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Abstract: With the rapid development of urbanization, it is necessary to understand the evolution
of land resource carrying capacity (LRCC), so as to avoid irreversible damage to the land resources
system in a specific region. Therefore, this paper aims to study the evolution of LRCC by four
carrying status intervals of land resources. LRCC based on an evolutionary perspective can help
the government manage land resources dynamically and rationally. This study defines LRCC from
a carrier-load perspective and considers a higher or lower LRCC when facing the unbalanced
relationship between socio-economic development and the supply capacity of land resources. Then,
boxplots are used to investigate the LRCC in 35 major cities in China at different time points from
2012 to 2017. The results indicate that there was an increase in the number of cities with LRCC
values in the unbalanced interval, with socio-economic development higher than the supply capacity
of land resources. Shijiazhuang, Dalian, Harbin, Fuzhou, Chongging, Kunming, and Taiyuan had
LRCC values leaning towards an unbalanced situation. The main drivers that cause the phenomena
mentioned above include policy, socio-economic development, and land use change. This study not
only improves the understanding of the relationship between socio-economic development and the
supply capacity of land resources and identifies the main drivers, but also provides a basis for control
of LRCC according to the identifications of the main drivers.

Keywords: land resource carrying capacity (LRCC); evolution; major cities

1. Introduction

Regarding whether the demand placed on land resources by human activities exceeds
their supply capacity, previous studies [1,2] report that, if land resources carry more
population than they can bear, irreversible damage to the land resources system will
happen in a specific region. With the rapid development of urbanization in China, the
socio-economic activities of the increasing urban population have imposed pressures that
exceed the supply capacity of land resources in some land subsystems. For example, flood
disasters that occurred in recent years in Beijing are the result of the insufficiency of the
drainage system’s carrying capacity to manage flood discharge [3]. The frequent traffic
congestion in Shanghai is the consequence of the urban vehicle flow gradually exceeding
the supply capacity of urban roads and public transportation facilities associated with
the urbanization process [4]. Urbanization is a significant phenomenon of human activity
that alters land use and cover, which leads to the emergence of urban heat islands [5].
Therefore, an imbalance between the supply capacity of land resources and the pressure
exerted by human activities occurs frequently. Because the LRCC system (LRCC system
includes the elements and the relationships among elements. The elements include human
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socio-economic activities and environmental pollution, as well as land resources. The
relationships are the carrying of land resources to human socio-economic activities and
environmental pollution is an open and changing system, it should be explored based on
an evolutionary perspective by combining both the supply capacity of land resources and
the pressure exerted by human activities in order to help the government to determine
whether the carrying status of land resources is unbalanced, thus providing a basis for land
resource management.

Opinions in the literature [6,7] on the existing paradigms of LRCC can be classified
into the following five types: LRCC based on food as a limiting factor [8,9], LRCC based on
the ecological footprint [10,11], LRCC based on multiple factors [12-15], LRCC based on a
reference region [16,17], and LRCC based on the planetary boundary framework [18,19].
Allan [8] first proposed studying LRCC from the perspective of food as a limiting factor.
This perspective was expanded by FAO [20], which studied LRCC by establishing a novel
method that divides several agro-ecological cells in each country according to structure,
spatial layout, and cultivation time of species. The perception of LRCC based on the eco-
logical footprint originates from the concept of Ghost Acreage presented by Borgstrom [21]
in 1965. Wackernagel and Rees [10] extended the concept of Ghost Acreage and studied
LRCC, which was expressed by the surplus or deficit carrying status of land resources
via comparing pressure with supply capacity. Shi et al. [22,23] studied LRCC based on
multiple factors and selected many LRCC evaluation indicators from four aspects, namely,
urban construction space, agricultural production space, industrial development space,
and ecological protection space, according to the theory of multifunctional land use. Huang
and Kuang were the first to propose studying LRCC based on a reference region [16]; they
calculated the LRCC of a study area depending on its stock of land resources, but used the
per capita possession of land resources in a reference region. Rockstrom et al. [18] studied
LRCC based on the planetary boundary framework by using the proportion of cultivated
land as an evaluation indicator. Their results show that a safe operating space is 15%, and
the current value is 11.7%.

The above discussions reveal some research gaps in existing studies. Firstly, few
studies have explored LRCC from the perspective of evolution. Secondly, few studies have
selected evaluation indicators according to the carrying relationships between the pressure
exerted by human activities and the supply capacity of land resources. Thirdly, previous
studies classified the carrying status of land resources into categories and considered the
higher carrying status the better. To address the research gaps in previous studies, this
paper aims to study (a) the relationship between socio-economic development and the
supply capacity of land resources in 35 Chinese major cities during 2012-2017; (b) the
main drivers that cause the relationship. The evaluation results based on the evolutionary
perspective can help governments understand the carrying status of land resources at every
time point for each study area. Therefore, governments can formulate policies to ensure
that the carrying status of land resources is controlled at a reasonable level. Because the
problems of LRCC in other countries will be similar to China’s, other governments around
the world can also adopt these policies in order to regulate LRCC.

The rest of the paper is structured as follows. Section 2 defines LRCC based on a
carrier-load perspective. Section 3 details the LRCC assessment model established in
this study based on the carrying relationships between land carriers and land loads; then,
LRCC, expressed by the carrying status of land resources, is classified by using Boxplots.
Sections 4 and 5 present an empirical study conducted to explore the carrying status of
land resources from the evolutionary perspective in 35 major Chinese cities from 2012 to
2017. Finally, conclusions, including policy implications, are provided in Section 6.

