agricultural Area decreased by more than
100 km2 nearly tripled.

A county-level comparative analysis of the changes in the proportion of Agricultural
Area shows that during both decades, the number of counties in which the proportion of
agricultural area decreased was higher than that of the increased ones (Figure 5). During
the first decade, the vast majority of counties showed a slight change of less than 5% in
Agricultural Area proportion, and the number of counties where the proportion decreased
was greater than that of the increased ones. In the second decade, the number of counties
that experienced a change of a more than 5% grew, especially in the western part of the
Qitai-Cele Line.
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3.1.2. Built-Up Area

Built-up Area, which covers only 0.97% of the “Three Water Lines” region with
32,334 km2 in 2020, shows a highly uneven and concentrated distribution pattern (Figure 6).
On a regional scale, Built-up Area occupied remarkably more territory in the region’s
southeastern part than in the northwestern part. Generally, Built-up Area was distributed
densely in areas with a relatively long history of urban and economic development and in
areas where the national urban agglomerations approved by the State Council of China
were allocated.
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Figure 6. Built-up Area’s distribution and changes from 2000 to 2020.

Built-up Area showed a remarkable enlargement during the study period, especially
during the second decade, which accounted for more than 80% of the total increment
during the 20 years. The counties experienced a Built-up Area increment surge from 69%
to about 90% in the second decade and five counties showed noticeable increments of more
than 200 km2 (Figure 7).
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The county-level comparison of the change in proportion of Built-up Area (Figure 8
also verifies the acceleration of Built-up Area expansion. During the second decade, 30 more
counties showed a more-than-5% increment in the proportion of Built-up Area Despite
the remarkable growth of Built-up Area across the entire study area, there is an evident
disparity in the growth rate between the county-level units in urban areas and those in
rural areas.
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3.1.3. Ecological Area

Ecological Area accounts for more than 1,420,000 km2 of the “Three Water Lines”
region, and it mainly covers the mountains, rivers, and grasslands in the study area
(Figure 9). Between the Heihe-Tengchong Line and the Yangguan Line, Ecological Area
is distributed along with the Xilin Gol Grassland in the northeast, the Taihang Mountains
in the east, the Qinling Mountains, the Daba Mountains, the Hengduan Mountains in
the south, the Bayankla Mountains, and the Qilian Mountains in the west and the Helan
Mountains in the middle north. On the west of the Qitai-Cele Line, Ecological Area is
distributed along the Altai Mountains, the Irtysh River, the Ili grassland, the Tianshan
Mountain, the Tarim River, the Altun Mountains, and the Kunlun Mountains from north to
south. The amount and proportion of Ecological Area between the Qital-Cele Line and the
Yangguan Line are significantly less than those of other parts of the “Three Water Lines”
region, and Ecological Area is strip-distributed along the Qilian Mountains, the Kunlun
Mountains, and the Bayankla Mountains.
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On a regional scale, Ecological Area continued to shrink from 2000 to 2020, but the
reduction rate slowed down. Between 2000 and 2010, Ecological Area across the entire
region decreased by 0.3% (4242 km2), and the rate lowered to 0.15% in the next decade. At
the county level, compared with 2000–2010, both increment and decrement in Ecological
Area increased massively (Figure 10). The greatest increment, which equaled 397 km2 in
the first decade increased to 5245 km2 in the next decade. Meanwhile, the most significant
reduction rose from 640 to 5737 km2.
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Figure 10. Change in the area of Ecological Area at the county level during 2000–2010 (a) and
2010–2020 (b).

The county-level comparison revealed that the spatial significance of the Qitai-Cele
Line acted as a dividing line in both decades (Figure 11) that the counties experienced more
significant declines in the Ecological Area’s proportion on the western side. Chronologically,
the decrement and increment of Ecological Area proportion became much more substantial
during the second decade. The greatest increment increased from 9.79% to 23.86%. The
number of counties with a more than 5% proportion decline and increment increased by
104 and 38, respectively.
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3.1.4. Bare Area

Bare Area is the predominant HCA type in the “Three Water Lines” region with a
share of around 49% of the territory. However, the area shrank by 33,104 km2 from 2000 to
2020. Bare Area is unevenly distributed across the study area (Figure 12): the three-quarters
of the region to the west has a vast contiguous distribution, while only a small amount of
fragmentation could be found in the remaining along the Heihe-Tengchong Line. Although
Bare Area accounts for more than 75% of the territory between the Yangguan Line and the
Qitai-Cele Line, the total amount reduced by 7933 km2 during the two decades.

