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Abstract: Scientifically measuring the quantitative coupling relationship between urban-rural con-
struction land (URCL) and population and formulating URCL utilization countermeasures are needed
for protecting cultivated land resources, intensive utilization of land resources, and sustainable so-
cioeconomic development. This study proposed an improved transition process theory of URCL
and population and a coupling model of polar coordinates. Then, the coupling model was applied
to Henan Province in China to analyze the coupling relationship between URCL and population,
showing that the coupling relationship between URCL and urban-rural population (URP) in the
province was unreasonable. However, the coupling rationality between rural construction land
(RCL) and rural population (RP) had a significant improvement tendency. Furthermore, the coupling
relationship between URCL and the population of prefecture-level cities in Henan province was
analyzed, and the coupling model of polar coordinates proposed in this study achieved satisfactory
results. Thus, compared with the commonly used Tapio’s decoupling model of elasticity, the coupling
model further extends the concept of coupling analysis to the coupling type, coupling strength, and
coupling rationality. The extension makes the measurement of the quantitative coupling relationship
between URCL and population more scientific, comprehensive, and accurate.

Keywords: urban—rural construction land; land use transition; coupling rationality; decoupling
analysis; Henan province; China

1. Introduction

China has a large population, small per-capita land and cultivated land occupation,
and insufficient reserves of cultivated land. Therefore, the Chinese government attaches
great importance to land use management and implements strict intensive land use and
cultivated land protection systems [1]. Urban-rural construction land (URCL) is the main
component of construction land and the focus of land use management in China. The
primary source of incremental URCL is cultivated land. Therefore, scientifically control-
ling the quantity of URCL and promoting its intensive utilization can protect cultivated
land resources and ensure the national food security of China. However, URCL is the
primary carrier of production and living activities in urban and rural areas. Therefore,
ensuring a stable supply of URCL and correctly handling its relationship with urbanization,
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industrialization, and socioeconomic development can support sustainable socioeconomic
development. In China, with its rapid urbanization, industrialization, and socioeconomic
development, the total amount of URCL has gradually increased, and the utilization of
URCL has become more extensive. Furthermore, with the increase in the population urban-
ization rate (PUR) and the reduction in the rural population (RP), rural construction land
(RCL) has not decreased but has actually increased, and the structure of URCL has become
more unreasonable. At the same time, the unreasonable utilization of URCL has led to
socioeconomic problems such as “hollow villages”, “land finance”, and rising housing
prices, which have hindered the process of urban and rural development [2]. Therefore,
the Chinese government has adopted countermeasures such as construction land sup-
ply plans, “increasing versus decreasing balance”, and “human-land linking” land-use
policies for URCL to control its growth and optimize its structure [3-5]. Moreover, the
precondition of URCL’s management and regulation is to understand the transition char-
acteristics and mechanism of URCL and scientifically measure the quantity and structure
of URCL and its rationality for local conditions and developmental stage. Based on the
above, differentiated countermeasures can be formulated to guide the reasonable allocation
of URCL among urban and rural areas, regions, and generations. Therefore, the study
of the coupling relationship between URCL and population has essential theoretical and
practical significance.

The research on URCL mainly focuses on research fields such as urban—rural transition [6-10],
land use transition [11-15], settlement networks [16-21], and urban sprawl [22-26]. Moreover,
because URCL is composed of urban construction land (UCL) and RCL, the research on URCL
includes research on itself as a whole and independent research on UCL or RCL. The research
content of URCL includes its quantitative and structural transition characteristics, its relationship
with natural conditions and socioeconomic factors, and so on. Among the related factors of URCL,
the population is an essential one. Liu et al. first proposed a transition process model of URCL
and population. The model explains the structure transition process of URCL and population
based on land urbanization rate (LUR) measurement and the logistic population urbanization
model [27]. Based on the model, Qu et al. proposed a quantity transition process model of URCL
and summarized the influencing factors of URCL transition [28]. Zhu et al. proposed a spatial
transition process model of URCL based on core-periphery theory, which further improved the
transition process model of URCL [29]. Based on these studies, this study proposed a more
accurate and comprehensive theory for the structural and quantitative transition process of URCL
and population, further explaining the coupling relationship between URCL and population.

In terms of research methods to analyze the coupling relationship between URCL and
socioeconomics, researchers have adopted Tapio’s decoupling model of elasticity [30-34],
elastic coefficient model [35-38], coupling coordination degree model [39-42], IPAT
model [43], and so on. Among these methods, Tapio’s decoupling model of elasticity
is the most widely used. The model analyzes the coupling relationship between two ob-
jects by classifying the relationship into eight types and was initially used to measure the
coupling relationship between carbon dioxide emissions and GDP [44]. Then, the model
was widely used to measure the coupling relationship between resources and environment
and socioeconomics. Tapio’s decoupling model of elasticity was applied to analyze the
coupling relationship between URCL and urban—rural population (URP) [45-47], UCL and
urban population (UP) [48,49], UCL and gross process product (GDP) [50,51], and RCL
and RP [52-54]. Thus, the model has played an essential role in researching the coupling
relationship between URCL and socioeconomics and has achieved satisfactory results.
However, although Tapio’s decoupling model of elasticity can scientifically identify the
coupling types, it cannot scientifically judge the coupling rationality because the model
focuses on the increment and ignores the stock. Moreover, the discrete coupling types are
not convenient for comparative analysis. Therefore, this study proposed a new coupling
model to compensate for these drawbacks.