2. Definition of Land Resource Carrying Capacity

Different terrestrial ecosystems, such as cultivated land, forestland, garden land, grass-
land, water, residential land, and industrial land, are composed of various land resources,
namely, biotic components (e.g., plants and microorganisms) and abiotic components



Sustainability 2022, 14, 5178

30f18

(e.g., light, soil, air, and temperature) [20]. Adequate and rational use of land resources can
create more social and economic benefits, while excessive use may lead to the unsustainable
development of land resources. On the other hand, land resources are rich in some regions,
but have not been fully utilized.

The existing definitions of LRCC can be summarized from the following two aspects.
One aspect considers the existence of a carrying threshold. For example, Mellanby [24] con-
sidered LRCC as the carrying threshold, which was expressed by the size of the population
using land resources at a specific time point for a specific region. Another aspect holds that
the carrying threshold does not exist, and LRCC is instead defined as the carrying status,
namely, the carrying intensity. For example, Luo et al. [15] argued that LRCC refers to the
carrying status of land resources at a specific time point for a specific region.

In the urbanization process, the pressure exerted by human activities will gradually
approach or even exceed the supply capacity of land resources. When the pressure is
close to the critical status for the supply capacity of land resources, the land resource
system will show an ability to resist the pressure and adjust itself, so the pressure and the
supply capacity of land resources will maintain a relative dynamic balance. The process
by which the land resource system absorbs pressure exerted by human activities and
regenerates its functions, as mentioned above, can be analogized to a physical material or
member (namely, a carrier) that is subjected to a load, as defined in physics. Furthermore,
previous research has applied a carrier-load perspective based on physics to study the
environmental resource carrying capacity [25], water resource carrying capacity [26], land
resource carrying capacity [15], urban carrying capacity [27], urban infrastructure carrying
capacity [28,29], and ecological carrying capacity [30]. Although evaluating LRCC based
on a carrier-load perspective has been proposed in the literature [15], LRCC is not defined,
and it has been assumed that, the larger the value of LRCC, the better. This paper expands
on the discussion of LRCC in [15] and posits that LRCC is not a carrying threshold for land
resources, but is the carrying status for land resources based on a carrier-load perspective,
as shown in Figure 1.

Land resource carrying capacity

Carrying Applying Carrying | Boundary of
pressure pressure pressure | LRCC system

Figure 1. Conceptual schematic diagram of land resource carrying capacity. Source: Designed by
the author.

According to Figure 1, human socio-economic activities and environmental pollution,
acting as land loads, require various functions provided by land resources, and land
resources as land carriers can deal with the pressure caused by human activities. For
example, humans obtain food from cultivated land, garden land, and grassland. Residential
land provides space for human habitation. In the definition of LRCC based on a carrier—
load perspective, land carriers (C) are the functions provided by various types of land
resources, and land loads (L) are the pressure exerted by human activities. The definition
of LRCC in this study is significantly different from the concept of ecosystem services.
Ecosystem services are the conditions and processes through which natural ecosystems and
the species that make them up sustain and fulfill human life [31]. In this paper, the theory
of multifunctional land use originating from the theory of ecosystem services is used to
assess land carriers (C).
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According to the literature, environmental resource carrying capacity [25] is defined as
the ratio of the load imposed on the environmental resource to the environmental resource
carrier. Therefore, the LRCC equation is as follows.

P=c (1)

A higher p means that land resources are carrying too much pressure, while a lower p
means that land resources are underutilized, which is potentially wasteful.

3. Analysis Method for the Evolution of LRCC

The analysis of the evolution of LRCC in this study is divided into two steps: calcula-
tion of assessment models for LRCC and classification of the carrying status intervals of
land resources using Boxplots.

3.1. Measurement Model for Land Resource Carrying Capacity
By referring to [15], the measurement model for LRCC is shown as follows:

M@

wi—j x pz;]'/ (2)

1

5
P=)
j=1

Il
—_

where p is land resource carrying capacity; p; j represents the normalized individual land

resource carrying capacity p;_j; and w, ; is the weighting value of the ratio index p; ;
calculated by the equal weight method; numbers 5 and 9, respectively, are the number of
land load and land carrier indicators.

The individual land resource carrying capacity p; ; is constituted by the relationships
between land carriers and land loads according to Equation (1), and the relationships can
refer to the literature [15]. The land carrier indicators are nine types of land use area, and
the land load indicators include social load, economic load and environmental load. These
land carriers and land loads constitute 20 types of p; ;, the meanings of which are shown
in Table 1.

Table 1. The meanings of p; ;.