Sustainability 2022, 14, x FOR PEER REVIEW 11 of 21 
 

 

3.1.4. Bare Area 

Bare Area is the predominant HCA type in the “Three Water Lines” region with a 

share of around 49% of the territory. However, the area shrank by 33,104 km2 from 2000 

to 2020. Bare Area is unevenly distributed across the study area (Figure 12): the three-

quarters of the region to the west has a vast contiguous distribution, while only a small 

amount of fragmentation could be found in the remaining along the Heihe-Tengchong 

Line. Although Bare Area accounts for more than 75% of the territory between the 

Yangguan Line and the Qitai-Cele Line, the total amount reduced by 7933 km2 during the 

two decades. 

 

Figure 12. Bare Area’s distribution and changes from 2000 to 2020. 

On the county level, more than 40% of the counties experienced a reduction of Bare 

Area during 2000 to 2010 (Figure 13) and the number gradually increased in the next dec-

ade to more than 50%. The most significant reduction rose from 396 km2 to as large as 5507 

km2. The prominent Bare Area growth of the first decade occurred in the northeast of the 

study area during the first decade, while in the next decade, it transferred to the western 

half of the region. The second decade also witnessed larger changes in the proportion of 

Bare Area, especially in the counties along the Qitai-Cele Line and in the southwest corner 

of the region (Figure 14). In 2000–2010, 157 counties had an unchanged Bare Area propor-

tion, and 222 counties showed an inconspicuous reduction of less than 5%. The number 

of counties with a change (including reduction and increment) of more than 5% rocketed 

from 4 to 51. 

Figure 12. Bare Area’s distribution and changes from 2000 to 2020.

On the county level, more than 40% of the counties experienced a reduction of Bare
Area during 2000 to 2010 (Figure 13) and the number gradually increased in the next decade
to more than 50%. The most significant reduction rose from 396 km2 to as large as 5507 km2.
The prominent Bare Area growth of the first decade occurred in the northeast of the study
area during the first decade, while in the next decade, it transferred to the western half
of the region. The second decade also witnessed larger changes in the proportion of Bare
Area, especially in the counties along the Qitai-Cele Line and in the southwest corner of the
region (Figure 14). In 2000–2010, 157 counties had an unchanged Bare Area proportion, and
222 counties showed an inconspicuous reduction of less than 5%. The number of counties
with a change (including reduction and increment) of more than 5% rocketed from 4 to 51.
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and 2010–2020 (b).

3.2. Transitions between HCA Types in the “Three Water Lines”

Between 2000 and 2010, 169,776 km2 (about 5%) of territory experienced transitions
of HCA types, with the mutual transitions between Ecological Area and Bare Area be-
ing the most significant (105,312 km2) (Figure 15 and Table 3). Additionally, there was
a considerable mutual transition between Ecological Area and Agricultural Area. Ap-
proximately 5505 km2 of territory had been developed into Built-up Area, most of which
are Agricultural and Ecological Areas. The two source types accounted for over 84% of
newly-developed Built-up Area, with Agricultural Area contributing nearly twice as much
territory as Ecological Area.
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Table 3. Transition structure of different source and end types between 2000 and 2010.

End HCA Type in 2010
Source HCA Type in 2000

Agricultural Area Built-Up Area Ecological Area Bare Area

Agricultural Area 0.00% 0.26% 17.40% 3.24%

Built-up Area 1.84% 0.00% 0.90% 0.51%

Ecological Area 12.60% 0.13% 0.00% 31.20%

Bare Area 1.04% 0.04% 30.83% 0.00%

Sum 15.49% 0.44% 49.13% 34.95%

Compared with the previous decade, HCA-type transitions more than quadrupled
between 2010 and 2020, but the transition source structure was essentially intact (Figure 16
and Table 4). Ecological Area continued to be the primary source of transitions. Despite
a slight drop in share, it still made up 46.46% of the sources, with 328,270 km2 being
transformed into other HCA types. Meanwhile, Bare Area changing to Ecological Area
remained the predominant transition during 2010–2020 with a slight growth. By contrast,
the proportion of the transition from Ecological Area to Agricultural Area fell by 5%.