Based on the above, the primary purpose of this study was to propose a coupling
model of polar coordinates to measure the quantitative coupling rationality between URCL
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and population scientifically. First, we derived an improved transition process theory of
URCL and population based on the logistic population urbanization model. Second, we
proposed the coupling model of polar coordinates, including three measures (i.e., coupling
type, coupling strength, and coupling rationality) based on Tapio’s decoupling model of
elasticity. Third, we used the proposed coupling model to analyze the coupling relationship
between URCL and population in Henan province and its prefecture-level cities to validate
the model’s effectiveness. Finally, we measured the utilization rationality of URCL by
combining the per-capita construction land area (PCL) and the coupling model of polar
coordinates, and thus further validated the model’s advantages.

2. Transition Process of URCL and Population

To analyze the coupling rationality between URCL and population, we proposed
an improved transition process theory of URCL and population based on the logistic
population urbanization model [55,56] and the ideal PCL of UCL and RCL (Figure 1)
[Supplementary Materials Text S1]. The theory comprehensively illustrates the quantitative,
structural, and intensive transition process of URCL in ideal and actual situations with the
process of population urbanization.

PUR LURis

Population size

Per-capita construction land area (PCL)

t

LURas

PUR-LURIs PUR-LURas s PCLur_is PCLur_as

Construction land area

t t

UpP RP === URCLis UCL RCLis

(c) (d)

URCLas RCLas

Figure 1. The transition process of urban—rural construction land (URCL) and population: (a) PUR
is the population urbanization rate. LUR;s and LUR;s are the land urbanization rates in the ideal
and actual situations, respectively. (b) PCL,,; js and PCLy; s are the per-capita URCL areas in the
ideal and actual situations, respectively. (c¢) URP, UP, and RP are the urban—rural population size,
urban population size, and rural population size, respectively. (d) URCL;s, UCL, and RCLjs are the
urban-rural construction land area, urban construction land area, and rural construction land area in
the ideal situation, respectively. URCL;s and RCL,s are the urban-rural construction land area and
rural construction land area in the actual situation, respectively.
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We use LUR to measure the structure of URCL, that is, the proportion of UCL to URCL
(including UCL and RCL) [27]. LUR in the ideal situation (LUR;s) shows a “flat S-shaped
growth curve”, the same as PUR. The difference between the two curves is that LUR;g
lags behind PUR, and PUR-LUR;s shows a “bell-shaped curve” (Figure 1a). The reason
for this is the PCL difference between urban and rural areas. In this process, the PCL of
URCL (PCLy js) shows a “reverse S-shaped decline curve,” indicating that the intensive
utilization of URCL has improved (Figure 1b).

Furthermore, we assume that the growth of the URP is not limited by resources and
environment and shows an “exponential growth curve”. Then, UP and RP show a “flat
S-shaped growth curve with a raised tail” and a “reverse flat S-shaped decline curve
with a concave head”, respectively (Figure 1c). Accordingly, URCL in the ideal situation
(URCLjs) shows a “higher-head and lower-middle growth curve” than URP. UCL and
RCL in the ideal situation (RCLjs) show the same curve shape as UP and RP, respectively,
except that the curve head of RCL;; is higher than that of RP (Figure 1d). Therefore, in
the ideal situation, although URCL increases with URP, there is a period of decelerating
growth of URCL in the midurbanization period, owing to the more intensive utilization of
construction land in urban areas than in rural areas.

In the actual situation, the quantitative change and structural adjustment of URCL
have a lag effect. With the urbanization process, although the RP turns into UP and the
PUR increases, the RCL does not turn into UCL or become reclaimed in a short time.
Furthermore, owing to the urban—rural dual-track structures of the population and land
systems in China, the lag is more obvious, which leads to typical phenomena such as
“hollow villages” and “amphibious land occupation”. Therefore, the evolution process
between URCL and population in the actual situation is more complicated.

Specifically, the curve of LUR in the actual situation (LUR,) is lower than that in
the ideal situation (LURj,), that is, the structural adjustment process of URCL is relatively
lagging, especially in the middle and later stages of the urbanization process (Figure 1a).
Additionally, the PCL of URCL in the actual situation (PCLy;_as) does not show a “reverse
S-shaped decline curve” similar to that in the ideal situation (PCL,; js) but instead shows
an upward trend in the early and middle stages of urbanization process and then a gradual
decrease (Figure 1b). Furthermore, the curves of URCL and RCL in the actual situation
(URCLgs and RCL,s) are higher than those in the ideal situation (URCL;s and RCLys). In
particular, URCL,s does not show a period of decelerating growth but rather a period
of accelerated growth in the middle stages of the urbanization process, which further
threatens the cultivated land protection and food security in China (Figure 1d).