The Meanings of p;_;

The number of populations carried per urban residential land area
(p1-1)

The number of populations carried per area of urban land for public
administration and public services (02—1)

The number of populations supported per area of urban land for
commercial and business facilities (p3_1)

The number of populations supported per urban industrial land
area (04-1)

The number of populations carried per area of urban land for
logistics and warehouses (p5_1)

The number of populations carried per area of urban land for road,
street and transportation facilities (06—1)

The number of populations supported per area of urban land for
municipal utilities (07_1)

The number of populations supported per area of urban land for
green space and squares (0g_1)

The number of populations carried per area of other types of land
(p9-1)

The added value of tertiary industry carried per area of other types
of land (p9_4)

The added value of tertiary industry carried per urban residential
land area (01—4)

The added value of tertiary industry carried per area of urban land
for public administration and public services (p2_4)

The added value of tertiary industry supported per area of urban
land for commercial and business facilities (03—4)

The added value of secondary industry supported per urban
industrial land area (p4_3)

The added value of tertiary industry supported per area of urban
land for logistics and warehouses (05_4)

The added value of tertiary industry carried per area of urban land
for road, street and transportation facilities (0s—4)

The added value of secondary industry supported per area of urban
land for municipal utilities (07_3)

The carbon emission supported by urban land for green spaces and
squares (0g—s)

The added value of primary industry carried per area of other types
of land (pg_7)

The carbon emission supported per area of other types of land (09_5)




Sustainability 2022, 14, 5178

50f18

3.2. Determination of Carrying Status Interval of Land Resources by Boxplots

Determining how to scientifically understand and analyze the results is an important
part of exploring the LRCC based on an evolutionary perspective. Therefore, a theoretical
framework is needed to guide the exploration of the LRCC. In this study, the carrying
status intervals of land resources were determined by using Boxplots.

The previous description in Section 2 suggests that a larger p is not necessarily better,
nor is a smaller p. A suitable carrying status of land resources should be set, the fundamental
purpose of which is to ensure a balance between the carrying capacity of land resources
and the pressure exerted by human activities, in order to realize the sustainable use of
land resources. In regions with relatively high socio-economic development, p is generally
high because of the relatively large consumption of or damage to land resources, and they
should maintain p at a relatively low carrying status. In other words, it is better to have a
lower p in these regions, but there should be a lower limit because a value that is too low
means the ineffective use and waste of land resources. On the other hand, in regions with
relatively lagging socio-economic development, p is generally low, and they should pursue
socio-economic development. In other words, it is better to have a higher p in these regions,
but there should be an upper limit to avoid irreversible damage to land resources. The
discussion above is represented in Figure 2.

A\p
Pp
The smaller is better
Pm
The larger is better
2o
0

Figure 2. The interval of LRCC (p). Source: Designed by the author.

As shown in Figure 2, pg is the original LRCC in a region and is not equal to zero,
because there must be human socio-economic activities in that region. p,, denotes the ideal
LRCC, namely, the ideal lower limit for regions where smaller is better or the ideal upper
limit for regions where larger is better. p,, represents the potential ultimate LRCC limit, and
irreversible damage to land resources in a region occurs when p exceeds pj.

Since the LRCC system is complex, it is difficult to directly determine the above-
mentioned pg, py, and Op- Therefore, a specific approach is needed to find alternative
variables to pg, pm, and pp. In this study, statistics are used as the three alternative variables.
Specifically, the three variables are determined by the distribution of LRCC in every sample
region at a certain time point. To describe the distribution of LRCC more precisely, the
Boxplot statistical method was chosen. The Boxplot method expresses the distribution of
data based on a five-number summary: the minimum, first quartile, median, third quartile,
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and maximum [32]. In this study, the first quartile (Q1), median (Q7), and third quartile
(Q3) were calculated across all samples of p in year t.

After calculating Qq, Q», and Qj3, the average of each of these three values was deter-
mined. Specifically, the average value of Q; is defined as the socio-economic development
lower than the carrying capacity of land resources, which is represented by p;,,. The aver-
age value of Q; is defined as the socio-economic development approach to the carrying
capacity of land resources, which is expressed by p*. The average value of Q3 is defined as
socio-economic development higher than the carrying capacity of land resources.

According to py,,, p*, and p,; described above, the carrying status of land resources is
divided into four intervals: the relatively unbalanced intervals A4 (0 < pj,,) and interval
A1 (0 > py), the relatively balanced interval Az (o, < p < p*) and the interval A;
(p* < p < pyr).- Among the four intervals, socio-economic development is lower or higher
than the carrying capacity of land resources in interval A4 or Aj, and is approached in
interval Az and Aj. Therefore,A;3 and A, are relatively reasonable, while A4 and A;
intervals should be the focus of attention.

In a time series, p changes dynamically. The types of fluctuation include smooth
fluctuation, fluctuation with an upward trend, and fluctuation with a downward trend.
The three fluctuation types represent the ability of land carriers to resist land loads and
adjust accordingly.

To identify the common reasons for the evolution of LRCC under four intervals,
namely Aj, Ay, A3, and Ay, it is necessary to analyze principal components p; ;. For study
area 1 in year t under an interval, the calculation of proportion made by Equation (3):

.
Wi X Pi_j
7

P

P = 3)

Every P;_;is arranged in descending order for area n in year f under an interval. When
Y. P;_j is equal to 90% or bigger than this, the principal components p;_; are identified for
study area n in year ¢. To obtain the principal components for study area #, the intersection
of principal components in every year is calculated. Similarly, principal components under
a LRCC interval are obtained by calculating the intersection of principal components in
every study area.

4. Study Area and Research Data
4.1. Study Area

Our dataset consists of 35 major cities in China over the period from 2012 to 2017.
These are all large cities (according to the State Council’s Notification on the Adjustment of
the Standard for the Classification of City Scale (No. 51 [2014] of the State Council), cities
with a resident population of less than half a million in urban areas are small cities; cities
with a resident population of more than half a million and less than one million in urban
areas are medium-sized cities; cities with a resident population of more than one million
and less than five million in urban areas are large cities; cities with a resident population of
more than five million and less than ten million in urban areas are huge cities. Cities with a
resident population of more than 10 million are considered megacities.) with populations
greater than one million and are leading the way in social and economic development in
China. Among the 684 cities in China [33], the 35 major cities make up a quarter of the total
urban population. These cities represent all of China’s municipalities, provincial capitals,
and sub-provincial cities, providing a better indication of the carrying capacity of land
resources at different points in time. Figure 3 shows the location of these cities.
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Figure 3. Spatial distribution in 35 major cities. Source: Redrawn by the author from http:/ /bzdt.ch.
mnr.gov.cn/, accessed on 20 October 2021.