Table 4. Transition structure of different source and end types between 2010 and 2020.

End HCA Type in 2020
Source HCA Type in 2010

Agricultural Area Built-Up Area Ecological Area Bare Area

Agricultural Area 0.00% 1.22% 12.53% 2.27%

Built-up Area 1.78% 0.00% 1.37% 0.59%

Ecological Area 10.99% 0.71% 0.00% 34.80%

Bare Area 1.02% 0.16% 32.56% 0.00%

Sum 13.80% 2.08% 46.46% 37.66%
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From a spatial perspective, in the period 2000–2020, the main transitions that occurred
to the west of the Qitai-Cele Line were those from Ecological and Bare Areas to Agricultural
Area (Figures 17 and 18). Those transitions took place mainly along the Irtysh River, north
of the Tianshan Mountains, the Ili River Valley, the Tarim River, and the Yerqiang River
(from south to north). In addition, there was a substantial mutual transition between Bare
Area and Ecological Area in the center and the south of the “Three Water Lines” region.

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 21 
 

 

 

Figure 17. Distribution of the transitions with different source and end HCA types between 2000 

and 2010. 

 

Figure 18. Distribution of the transitions with different source and end HCA types between 2010 

and 2020. 

3.3. Socioeconomic Factors Influencing the HCA Changes in the “Three Water Lines” Region 

A total of 24 binary linear regression analyses were performed to explore the six so-

cioeconomic indicators’ role in changing the coverage of four HCA types. However, only 

eight models’ independent variables were found to have significant impacts on the de-

pendent variables (p-value ≥ 0.05) as shown in Table 5. The eight models all passed the 

tests on nonlinearity and nonconstant error of variance (using the scatterplot of the stand-

ardized predicted value against the standardized residuals) and the tests on normality of 

Figure 17. Distribution of the transitions with different source and end HCA types between 2000
and 2010.



Sustainability 2022, 14, 5728 15 of 20

Sustainability 2022, 14, x FOR PEER REVIEW 15 of 21 
 

 

 

Figure 17. Distribution of the transitions with different source and end HCA types between 2000 

and 2010. 

 

Figure 18. Distribution of the transitions with different source and end HCA types between 2010 

and 2020. 

3.3. Socioeconomic Factors Influencing the HCA Changes in the “Three Water Lines” Region 

A total of 24 binary linear regression analyses were performed to explore the six so-

cioeconomic indicators’ role in changing the coverage of four HCA types. However, only 

eight models’ independent variables were found to have significant impacts on the de-

pendent variables (p-value ≥ 0.05) as shown in Table 5. The eight models all passed the 

tests on nonlinearity and nonconstant error of variance (using the scatterplot of the stand-

ardized predicted value against the standardized residuals) and the tests on normality of 

Figure 18. Distribution of the transitions with different source and end HCA types between 2010
and 2020.

3.3. Socioeconomic Factors Influencing the HCA Changes in the “Three Water Lines” Region

A total of 24 binary linear regression analyses were performed to explore the six
socioeconomic indicators’ role in changing the coverage of four HCA types. However,
only eight models’ independent variables were found to have significant impacts on the
dependent variables (p-value ≥ 0.05) as shown in Table 5. The eight models all passed
the tests on nonlinearity and nonconstant error of variance (using the scatterplot of the
standardized predicted value against the standardized residuals) and the tests on normality
of residuals (using Q-Q plot). Among the six socioeconomic indicators, the value-added per
capita of the primary sector is the most influential one related to the three HCA types’ area
changes (Agricultural Area, Built-up Area, and Ecological Area). In contrast, the indicator
population density (Variable a) shows no significant influence on the area change of any
HCA type.

Table 5. Results of the binary regression analyses with regression significance ≤0.05.