According to the transition process of URCL and population in both the ideal and
actual situations, the middle stage of urbanization is the critical period for the quantitative
control and structural adjustment of URCL. Therefore, scientifically measuring the quantity
and structure of URCL in this period and understanding its transition characteristics are
important. Thus, scientific and effective differentiated control strategies for URCL can be
formulated according to local conditions and different development stages.

3. Materials and Methods
3.1. Research Methods
LUR and PCL are two commonly used measures of the quantity and structure of URCL.

The former is used to measure the distribution rationality of URCL between urban and
rural areas. The calculation formulas of LUR and its ideal value (LUR,) are as follows [27]:

UcCL UCL

LUR = 7RG ~ UCL + RCL

M

1

PCL, o [ 1
1 o
T PCLy <PUR >

LURW — (2)
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where PCL,,_, and PCL, ,; are the ideal PCL of UCL and RCL, respectively, and their values
refer to relevant standards, which will be explained in detail below. The value ranges of
LUR and LURy, are [0, 1], and their units are %. If LUR is greater than LUR;,, the proportion
of UCL is relatively large, and the speed of land urbanization is relatively fast. If LUR is
less than LUR;, the proportion of RCL is relatively large, and the problems of “hollow
villages” and “amphibious land occupation” are relatively severe.

PCL, whose common unit is m? /person, is used to measure the quantity matching
degree between construction land and population, and it is also a common intensity
measure of construction land. The ideal value of PCL commonly refers to Chinese national
standards, including the “Code for classification of urban land use and planning standards
of development land” (GB50137-2011), the “Standard for planning of towns” (GB50188-
2007), and the “Standard for planning of villages and towns” (GB50188-93). PCL greater
than its ideal value indicates that construction land use is relatively extensive, which may
lead to wastage of land resources. Conversely, PCL less than its ideal value indicates that
construction land supply is relatively tight, which may hamper socioeconomic development.
The coupling rationality between construction land and population in the above two cases
is relatively low. Therefore, only when PCL get close to its ideal value can the coupling
rationality between construction land and population become relatively high. Thus, the
high coupling rationality can support the sustainable utilization of land resources and
the sustainable socioeconomic development. Referring to the above standards, we set
the ideal PCL of URCL, UCL, and RCL (PCLy; 10, PCLy v, and PCL; ) in this study to
130 m? /person, 110 m? /person, and 150 m?/person, respectively, for the convenience of
calculation and analysis.

Furthermore, the essence of PCL is a static coupling measure of construction land and
population. In contrast, Tapio’s decoupling model of elasticity is a commonly used dynamic
coupling measure. The model classifies coupling relationships between construction land
and population into eight types by measuring their positive and negative change rates and
their elasticity, and then judges the coupling rationality (Figure 2a) [44]. The calculation
formula of elasticity (E) is as follows:

_ Ry (Li=Lo)/Lo
Rp  (Pr—Py)/Po

where R}, and Rp are the change rates of construction land and population in a given period,
respectively; Lt and Ly are the construction land areas at the starting and ending points of the
given period, respectively, and they can be URCL, UCL or RCL in this study; and P; and Py
are the population sizes at the starting and ending points of the given period, respectively,
and they can be URP, UP, or RP in this study. However, Tapio’s decoupling model of
elasticity has two drawbacks. First, it focuses on the increment of construction land and
ignores its stock; as a result, it cannot scientifically judge the coupling rationality between
construction land and population. For example, in the case of the reduction of construction
land and the increase of population, which leads to PCL reduction, the construction land
and population show a state of strong decoupling according to Tapio’s decoupling model
of elasticity. Most studies have posited that this coupling state is reasonable, but this
judgment is based on the hidden hypothesis that PCL exceeds its ideal value. However, if
PCL is much smaller than its ideal value, the state of strong decoupling further compresses
PCL. This compression makes the relationship between construction land and population
tenser and can even hamper socioeconomic development. Therefore, the state of strong
decoupling is unreasonable in the case given above. The second drawback is that the model
divides coupling relationships into eight discrete types, which is not convenient for the
comparative analysis of coupling rationality. Therefore, we proposed a coupling model of
polar coordinates to compensate for these two drawbacks.

E 3)
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Figure 2. Tapio’s decoupling model of elasticity and the coupling model of polar coordinates
proposed in this study: (a) Tapio’s decoupling model of elasticity. In the figure, Ry and Rp are the
change rates of construction land and population, respectively, and E is the population elasticity of
construction land. (b) Coupling model of polar coordinates. In the figure, PCL and PCL,, are the
per-capita construction land area and its ideal value, respectively, and ¢ is the tolerance coefficient
of PL.