4.2. Research Data

The data used in this paper were drawn from a range of official statistical yearbooks,
including the China County Construction Statistical Yearbook (2012-2017) [34], China City
Statistical Yearbook (2013-2018) [35], China City Construction Statistical Yearbook (2012—
2017) [36], China Statistical Yearbook (2013-2018) [37], and Carbon Emission Accounts and
Datasets (CEADs) (2012-2017) (https:/ /www.ceads.net.cn/ accessed on 20 October 2021).
Carbon emissions (the molecule of pg_5 and py_s) in the 35 major cities were determined
from the CEADs website, which discloses data on carbon emissions from [38] published
in Scientific Data. The data on the CEAD’s website are also applicable to broader socio-
economic contexts. For example, they were employed to study the decoupling relationship
between economic growth and carbon emissions in 289 Chinese cities (see reference [39]).
Data on the other indicators are from the official statistical yearbooks mentioned above,
which have been the foundation of many previous studies [25,26,28-30] in Chinese socio-
economic contexts.

Owing to the implementation of the Planning Standards of Development and Code
for Classification of Urban Land Use in 2012, the statistical caliber of land use/cover types
has changed. To avoid differences in statistical caliber, the empirical research data used in
this study are from the period 2012-2017. The weight value of p;f ;i calculated according

to equal weight method. There are 20 p jin total, and because each LRCC is equally
important, the weight value (w;_;) is equal to E'

5. Results and Discussion
5.1. Results of LRCC

By applying the obtained data to calculate individual LRCC (p;_;), normalized indi-
vidual LRCC (p]?i],) and LRCC (p) according to Equation (2), we obtained the values of the
LRCC (p) for the 35 sample cities between 2012 and 2017. The results are shown in Table 2.
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Table 2. Land resource carrying capacity p in 35 major cities from 2012 to 2017.

City 2012 2013 2014 2015 2016 2017 Average
Beijing 0.373 0.372 0.369 0.367 0.38 0.398 0.377
Tianjin 0.29 0.305 0.306 0.306 0.307 0.32 0.306

Shijiazhuang 0.246 0.256 0.262 0.274 0.281 0.318 0.273
Taiyuan 0.284 0.282 0.243 0.238 0.224 0.222 0.249
Hohhot 0.179 0.174 0.214 0.237 0.224 0.222 0.208

Shenyang 0.274 0.28 0.262 0.267 0.219 0.195 0.250
Dalian 0.241 0.256 0.267 0.273 0.256 0.246 0.257
Changchun 0.218 0.215 0.222 0.227 0.189 0.198 0.212
Harbin 0.252 0.259 0.267 0.269 0.271 0.283 0.267
Shanghai 0.229 0.237 0.244 0.252 0.373 0.392 0.288
Nanjing 0.227 0.232 0.244 0.254 0.253 0.264 0.246
Hangzhou 0.27 0.278 0.287 0.303 0.306 0.299 0.291
Ningbo 0.195 0.207 0.204 0.23 0.245 0.252 0.222

Hefei 0.191 0.19 0.193 0.199 0.197 0.191 0.194
Fuzhou 0.262 0.269 0.271 0.273 0.287 0.295 0.276
Xiamen 0.213 0.206 0.197 0.196 0.191 0.215 0.203

Nanchang 0.301 0.28 0.284 0.292 0.293 0.297 0.291
Jinan 0.217 0.224 0.226 0.229 0.233 0.232 0.227
Qingdao 0.237 0.347 0.249 0.258 0.253 0.247 0.265
Zhengzhou 0.265 0.278 0.301 0.314 0.321 0.29 0.295
Wuhan 0.189 0.252 0.214 0.343 0.35 0.251 0.267
Changsha 0.335 0.314 0.316 0.338 0.349 0.183 0.306
Guangzhou 0.35 0.323 0.343 0.451 0.466 0.468 0.400
Shenzhen 0.377 0.389 0.409 0.436 0.455 0.485 0.425
Nanning 0.221 0.211 0.219 0.227 0.228 0.235 0.224
Haikou 0.248 0.239 0.255 0.253 0.263 0.462 0.287
Chonggqing 0.247 0.247 0.254 0.259 0.268 0.277 0.259
Chengdu 0.23 0.226 0.228 0.251 0.258 0.271 0.244
Guiyang 0.217 0.207 0.207 0.198 0.212 0.194 0.206
Kunming 0.252 0.221 0.237 0.25 0.252 0.241 0.242
Xi'an 0.404 0.367 0.378 0.351 0.387 0.294 0.364
Lanzhou 0.25 0.259 0.2 0.218 0.228 0.238 0.232
Xining 0.344 0.355 0.354 0.364 0.375 0.37 0.360
Yinchuan 0.178 0.161 0.154 0.161 0.154 0.151 0.160
Urumgi 0.162 0.159 0.16 0.182 0.178 0.16 0.167
Average 0.256 0.259 0.258 0.273 0.278 0.276 -

As can be seen from Table 2, p varied greatly among the 35 cities between 2012 and
2017, with the maximum value being for Shenzhen in 2017 (0.485), and the minimum value
being for Yinchuan in 2017 (0.151). The overall variation in p for the 35 sample cities has
a range of (0.151, 0.485). Furthermore, the fluctuation of p varied from city to city. For
example, the fluctuation range is (0.367, 0.398) for Beijing and (0.159, 0.182) for Urumg;i.
Moreover, the mean values of p for the 35 cities varied significantly between 2012 and 2017.
The three cities with the highest values are Shenzhen (0.425), Guangzhou (0.4), and Beijing
(0.377), whereas the three cities that ranked lowest are Hefei (0.194), Urumgqi (0.167), and
Yinchuan (0.16).