Model Dependent Variable Independent
Variables

Unstandardized Coefficients Standardized Coefficients
t Sig.B Std. Error Beta

1
Changes in Agricultural Area

during 2000 to 2020
Constant 0.213 0.013 16.493 <0.001
Variable b −0.054 0.025 0.117 −2.143 0.033

2
Changes in Agricultural Area

during 2000 to 2020
Constant 0.182 0.006 30.500 <0.001

Variable d 0.372 0.091 0.219 4.089 <0.001

3
Changes in Agricultural Area

during 2000 to 2020
Constant 0.203 0.007 27.832 <0.001
Variable f −0.118 0.037 −0.173 −3.211 0.001

4
Changes in Built-up Area

during 2000 to 2020
Constant 0.134 0.013 10.162 <0.001
Variable b 0.083 0.026 0.176 3.257 0.001

5
Changes in Built-up Area

during 2000 to 2020
Constant 0.120 0.007 16.449 <0.001
Variable c 0.373 0.037 0.486 10.158 <0.001

6
Changes in Built-up Area

during 2000 to 2020
Constant 0.160 0.006 27.628 <0.001

Variable d 0.668 0.088 0.383 7.566 <0.001

7
Changes in Built-up Area

during 2000 to 2020
Constant 0.135 0.006 21.371 <0.001
Variable e 0.387 0.037 0.502 10.587 <0.001

8
Changes in Ecological Area

during 2000 to 2020
Constant 0.532 0.004 122.485 <0.001

Variable d −0.148 0.066 −0.122 −2.239 0.026

Variable b, c, d, e, and f refer to urbanization rate, GDP per capita, the value-added per capita of the primary sector,
the value-added per capita of the secondary sector and grain yield per square kilometer in 2020 respectively.

The change in Agricultural Area is influenced by three socioeconomic variables, which
are population urbanization rate, the value-added per capita of the primary sector and the value-
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added per capita of the secondary sector, of which the value-added of the primary sector has the most
significant impact (positively), followed by grain output per square kilometer (negatively). The
three variables, along with GDP per capita, play a positive role in changing Built-up Area. It
is worth noting that the value-added per capita of the primary sector is the most influential one
among the four contributing factors with a positive effect, while the population urbanization
rate has minimal influence. Compared with Agricultural Area and Built-up Area, Ecological
Area changes are less related to socioeconomic factors. The value-added per capita of the
primary sector is the only factor influencing its change, that the higher the added value of
primary industry per capita, the smaller the increment in Ecological Area. By contrast, the
change in Bare Area is impervious to socioeconomic factors, with the p-values of all six
variables being larger than 0.005.

Stepwise multiple linear regressions indicated that several socioeconomic factors are
jointly responsible for the changes of some HCA types. The detailed results are shown in
Table 6 and all models passed the test on multicollinearity with the final variables’ VIF < 10.
From 2000 to 2020, the change in Agricultural Area was influenced collectively by the
development and interactions between primary industry, secondary industry, and grain
production. The value-added per capita of the primary sector is the principal component of this
joint force with a positive contribution. Conversely, both secondary industry and grain
production play a negative role of roughly equal magnitude.

Table 6. Results of stepwise multiple regression analyses.

Dependent Variable Independent
Variables

Unstandardized
Coefficients

Standardized
Coefficients t Sig. VIF R R2 Adjusted

R2

Std. Error
of the

EstimateB Std. Error Beta

Changes in Agricultural
Area during 2000 to 2020

Constant 0.205 0.009 23.999 <0.001

0.292 0.085 0.077 0.1036
Variable d 0.357 0.091 0.210 3.914 <0.001 1.042
Variable e −0.104 0.040 −0.138 −2.583 0.010 1.030
Variable f −0.106 0.036 −0.156 −2.910 0.004 1.043

Changes in Built-up Area
during 2000 to 2020

Constant 0.128 0.006 21.575 <0.001
0.596 0.355 0.351 0.0891Variable c 0.565 0.078 0.324 7.2858 <0.001 1.017

Variable d 0.355 0.034 0.460 10.355 <0.001 1.017
Changes in Ecological

Area during 2000 to 2020
Constant 0.532 0.004 122.485 <0.001

0.122 0.015 0.012 0.0767Variable d −0.148 0.066 −0.122 −2.239 0.026 1.000
Changes in Bare Area
during 2000 to 2020 No variables were entered into the equation under the stepwise criteria.