The coupling model of polar coordinates uses the polar coordinates in the scatter
plot of the change rates of construction land and population to analyze the coupling
relationship. Specifically, the polar coordinate angle (f) and radius () measure the coupling
type and strength between construction land and population, respectively (Figure 2b). The
calculation formulas are as follows:

0= arctan(ﬁi) = arctan<mj) 0 € [—180°,180°] (4)

. 2 2 Ly — Lo 2 P — P 2

=R R = (B (P ) o
where R}, and Pp are the average annual change rates of construction land and population
in a given period, respectively, for the convenience of comparative analysis. Referring to
Tapio’s decoupling model of elasticity, the coupling angle (f) can also classify coupling
relationships into eight types; this classification is relatively intuitive. Additionally, the
coupling strength as measured by the coupling radius (r) is, in essence, the significance
of the coupling type, which can be used to infer whether the coupling type is accidental
or credible.

Furthermore, the coupling model of polar coordinate introduces coupling rationality
based on the additional consideration of PCL. The coupling rationality is calculated based
on the difference between the coupling angle and its ideal value considering PCL. When
PCL is greater than, less than, or approximately equal to its ideal value (PCL;,), the ideal
coupling angles are —45°, 135°, and 45°/—135°, respectively (Figure 2b). The PCL in a
given period in this study is the PCL average at the starting and ending points of the period.
The calculation formulas of coupling rationality (CR) are as follows:

1— |Angle(6 — (—45°))|/90°
1— |Angle(6 — 135°)|/90°
1—|Angle90(6)|/90°

PCL > PCLy, X (14 9)
PCL < PCLy, x (1 —=9) (6)
other : PCL ~ PCL,,

CR =
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6 —360° 6 > 180°

Angle(f) = ¢ 6 +360° 6 < —180° @)
0 other
Angle90(0)
B Angle(6 — 45°) —45° < 0 < 135° 8)
| Angle(f — (—135°)) 135° < 0 < 180° or — 180° < 6§ < —45°

where ¢ is the tolerance coefficient of PCL, which we set to 0.1 in this study. According to
the above formulas, the value range of CR is [—1, 1]. The larger the coupling rationality, the
faster the PCL approaches its ideal value, which promotes a more reasonable quantitative
matching degree between construction land and population. Conversely, the smaller the
coupling rationality, the faster the PCL deviates from its ideal value, which makes the quan-
titative matching degree between construction land and population more unreasonable.
Therefore, the coupling rationality is a scientific measure for judging the dynamic coupling
rationality between construction land and population based on the static coupling measure
of PCL.

3.2. Study Area and Data Sources

We selected Henan province in China as the study area to validate our method. Henan
province, located in Central China, is the country’s third-most populous province, its
fifth-largest economic province, its second-largest grain-producing province, and it has the
second-largest area of cultivated land in China (Figure 3). In 2016, the per-capita cultivated
land area of Henan province was 853.34 m?/person, which was lower than the national
average of 973.34 m?/person. The PCL of URCL in Henan province was 221.76 m? /person,
which was higher than the national average of 206.39 m?/person. The PUR of Henan
province was 48.50%, which was lower than the national average of 57.35%. The above
data suggest that the socioeconomic development of Henan province places pressure on
cultivated land protection and food security, and that this pressure will further increase with
the urbanization process. Furthermore, the extensive utilization and unreasonable structure
of URCL in Henan province also exacerbate the contradiction between the demand for
URCL and the protection of cultivated land. Therefore, the utilization of URCL in Henan
province is representative of China, and research on it has important practical significance.
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Figure 3. Location and subregions of Henan province.

Considering the research method of this study, the coupling analysis between URCL
and population requires URCL data and URP data. In this study, the former was obtained
from the second national land survey in 2009 and subsequent annual land change surveys
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provided by the “land survey results sharing application service platform” of the Ministry of
Natural Resources of China. The latter was obtained from the “Henan Statistical Yearbook”.
The research unit of this study had two scales: provinces and prefecture-level cities. The
research time range was from 2010 to 2016, owing to the time range of available URCL data.

4. Results
4.1. General Analysis
4.1.1. Quantitative and Structural Analysis

We first analyzed the overall changes in the quantity and structure of URCL in Henan
province. The URCL of Henan province increased from 194.55 km? in 2010 to 211.38 km?
in 2016, with an average annual growth rate of 1.39%. During the same period, the URP
of Henan province increased from 94.13 million to 96.40 million, with an average annual
growth rate of 0.40%. The growth rate of URCL is four times higher than that of URP
(Figure 4a). The LUR of Henan province increased from 20.40% in 2010 to 25.55% in 2016,
with an average annual growth rate of 0.86 percentage points. During the same period, the
PUR of Henan province increased from 43.80% to 53.21%, with an average annual growth
rate of 1.57 percentage points. The average annual growth rate of LUR was only half of
that of PUR, which suggests that the structural adjustment speed of URCL was much
slower than that of the population (Figure 4b). Furthermore, the ideal value of LUR should
have increased from 36.37% in 2010 to 45.47% in 2016, with an average annual growth
rate of 1.52 percentage points. In fact, the difference between the LUR and its ideal value
increased from 15.97% to 19.92%, with an average annual growth rate of 0.66 percentage
points, during the same period (Figure 4b). This widening difference further shows that
the structure of URCL became more unreasonable.
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Figure 4. Quantity and structure changes of URCL and population in Henan province from 2010 to
2016: (a) changes in URCL, UCL, RCL, URP, UP, and RP; (b) changes in LUR, PUR, and the ideal
value of LUR (LUR).