5.2. Evolution of Land Resource Carrying Capacity between Major Cities in China

Based on the results in Table 2, this section analyzes the evolution patterns of LRCC
in 35 major cities in China, including the division of LRCC intervals and the evolutionary
analysis of LRCC.

5.2.1. The Results of LRCC Intervals between Major Cities in China

Based on the results in Table 2, the corresponding parameters of the LRCC values
for each year were calculated by applying the Boxplot method: first quartile (Q;), median
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quartile (Qy), and third quartile (Q3). Their mean values were then calculated, which
yielded p;, = 0.222, p* = 0.253, and p,; = 0.294. According to these three values, the LRCC
performance was divided into four intervals, namely, the interval A4 (0 < 0.222), the
interval A3 (0.222 < p < 0.253), the interval A (0.253 < p < 0.294), and A; (p > 0.294).

By using the p results in Table 2 and the interval classification criteria (A;—A4) men-
tioned above, the temporal evolution of the LRCC for the 35 major cities in 2012-2017 was
determined, as shown in Figure 4.

2012 2013 2014 2015 2016 2017
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Figure 4. Distribution of LRCC p among 35 major cities from 2012 to 2017.
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5.2.2. Overall Evolution of LRCC in 35 Major Chinese Cities

To analyze the overall evolution patterns of the LRCC in the 35 sample cities, the
number of cities in each of the four different LRCC performance intervals in Figure 4 was
statistically plotted over time. The results are shown in Figure 5.
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Figure 5. The number of major cities in each interval from 2012 to 2017.

As can be seen in Figure 5, the number of cities in the four different LRCC performance
intervals changed significantly over the period 2012-2017. Specifically, the number of cities
in the A and Aj intervals increased, while that in the A4 interval decreased. This indicates
that the intensity of land loads on land carriers increased between 2012 and 2017 in 35 major
cities in China. This may be attributed to China’s strong efforts in recent years to promote
economical and intensive land use, which have increased the level of utilization of land
resource carriers. For example, Notice on Strict Enforcement of Land Use Standards to
Vigorously Promote Land Saving and Intensive Land Use [40], issued by the Ministry of
Land and Resources (now renamed the Ministry of Natural Resources) in 2012, stated that
localities should strictly follow the various land policies issued by the State and resolutely
implement the control targets for construction land for highways, railways, civil aviation
transport airports, electric power, and coal, oil, and gas projects, among others. In addition,
the sizes of land lots and floor area ratio standards for real estate land should be controlled.
These initiatives have been proven to enhance the carrying capacity of urban construction
land for socio-economic activities [41].

5.2.3. Temporal Evolution of LRCC in 35 Major Chinese Cities

Figure 4 also shows that the variations in the values of LRCC exhibit significant
variability among cities. To illustrate these changes, the results in Table 2 are plotted as
graphs to show the evolution of LRCC values in individual cities (see Figure 6). In Figure 6,
the red line, which indicates p* = 0.253, acts as a reference to observe if the values of LRCC
are reasonable or not.

In this study, four categories are defined based on the characteristics of the LRCC
evolution in these cities: (i) cities with fluctuating variations dominated by a relatively
unbalanced interval with socio-economic development higher than the carrying capacity
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of land resources (A;); (ii) cities with fluctuating variations dominated by a relatively
unbalanced interval with socio-economic development lower than the carrying capacity
(Ay); (iii) cities with fluctuating variations dominated by a relatively balanced interval with
socio-economic development slightly higher than the carrying capacity (A); and (iv) cities
with fluctuating variations dominated by a relatively balanced interval with socio-economic
development slightly lower than the carrying capacity. The following discussion provides
a detailed analysis of each of the three different types of fluctuations (smooth fluctuation,
fluctuation with an upward trend, and fluctuation with a downward trend) for each type
of city.