Variable c, d, e, and f refer to urbanization rate, GDP per capita, the value-added per capita of the primary sector,
the value-added per capita of the secondary sector and the grain yield per square kilometer in 2020 respectively.
The Stepwise Criteria is ‘Probability-of-F-to-enter ≤0.050, Probability-of-F-to-remove ≥0.100’.

On the other hand, a combination of GDP per capita and the value-added per capita of the
primary sector positively propelled the changes in Built-up Area, in which GDP per capita
plays a more significant part. The result of the multiple regression for Ecological Area is
the same as that of binary regression, where the value-added per capita of the primary sector is
the only factor affecting its changes. There is neither a single factor nor the combined force
of multiple factors that correlate with the change in Bare Area.

4. Discussion

The results present the distinct HCA spatial features of the inland and arid “Three Wa-
ter Lines” Region including the vastness of Bare Area and Ecological Area, the contiguous
distribution of Agricultural Area in flat terrains with favorable temperatures and water
supplies, and the supreme concentration of Built-up Area. The four HCA types have under-
gone changes over the past two decades. Although the changes in total area and proportion
of each HCA type are insignificant, the transitions between HCA types are substantial.
Previous studies have shown not only changes in the overall structure of the land use and
cover (LUCC) system but also that the LULC transitions affects ecosystem [42,43], biodi-
versity [44], morphology [45] and the Earth surface physical-chemical processes [46,47].
Therefore, future research is expected to explore the ecological consequences and the
spillover effects of HCA changes on the regional human-Earth system.
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Contrary to the findings of previous studies that the alterations of Earth’s surface
are often accompanied by socioeconomic development [48], population growth [49], and
urbanization [50], we found that HCA changes did not correlate well with those anthro-
pogenic dynamics in the “Three Water Lines” region. Despite the effect of sample size
on the analysis results, one reason for such results could be that the region suffers the
natural disadvantages of limited water resources and a fragile environment as well as
long-standing socioeconomic problems including slow economic development, a backward
industrial structure, and continuous population loss [51–53].

Besides, national policies and their constant adjustments have to be verified to play
a leading role during the Earth’s surface alteration process in underdeveloped areas of
China [49,54]. The industries in the studied region are developing and mainly rely on the
support of national policies introducing enterprises from developed regions into southeast-
ern China [55], rather than spontaneous industry upgrading. The increase in population
urbanization rate is primarily due to the government’s changing of the county-level ad-
ministrative units’ identity from rural to urban, or the simultaneous reduction of total and
rural populations, rather than being driven by true-sense urban development [56,57]. In
addition, the expansion of Built-up Area and the reduction of Bare Area are mostly results
of the government’s investment in promoting the region’s development, rather than an
essential increase in demand for built-up areas. However, the impact of policies on changes
in HCA was not considered in this study, and further such investigations are expected in
future research.

Additionally, it is important to highlight the role of the scale of measuring human
activities. Previous research has demonstrated the impacts of specific local human activities
on LUCC and the environment, i.e., construction of accommodations and transportation
facilities [58], and abandonment of croplands. By contrast, human activities are represented
in a broader context by statistical data in this study. Thus, future investigations could
continue to explore the variation of the relationship between HCA changes and human
activities on finer scales.

5. Conclusions

This research has shown that the new concept of Human Critical Area provides an ef-
ficient and intuitive approach to identify regional-scale Earth’s surface dynamics caused by
diverse human activities. The overall HCA spatial patterns across the “Three Water Lines”
changed insignificantly during the past two decades, however, it is noteworthy that Bare
Area kept decreasing while Built-up Area expanded by 1.75 times. Substantial transitions
were detected, especially between Ecological Area and Bare Area, and between Agricultural
Area and Ecological Area. At the county level, the HCA changes were not susceptible to
socio-economic dynamics in general, inferring a strong impact of national development
strategies and local management over the Earth’s surface changes in this region.

This study is expected to support sustainable regional planning on rational arrange-
ment of human activities over the Earth’s surface in a vulnerable region of arid climate,
fragile environment, yet socioeconomic significance.
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