Furthermore, we analyzed the changes in construction land and population in urban
and rural areas, respectively (Figure 4a). The UCL of Henan province increased from
39.68 km? in 2010 to 54.01 km? in 2016, with an average annual growth rate of 5.27%. During
the same period, the UP of Henan province increased from 41.23 million to 51.29 million,
with an average annual growth rate of 3.71%. The growth rate of UCL is 1.5 times higher
than that of UP. Accordingly, the RCL of Henan province increased from 154.87 km? in
2010 to 157.37 km? in 2016, with an average annual growth rate of 0.27%. However, during
the same period, the RP of Henan province decreased from 52.90 million to 45.11 million,
with an average annual decrease rate of 2.62%. These changes in RCL and RP indicate that
RCL did not decrease with the decrease of RP but showed an unexpected growth trend.
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This abnormal phenomenon is the main reason that the structure of URCL has not been
adjusted over time.

4.1.2. Static and Dynamic Coupling Analysis

Next, we analyzed the coupling relationship between three construction land and
population pairs, namely URCL-URP, UCL-UP, and RCL-RP. Each pair used PCL and
the coupling model of polar coordinates proposed in this study to analyze its static and
dynamic coupling relationships.

First, we analyzed the coupling relationship between URCL and URP in Henan
province. The PCL of URCL increased from 206.69 m? /person in 2010 to 219.28 m? /person
in 2016, all greater than their ideal value of 130 m?/ person (Figure 5a). Therefore, from the
perspective of static coupling, the relationship between URCL and URP was unreasonable
and had a further deterioration trend. Furthermore, from 2010 to 2016, the coupling angle
between URCL and URP was 68.18-80.86°; so, the coupling type was expansion negative
decoupling (Figure 5b,c). During this period, the coupling radius between URCL and URP
was 1.54-1.51, which indicates that the coupling strength was relatively weak but stable.
Additionally, because the PCL of URCL exceeded the upper tolerance limit of its ideal
value, 143 m? /person, during the period, the ideal coupling angle between URCL and URP
was —45°. Then, according to the difference between the coupling angle and its ideal value,
the coupling rationality was —0.40 to —0.26 during the period (Figure 5b,d). Therefore,
from the perspective of dynamic coupling, the relationship between URCL and URP was
also unreasonable, but the overall state was relatively stable.
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Figure 5. Static and dynamic coupling analysis of URCL and population in Henan province from
2010 to 2016: (a) PCL changes of URCL, UCL, and RCL; (b) coupling scatter plot; (c) changes of
coupling angle and coupling types; (d) changes of coupling rationality and coupling strength. In
the figure, CRyr, CRy, and CR; are the coupling rationality of URCL-URP, UCL-UP, and RCL-RP,
respectively, and CSy;, CSy, and CS; are their coupling strengths.
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Second, we analyzed the coupling relationship between UCL and UP in Henan
province. The PCL of UCL increased from 96.24 m? /person in 2010 to 105.30 m?/person
in 2016, all less than their ideal value of 110 m?/person (Figure 5a). Therefore, from the
perspective of static coupling, the relationship between UCL and UP was relatively reason-
able and had a tendency to approach its ideal value. Although the increased PCL of UCL
indicates the decreased intensity of UCL, this decrease was necessary and reasonable for
socioeconomic development. Furthermore, from 2010 to 2016, the coupling angle between
UCL and UP was 39.98-76.92°, and the coupling type was expansive coupling except
for the periods of 2010-2011 and 20152016, which were expansive negative decoupling
(Figure 5b,c). During the period, the coupling radius between UCL and UP was 4.70-5.55,
except for the 2015-2016 period, which was 14.41. The coupling radius indicates that
the coupling strength between UCL and UP was relatively strong and had an increasing
trend. Additionally, during most of the period, the PCL of UCL was less than the lower
tolerance limit of its ideal value, 99 m?/person, except for the 2015-2016 period, which
was within the tolerance range of its ideal value, 99-121 m? /person. Accordingly, the ideal
coupling angle between UCL and UP was 135° except in the 2015-2016 period, during
which the ideal coupling angle was 90°. Then, according to the difference between the
coupling angle and its ideal value, the coupling rationality was —0.06 to 0.65 during the
period (Figure 5b,d). Therefore, from the perspective of dynamic coupling, the relationship
between URL and UP was moderately reasonable and had an improvement trend.