05 05 05
04 — 04 04 04
s
03 03 ———— 03 e 03 -
et ey
02 P25 02 02 02 R
01 01 01 01
o : : : ' 0 : : : ) : : : x : : : ,
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018
05 05 [o—Stenyang s 05 [E5=Changehur
04 04 04 04
(025
03 0253 03] 03 . 03
02 L 02 ~— 02 02 T .
01 01 01 01
0 : : : ' 0 : : : ) : : : x : : : ,
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018
05 [ o Shanghaip 5 05
04 04 S 04 04
e
oaf . 03 / 03 [ N
- -
02 pr0253) 02 02 02
01 01 01 01
o : : : ' 0 : : : 0. : : : x : : : )
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018
05 [ 05 [
04 04 04 04
03 p0253) 03 03 e 03
e ot
02 " 02 e, 02 02 —— .
01 01 01 01
o : : : ' 0 : : : 0. : : : x : : : )
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018
05 5 05 05 [E5—Zhengzhou
04 0.4 0.4 04
03 L — 03 03 /\ 03 ./4/""4\'
PO ——— v
02 pr0253) o2 - 02 02
01 01 01 01
o : : : 0 : : : 0. : : : x : : : )
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018
05 [ 5 == Guangzhaib |
S .
.
0.4 0.4 04 / 04 . e
—, . 2 —,
03 / 03 T 03 03
02 /\/ P0253) 02 \ 02 02
01 01 0.1 01
o : : : ' 0 : : : 0. : : : x : : : .
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018
05 [ 05 [E5—Chongairals
04 04 04 04
03 p*0.253) 03 03 . e 0.3 .
F— o P —
02 — 02 02 02
01 01 01 01
o : : : x : : : 0. : : : x : : : .
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018
05 [ 5 05
04 04 04f = 04
03 p*(0253) 03 03 03
E————— a— - —
02 e, 02 T 02 02 S~
01 [ 01 01
o o 0
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018
05 [ 5
04 04 04
- .
03 03 03
02 p*0253) o2 02
— e,
01 01 01
o o
2012 2014 2016 2018 2012 2014 2016 2018 2012 2014 2016 2018

Figure 6. The evolution of LRCC p in 35 major cities from 2012 to 2017.
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(®» Cities dominated by a relatively unbalanced situation with socio-economic develop-
ment higher than the carrying capacity of land resources (A1)

As can be seen from Figure 4, the LRCC values of Beijing, Guangzhou, Shenzhen, Xi’an,
and Xining were in the A; interval for 6 years, and those of Tianjin and Changsha were
in the A; interval for most of the years. By the analysis method of principal components
shown in Section 3.2, it is considered that pg_s5, pg—5, and p1_1 are the reasons why the
seven major cities are in interval Aj. As can be seen from Figure 6, the LRCC values of
Beijing, Guangzhou, Shenzhen, Xining, and Tianjin, the five cities that are mainly in the A;
interval, show a fluctuating upward trend above p* = 0.253 (red line) over the 6 study years
in general, with Shenzhen and Guangzhou showing larger fluctuations. Taking Beijing
as an example, the industrial structure in the city has shifted from secondary to tertiary
industries since 1978, and technological progress has led to increased efficiency in various
industries with high carbon emissions. This has boosted Beijing’s economic development
and enabled the city to carry a greater economic load per unit of construction land [42]. In
addition, tertiary industry in Beijing has attracted a large labor force, which has greatly
contributed to the city’s population increase. As a result, Beijing has been carrying a greater
social load per unit of land used for construction [43]. Thus, the adjustment of the industrial
structure is potentially the main driver in Beijing from 2012 to 2017.

Another type of evolutionary pattern is that of cities where LRCC values above
p* = 0.253 (red line) fluctuate with a downward trend, including Xi’an and Changsha.
In Xi’an, for example, only Weiyang District has experienced rapid socio-economic de-
velopment, while other districts and counties in the city have either developed slowly
(e.g., Bagiao District, Chang’an District, and Gaoling County) or have shown a trend of re-
gressive development (e.g., Yanliang County, Zhouzhi County, and Xincheng District). This
is due to the relocation of the new administrative center of Xi’an to the Weiyang District,
which has taken the initiative to maximize the integration of urban resources and improve
the efficiency of their use [44]. While Yanliang and Zhouzhi counties have been increasing
their urban construction land, fixed asset investment, and fiscal expenditure, the large
amount of input has not increased output due to factors such as low location status, poor
urban construction land conditions, policy orientation, and unreasonable management. In
conclusion, regressive socio-economic development may be the main driver causing the
fluctuating downward trend of LRCC dominated by interval A; for Xi’an from 2012 to 2017.

From the above discussions, this paper suggests that the seven major cities should
adopt differentiated policy measures to reduce carbon emissions (the molecule of pg_5
and pg_s5). As Cheng et al. [45] indicated, cities with carbon emissions higher than the
national average, including Beijing, Guangzhou, Shenzhen, and Tianjin, will be contained
in the list of key governance issues, giving priority to addressing the difficulties faced by
the four cities in achieving carbon emissions reduction. On the other hand, cities with
carbon emissions lower than the national average, including Xi’an, Xining, and Changsha,
should be assigned a ranking based on carbon emissions under similar socio-economic
conditions. Especially, Beijing should focus on controlling population size so that the
individual LRCC (p1_1) can be lowered to an extent. Firstly, Beijing should establish a
top-level institutional design for population regulation and perform overall planning to
ensure that population regulation matches the stage and goal of economic development.
Secondly, administrative division should be suspended, and overall industrial planning
in the metropolitan area should be established by Beijing to ease population size. Thirdly,
Beijing should gradually set up and improve a unified platform for population information
registration and information sharing to understand dynamic population changes [46].