Finally, we analyzed the coupling relationship between RCL and RP in Henan province.
The PCL of RCL increased from 292.76 m?/person in 2010 to 348.89 m?/person in 2016,
which was much higher than its ideal value of 150 m?/person (Figure 5a). Therefore,
from the perspective of static coupling, the relationship between RCL and RP was highly
unreasonable and showed a further deterioration trend. Furthermore, from 2010 to 2016, the
coupling angle between RCL and RP was 160.63-219.18°; so, the coupling type was strong
negative decoupling except for the 2015-2016 period, which was recessive decoupling
(Figure 5b,c). During the period, the coupling radius between RCL and RP was 2.39-3.54,
which indicates that the coupling strength was in a relatively weak stable state. Additionally,
because the PCL of RCL exceeded the upper tolerance limit of its ideal value, 165 m?/person,
during the period, the ideal coupling angle between RCL and RP was —45°. Then, according
to the difference between the coupling angle and its ideal value, the coupling rationality
was —0.72 to —0.06 during the period (Figure 5b,d). Therefore, from the perspective of
dynamic coupling, the relationship between RCL and RP was also highly unreasonable,
but there was an improvement trend.

As analyzed above, the static and dynamic coupling relationships between UCL and
UP in Henan province were relatively reasonable, but these relationships between RCL and
RP were highly unreasonable. Therefore, the unreasonable coupling relationship between
RCL and RP was the reason for the unreasonable coupling relationship between URCL
and URP. Furthermore, this suggests that RCL is the key to the future management and
regulation of URCL.

4.2. Regional Analysis
4.2.1. Static Coupling Analysis

Next, we used PCL to analyze the static coupling relationships between URCL and pop-
ulation in 2010 and 2016 from the perspective of prefecture-level cities in Henan province.

First, we analyzed the static coupling relationship between URCL and URP (Figure 6a,d).
In 2010, the PCL of URCL for all prefecture-level cities of Henan province exceeded the ideal
value of 130 m?/person, and the highest one, Xinyang in the south, reached 318.85 m? /person.
Moreover, the PCL of URCL further increased in 2016. The number of prefecture-level cities
with low PCL of URCL decreased significantly, and a cluster of high PCL of URCL emerged
in the south of Henan province. Overall, the PCL of URCL in Henan province presented a
spatial pattern where the middle-western regions were the center of low PCL of URCL, and
the surrounding regions were areas with high PCL of URCL. This spatial pattern suggests
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that the static coupling rationality between URCL and URP in the middle-western regions
was relatively high. In contrast, the rationality in the surrounding regions was relatively low,
especially in the south.
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Figure 6. Regional PCL changes of URCL in Henan province from 2010 to 2016 (Unit: m? /person):
(a) regional PCL of URCL in 2010; (b) regional PCL of UCL in 2010; (c) regional PCL of RCL in 2010;
(d) regional PCL of URCL in 2016; (e) regional PCL of UCL in 2016; (f) regional PCL of RCL in 2016.

Second, we analyzed the static coupling relationship between UCL and UP (Figure 6b,e).
In 2010, the PCL of UCL for most prefecture-level cities of Henan province was relatively
reasonable. Only three prefecture-level cities’ PCL of UCL was higher than the ideal value of
110 m?/person. These prefecture-level cities were located in the center and north of Henan
province. In 2016, the PCL of UCL increased slightly, and the number of prefecture-level cities
with a PCL of UCL higher than the ideal value increased to eight. Most of these prefecture-
level cities were located in the middle-north of Henan province, but some were located in
the south and west. Overall, the static coupling rationality between UCL and UP in Henan
province was generally high. Specifically, most prefecture-level cities in the middle had
relatively high rationality. In contrast, some prefecture-level cities in the north had relatively
low rationality.

Finally, we analyzed the static coupling relationship between RCL and RP (Figure 6c¢,f).
In 2010, the PCL of RCL for all prefecture-level cities of Henan province exceeded the
ideal value of 150 m?/person. Additionally, four prefecture-level cities’ PCL of RCL was
higher than 300 m?/person. These prefecture-level cities were located in the south and
east of Henan province. Moreover, the PCL of RCL further increased in 2016, and only
two prefecture-level cities’ PCL of RCL was lower than 300 m? /person. Overall, the static
coupling rationality between RCL and RP in Henan province was low. Specifically, the
rationality in the middle of Henan province was relatively high, while the rationality in the
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Change rate of construction land (R ) (%)
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surrounding regions was relatively low. Moreover, the PCL of RCL presented an overall
trend of continuous increase, and this trend deserves more attention in the future.

4.2.2. Dynamic Coupling Analysis

We used the coupling model of polar coordinates to analyze the dynamic coupling
relationships between URCL and population in two periods, 2010-2013 and 2013-2016,
from the perspective of prefecture-level cities in Henan province.