@ Cities dominated by a relatively unbalanced situation, with socio-economic develop-
ment lower than the carrying capacity of land resources (A4)

As can be seen from Figure 4, the LRCC values of six cities—Changchun, Hefei,
Xiamen, Guiyang, Yinchuan, and Urumgi—are predominantly in interval A4. By the
analysis method of principal components shown in Section 3.2, it is considered that pg_5
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and p4_1 are the reasons why the six major cities are dominated by a relatively unbalanced
situation, with socio-economic development lower than the carrying capacity of land
resources. Moreover, according to Figure 6, the LRCC values of Hefei and Urumgi show a
fluctuating upward trend. Taking Hefei as an example, although its LRCC value is in the
low-use interval, the city is actively proposing measures to improve the efficiency of land
use. At the beginning of the study period, it had a relatively large supply of land carriers
and relatively small land loads, so its LRCC was in interval A4. In recent years, the Hefei
municipal government has promulgated a series of policies for the disposal of idle land
resources, such as the Measures for the Disposal of Idle Land promulgated in 2009 [47].
These measures have revitalized the stock of land resources, solved the plight of a large
amount of idle land resources, and improved the use of land carriers for socio-economic
activities, resulting in a fluctuating upward trend in the p value. This trend for Hefei from
2012 to 2017 is possibly driven by the publication of measures relating to the use of land
resources in recent years. Such cities should maintain the upward trend of p, maintaining p
values that fluctuate around p* as they approach the relatively ideal state value of p*.

However, the LRCC values of Changchun, Xiamen, Guiyang, and Yinchuan tended
to fluctuate downwards during the study period. Taking Yinchuan as an example, its
socio-economic scale grew at a slower rate than the scale of urban construction land, and
this phenomenon is possibly the main driver causing the city’s LRCC values to fluctuate,
with a downward trend dominated by low-use intervals from 2012 to 2017. Zhang et al. [48]
attributed the expansion of urban construction land in Yinchuan from 2012 to 2017 to the
renovation of old urban areas, the development of new urban areas, and the construction
of external transportation, such as the completion of the construction of the BRT1 line,
the underground integrated corridor project of Huaiyuan West Road, the underground
integrated corridor project of Mancheng South Street and Mancheng North Street, the
Yinxi high-speed railway project, and the Yinchuan Binhe Yellow River Bridge project.
It can be seen that Yinchuan invested less in land resources for developing social and
economic measures during the study period and only planned and built a major power
equipment production base, wind power equipment, photovoltaic product research and
development and production base, electronic information industry base, and biomedical
industry base [49]. On the other hand, Yinchuan suffered from the weak innovation
capacity of existing industries. To optimize and enhance Yinchuan’s LRCC, initiatives
such as strictly controlling the increase in urban land resources, revitalizing idle industrial
land resources and abandoned land resources, and optimizing the land use structure
are suggested. Specifically, the state could consider building an innovation research and
development base and intellectual property trading center in the Yellow River Basin, with
Xi’an and Zhengzhou as the twin nuclei, which, through intellectual property trading, could
stimulate the full spillover of market-based innovations to cities, including Yinchuan, with
weak innovation capacity. In addition, the nation could also use the Yangling Agricultural
High-Tech Industry Demonstration Zone in the suburbs of Xi’an as a basis for upgrading
the science and technology level of agriculture and downstream industries in the Yellow
River Basin, cultivating a team of professional farmers and expanding the development
and growth of the processing and manufacturing industries of agricultural and livestock
products in cities such as Yinchuan [50].

To increase land use efficiency in the six major cities, initiatives such as strictly control-
ling the increase in urban land resources, revitalizing idle industrial land resources and
abandoned land resources, and optimizing the land use structure are suggested. Taking
the strict control of the increase in urban land resources as an example, such cities should
control the quantity of urban land resources for outdated or high-polluting industries and
should encourage high-tech industrial land resources [51], so that the individual LRCC
(pa—1) can be higher, to an extent.

® Cities dominated by a relatively balanced situation with socio-economic development
slightly higher than the carrying capacity (A;)
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Figure 4 illustrates that seven cities—Shijiazhuang, Shenyang, Dalian, Harbin, Fuzhou,
Nanchang, and Chongqging—are situated predominantly in interval A,. By the analysis
method of principal components shown in Section 3.2, it is considered that p9_s, ps_5, and
p2—1 are the reasons why the seven major cities are dominated by a relatively balanced
situation with socio-economic development slightly higher than the carrying capacity.
Furthermore, as seen in Figure 6, the values of LRCC in five cities—Shijiazhuang, Dalian,
Harbin, Fuzhou, and Chonggqing—either lie above or cross the p* = 0.253 line (red line),
showing a fluctuating upward trend. In the case of Dalian, a possible explanation is that
the government in this city has continued to exercise reasonable control over the size of
all types of urban construction land in recent years, in accordance with the provisions of
the Urban Land Classification and Planning and Construction Land Standards issued in
2011 [52]. These control initiatives have led to the fluctuating upward trend of LRCC values
in Dalian over the six study years.

In contrast, the LRCC values of Shenyang and Nanchang show a fluctuating down-
ward trend, with Shenyang being the more volatile of the two. This can be attributed to the
fact that Shenyang is in the northeast region, which is an old industrial base. In the past, the
industrial structure of these old bases was dominated by heavy industry, which resulted
in the growth in the scale of industrial land, whereas in recent years the northeast region
has actively explored the transformation of its industrial structure, leading to a decrease in
the growth rate of urban construction land supply. In addition, its urban population size,
economic scale, and carbon emissions had slight downward trends over the study period.
The fluctuating downward trend of LRCC dominated by high-use intervals for Shenyang
during the period 2012-2017 is probably influenced by the foundation of an industrial
structure dominated by heavy industry and to the adjustment of the industrial structure.

® Cities dominated by a relatively balanced situation with socio-economic development
slightly lower than the carrying capacity (Az)

From Figure 4, five cities—Taiyuan, Shanghai, Jinan, Chengdu, and Kunming—are
predominantly in interval Aj. By the analysis method of principal components shown
in Section 3.2, it is considered that p9_5, ps—5, p4—1, p2—1, and pg_1 are the reasons why
the five major cities are dominated by a relatively balanced situation with socio-economic
development slightly lower than the carrying capacity. From Figure 6, the LRCC values
for Shanghai, Jinan, and Chengdu exhibit a fluctuating upward trend. Using Jinan as an
example, the growth rate of land loads in the city was significantly higher than that of
land carriers during this period, implying that the degree of utilization of land carriers
in Jinan has increased along with socio-economic development. This trend has possibly
been driven by the publication of measures to improve the utilization of urban construction
land in recent years. For example, Jinan’s department for managing land and resources, in
collaboration with the city’s development and reform department and commerce depart-
ment, has been strictly gate-keeping new urban industrial land by reviewing indicators
such as investment intensity, total investment, and land size, in order for industrial projects
to be introduced. The department for managing land and resources in Jinan encourages
industrial enterprises to use their land to expand and build new plants to improve the
carrying capacity of the stock of urban industrial land [53].

For Taiyuan and Kunming, the LRCC values have a fluctuating downward trend.
In Taiyuan, for example, the city’s population rose and then fell between 2012 and 2017,
and the economic development was relatively slow. An and Zhang [54] argued that the
urban population size and economic scale of Taiyuan are far lower than those of Shanghai,
Beijing, and Chongging. On the basis of their viewpoint, this paper assumes that Taiyuan
is in a period of low socio-economic scale development, and the growth rate of this scale
is lower than that of the scale of urban construction land. Therefore, this is possibly the
main driver of the evolution of Taiyuan’s LRCC from interval A, to A3z, with a tendency
to evolve towards interval Ay (see Figures 4 and 6). In light of this situation, the Taiyuan
metropolitan area should promote the establishment of a new national-level district, the
Taiyuan Fenhe New District, to form a growth pole for the economic development of the
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Taiyuan metropolitan area. In addition, the Taiyuan metropolitan area should strengthen
the specialized division of the labor force with neighboring urban areas and fully utilize
the industrial support function of the town clusters surrounding the Taiyuan metropolitan
area [54]. The aim is to optimize Taiyuan’s LRCC value (o) while ensuring that p fluctuates
around the relatively ideal LRCC value, p*.

6. Conclusions

Based on an evolutionary perspective, this study investigated the LRCC at different
time points in 35 major Chinese cities from 2012 to 2017 by using boxplots. Several key
conclusions were drawn: (a) During the study period (2012-2017), there was an increase in
the number of cities with LRCC values in the relatively unbalanced interval, with socio-
economic development higher than the supply capacity of land resources, while the number
of cities in the relatively unbalanced interval, with socio-economic development lower
than the supply capacity of land resources, decreased significantly. (b) In some major cities,
such as Beijing, Guangzhou, Shenzhen, Xining, Tianjin, Changchun, Xiamen, Guiyang, and
Yinchuan, LRCC values were becoming more and more unbalanced. (c) In some major
cities, such as Shijiazhuang, Dalian, Harbin, Fuzhou, Chongqing, Kunming, and Taiyuan,
their LRCC values were tilted towards the unbalanced situation. (d) The main drivers that
cause the phenomena mentioned above include policy, socio-economic development, and
land use change.

The main contribution of this study is as follows. LRCC is defined based on the
“carrier-load” perspective, and a higher or a lower LRCC is considered as an unbalanced
situation between socio-economic development and carrying capacity of land resources.
A method for exploring LRCC based on an evolutionary perspective by using Boxplots is
presented for 35 major Chinese cities from 2012 to 2017. The results of this study provide a
valuable reference for government managers to understand LRCC in major cities during
China’s urbanization process.

The study also provides some policy implications. In general, considering the large
spatial differences among major cities, appropriate measures should be applied according
to local conditions. Specifically, for cities where LRCC values are mainly in the unbalanced
interval, with socio-economic development higher than the carrying capacity of land
resources, the authorities involved should adopt differentiated policy measures to reduce
carbon emissions. Cities with carbon emissions higher than the national average, including
Beijing, Guangzhou, Shenzhen, and Tianjin, will be contained in the list of key governance
issues, giving priority to addressing the difficulties faced by the four cities in achieving
carbon emissions reduction. On the other hand, cities with carbon emissions lower than
the national average, including Xi’an, Xining, and Changsha, should be assigned a ranking
based on carbon emissions under similar socio-economic conditions [45]. For cities where
the LRCC is mainly in the unbalanced interval, with socio-economic development lower
than the carrying capacity of land resources, initiatives such as strictly controlling the
increase in urban land resources, revitalizing idle industrial land resources and abandoned
land resources, and optimizing the land use structure are suggested. Taking the strict
control of the increase in urban land resources as an example, such cities should control
the quantity of urban land resources for outdated or high-polluting industries and should
encourage high-tech industrial land resources [51].

This research has some limitations. Due to constraints in data availability, (a) only
six years of data were used for the time series in this study. With the short time span,
the comparison of LRCC evolution across major cities is not significant. Further studies
that include longer periods are suggested. (b) Looking only at 35 major cities in China
with sound socio-economic development, it is suggested that some cities in China with
poor socio-economic conditions, and better developed cities elsewhere in the world, can be
chosen as samples to explore spatial differences in future study.
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