First, we analyzed the dynamic coupling relationship between URCL and URP (Figure 7a,d).
The average coupling angle between URCL and URP of prefecture-level cities changed from
77.08° in 2010-2013 to 80.27° in 2013-2016. This change indicates that the dynamic coupling
relationship was relatively stable in the state of expansion negative decoupling. However,
a trend of transition from expansion negative decoupling to strong negative decoupling
was observed. The average coupling radius between URCL and URP of prefecture-level
cities decreased from 1.68 in 2010-2013 to 1.55 in 2013-2016. This decrease indicates that
the coupling strength presented a weakening trend, but the overall trend was relatively
stable. The average coupling rationality between URCL and URP of prefecture-level cities
decreased from —0.3564 in 2010-2013 to —0.3918 in 2010-2013. Therefore, the coupling
rationality was generally low and presented a trend of deterioration. Furthermore, the
coupling rationality between URCL and URP in the north of Henan province improved in
the two periods, while the coupling rationality in the south deteriorated (Figure 8a,d).
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Figure 7. Coupling scatter plot of URCL and population in the prefecture-level cites of Henan
province from 2010 to 2016: (a) coupling scatter plot of URCL and URP from 2010 to 2013; (b) coupling
scatter plot of UCL and UP from 2010 to 2013; (c) coupling scatter plot of RCL and RP from 2010 to
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Figure 8. Regional changes of coupling rationality between URCL and population in Henan province
from 2010 to 2016: (a) regional coupling rationality between URCL and URP from 2010 to 2013;
(b) regional coupling rationality between UCL and UP from 2010 to 2013; (c) regional coupling
rationality between RCL and RP from 2010 to 2013; (d) regional coupling rationality between URCL
and URP from 2013 to 2016; (e) regional coupling rationality between UCL and UP from 2013 to 2016;
(f) regional coupling rationality between RCL and RP from 2013 to 2016.

Second, we analyzed the dynamic coupling relationship between UCL and UP (Figure 7b,e).
The average coupling angle between UCL and UP of prefecture-level cities changed from
42.77° in 2010-2013 to 62.08° in 2013-2016. This change indicates that the dynamic coupling
relationship transformed from weak decoupling and expansion coupling to expansive
negative decoupling. The average coupling radius between UCL and UP of prefecture-level
cities increased from 5.42 in 2010-2013 to 7.61 in 2013-2016. This increase indicates that the
coupling strength was significantly enhanced. The average coupling rationality between
UCL and UP of prefecture-level cities increased from 0.4490 in 20102013 to 0.5044 in
2013-2016. Therefore, the coupling rationality presented a slight improvement. Moreover,
the coupling rationality between URCL and URP in the middle-south of Henan province
significantly improved, while the coupling rationality of some prefecture-level cities in the
middle-west slightly deteriorated (Figure 8b,e).

Finally, we analyzed the dynamic coupling relationship between RCL and RP (Figure 7c,f).
The average coupling angle between RCL and RP of prefecture-level cities changed from
160.85° in 2010-2013 to —173.98° in 2013-2016. This change indicates that the dynamic
coupling relationship transformed from strong negative decoupling to weak negative
decoupling. The average coupling radius between RCL and RP of prefecture-level cities
increased from 2.82 in 20102013 to 2.90 in 2013-2016. This increase indicates that the
coupling strength presented an increasing trend, but the overall trend was relatively stable.
The average coupling rationality between RCL and RP of prefecture-level cities increased
from —0.7127 in 20102013 to —0.4331 in 2010-2013. Therefore, the coupling rationality
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between RCL and RP of most prefecture-level cities improved significantly in the two
periods, especially in some prefecture-level cities in the north, west, and middle of Henan
province (Figure 8cf).

5. Discussion

periods, 2010-2013 and 2013-2016, as an example for further illustration (Figure 9).

Scientifically measuring the quantity and structure of URCL and understanding its
transition characteristics are essential for sustainable utilization of land resources and
sustainable development of the economy and society. As mentioned above, LUR, PCL, and
Tapio’s decoupling model of elasticity have been the primary measures of the quantity
and structure of URCL in the past. However, this study found two drawbacks in using
Tapio’s decoupling model of elasticity to measure the dynamic coupling characteristics
between URCL and population. One is that the model focuses on the increment of URCL
and ignores its stock, which may lead to unscientific measurement. The other is the
inconvenience of comparing coupling relationships by discrete coupling types. Therefore,
this study proposed the coupling model of polar coordinates to compensate for these two
drawbacks. First, the model extends the concept of coupling analysis from the original
analysis of coupling types to three aspects: the coupling type, coupling strength, and
coupling rationality. The proposal of coupling rationality makes the coupling analysis
more scientific and avoids the drawback of Tapio’s decoupling model of elasticity, which
does not consider the stock of URCL. Second, coupling rationality and coupling strength
are continuous measures. They can analyze the continuous change trend of the coupling
relationship between URCL and population quantitatively or compare different research
units’ coupling states more accurately.
To better explain the coupling characteristics between URCL and population, we use
the PCL and coupling rationality to measure the static and dynamic coupling characteristics,
respectively. Specifically, PCL is a rationality measure of the stock URCL. If the PCL is
within its reasonable value range, the stock state is relatively reasonable, and vice versa.
The coupling rationality is a rationality measure of the incremental URCL. The higher the
coupling rationality, the more reasonable the incremental URCL, and vice versa. Here, we
took the coupling state transition of 18 prefecture-level cities in Henan province in two
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Figure 9. Transition analysis of the coupling state between URCL and population in Henan province
from 2010 to 2016: (a) coupling state transition of URCL-URP; (b) coupling state transition of UCL-UP;
(c) coupling state transition of RCL-RP.

First, we analyzed the coupling state transition of URCL-URP (Figure 9a). In the two
periods, the PCL of URCL for all prefecture-level cities was greater than the upper limit
of its reasonable value, and the coupling rationality was less than zero. These measures
indicate that the overall state of URCL for all prefecture-level cities in Henan province
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was unreasonable from both the incremental and stock perspective, and the state was
relatively stable.

Second, we analyzed the coupling state transition of UCL-UP (Figure 9b). From the
scatterplot, the prefecture-level cities formed three groups. The first group included the
prefecture-level cities whose PCL was less than the lower limit of the reasonable value,
and the coupling rationality was moderate. In the two periods, the first group’s PCL and
coupling rationality presented a significant improvement trend. The second group included
the prefecture-level cities whose PCL was within the reasonable range, and the coupling
rationality was relatively high. Although the PCL of the second group had no significant
change in the two periods, the coupling rationality presented a slight deterioration trend.
The third group included only one prefecture-level city whose PCL was greater than the
upper limit of the reasonable value, and the coupling rationality was moderate. In the
two periods, the state of the third group was relatively stable. The above analysis results
indicate apparent differences in the utilization rationality of UCL for prefecture-level cities
in Henan province. Furthermore, the overall state of UCL was relatively reasonable and
showed an improvement trend.

Finally, we analyzed the coupling state transition of RCL-RP (Figure 9c). Similar to
the coupling state of URCL-URP, in the two periods, the PCL of RCL for all prefecture-level
cities was greater than the upper limit of its reasonable value, and the coupling rationality
was less than zero. However, the difference was that the coupling rationality presented a
significant improvement trend. The similarity and difference indicate that although the
overall state of RCL for all prefecture-level cities in Henan province was unreasonable, the
increment of RCL showed signs of improvement.

The above case analysis results indicate that the combination of PCL and coupling
rationality can measure the utilization rationality of URCL scientifically and accurately.
Based on the measures and analysis, scientific and practical differentiated control strate-
gies for URCL can be formulated according to local conditions and development stages.
Furthermore, the case analysis results prove that the coupling model of polar coordinates
proposed in this study is more scientific and convenient than the commonly used Tapio’s
decoupling model of elasticity.

6. Conclusions

URCL is the primary carrier of production and living activities in urban and rural
areas. Under the background of more people and less land in China and the continuous
occupation of cultivated land resources by construction land, it is of great significance
to scientifically measure the utilization rationality of URCL and formulate differentiated
countermeasures accordingly. Therefore, this study first proposed an improved transition
process theory of URCL and population in ideal and actual situations and proved that the
middle stage of urbanization is the critical period for the quantitative control and structural
adjustment of URCL. Then, this study proposed the coupling model of polar coordinates
to measure the quantitative coupling relationship between URCL and population and
used Henan province in China to verify the model. The analysis results show that the
PCL of URCL and the coupling rationality between URCL and URP in Henan province
were relatively unreasonable and stable in general. Specifically, the PCL of UCL and the
coupling rationality between UCL and UP were relatively reasonable, while the PCL of
RCL and the coupling rationality between RCL and RP were unreasonable. Therefore, the
unreasonable utilization of RCL was the primary reason for the unreasonable utilization
of URCL. However, the excellent phenomenon was that the coupling rationality between
RCL and RP had a significant improvement tendency. We further analyzed the coupling
relationship between URCL and population of prefecture-level cities in Henan province,
which was meaningful for formulating differentiated countermeasures for the reasonable
utilization of URCL.

The coupling model of polar coordinates proposed in this study achieved satisfactory
results in its application in Henan province. The model considers the incremental and stock
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rationality of URCL and includes measures such as the coupling type, coupling strength,
and coupling rationality. Furthermore, coupling strength and rationality are continuous
measures that are convenient for comparison. Therefore, the coupling model of polar
coordinates makes the measurement of the quantitative coupling relationship between
URCL and population more scientific, comprehensive, and accurate, which makes up for the
drawbacks of Tapio’s decoupling model of elasticity. In this paper, because the population is
a significant factor closely related to URCL, we analyzed the utilization rationality of URCL
through the coupling relationship between URCL and population. However, the economy
is also closely related to URCL. In future research, we will further analyze the utilization
rationality of URCL through the coupling relationship between URCL and the economy.
Compared with the research on the coupling relationship between URCL and population,
a direct difficulty is that there is no generally accepted reference standard for the static
coupling characteristics between URCL and economy. Furthermore, the coupling model of
polar coordinates proposed in this study is based on Tapio’s decoupling model of elasticity,
originally used to measure the coupling relationship between carbon dioxide emission
and GDP. The coupling model of polar coordinates has the coupling type identification
function that Tapio’s decoupling model of elasticity has as well as the coupling strength
and rationality measurement functions that Tapio’s decoupling model of elasticity lacks.
Therefore, the coupling model of polar coordinates can extend its application to research
on the coupling relationship between resources and environment and socioeconomics.
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