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Abstract: Urban agglomerations are products of urban development, and their regional spaces and
functions are more diverse than other cities, which have very high spatial and functional complexity.
It is important to clarify the relationships between production-living—ecological (PLE) functions in
urban agglomerations to achieve sustainable development. In this study, we took the Middle Reaches
of the Yangtze River Urban Agglomerations (MRYRUA) as an example to construct an evaluation
index system of regional PLE functions in urban agglomerations. Then, the Pearson correlation
model and geographically weighted regression were applied to investigate the relationships between
PLE functions and their driving forces. The results showed that the PLE functions in the MRYRUA
increased from 2008 to 2018, with the level of the ecological function being higher than the production
and living functions. The relationships among PLE functions were dominated by synergies in most
cities, though trade-offs had become more evident in the last few years for the whole study area.
Trade-offs and synergies among PLE functions were influenced by both natural and socioeconomic
factors, with the latter having a stronger effect. Our findings provide a reference for understanding
the spatial variations and trade-offs among PLE functions in MRYRUA as well as for balancing the
development of PLE functions.

Keywords: production-living—ecological functions; spatiotemporal patterns; driving mechanism;
trade-offs and synergies; Yangtze River Urban Agglomerations in China

1. Introduction

With the rapid urbanization and industrialization, the contradiction between the
human-land relationships is gradually becoming more prominent [1]. To achieve rapid
economic growth, the quality of human life and the environment are often compromised [2].
Generally, as economic development progresses, production functions tend to increase.
However, living and ecological functions often decline due to the environmental impacts
of production, leading to a growing gap between production-living—ecological (PLE)
functions. PLE functions refer to the products and services provided by human-land
systems under the integrated action of natural endowment and human activities [3]. As
a whole, PLE functions reflect economic, social, and ecological development in the re-
gion [4], thereby representing the functioning state of human-land systems from multiple
dimensions [5] (Figure 1). As the center for regional economic development, urban ag-
glomerations are becoming diversified and complex human-land systems that require
coordinated socioeconomic and environmental development [6,7]. Therefore, exploring
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sustainable development patterns and coordinating functional relationships has become
a hot topic in urban agglomerations [8,9]. China’s urban agglomerations are currently in
a new stage of exploring new development models and making great adjustments to the
spatial structure and functions. Multiple factors, such as spatial planning, elemental inputs,
and land use intensity, play a vital role in the coordinated development of urban PLE
functions [10]. The emphasis on one function can lead to the trade-offs of other functions,
and the coordinated development of PLE functions puts forward higher requirements for
the rational formulation of policies. Therefore, coordinating PLE functions and clarifying
their relationships to promote synergistic development have become important paths to
alleviate the conflict between humans and nature.
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Figure 1. Synergistic and trade-off relationships among PLU functions.

Although there is no clear definition of PLE functions at present, land use functions
have been studied extensively. Research on land use functions started with agriculture
and then developed to the multi-function of territorial space, as well as exploring the
multi-functions of rural development [3], the impact of multi-function change of land use,
and scenario simulation and prediction [11-13]. Under the impact of rapid urbanization,
economic and social development are unbalanced, and land use functions are separated.
Therefore, many studies focus on exploring the classification and spatial evolution of land
use functions [14]. Since the 19th National Congress of the Communist Party of China, the
Chinese government has set out the overall requirements for promoting the coordinated
development of production-living—ecological space, so as to effectively promote the con-
struction of urban ecological civilization and sustainable development [15]. Since then,
most scholars agree that land use functions can be divided into production, living, and
ecological functions [16]. Specifically, the production function of the human-land system
produces material for social development, and it is the power and basis for the existence
and development of human society. Living function refers to the spatial, material, and
spiritual security functions human beings perform through land use, including residence,
consumption, and entertainment, all of which represent human survival quality and en-
hance the production function. Ecological function plays an important role in providing
a stable environment and sufficient carrying capacity and is the guarantee of production
and living functions [17]. The PLE functions have become a hot topic in the research on
optimizing zoning of territorial space and regional sustainable development [18].

The existing studies on the PLE space are focused on the pattern change of territorial
space, including the evolution of the PLE space pattern [19], as well as the identification
and prediction of the PLE space conflict [15,18]. Additionally, some studies have conducted
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the evaluation and spatial-temporal change analysis of the PLE functions [20], the analysis
of potential conflicts in land use [21], the spatial change of PLE in rural areas [16], the
coupling and coordination relationships among PLE functions, etc. [22]. The PLE functions
change with the development of human activities and nature, which are influenced by both
natural and socio-economic factors. Previous studies have explored the factors affecting the
spatiotemporal change of land use functions from the aspects of economic development,
social life, environmental restrictions, and geographical location [23].

By exploring the driving factors of the relationships between PLE functions, we can
gain a better understanding of the changing territorial spatial functions, identify the po-
tential factors for regional development, and provide references coordinating humans and
nature in the region through decision making. There is a complex relationship between
PLE functions in terms of synergies and trade-offs [24]. The synergistic relationship in-
dicates that functions promote each other, while the trade-off relationship suggests the
enhancement of one function will lead to the weakening of another, showing a mutually in-
hibiting effect [25]. There is no unified standard for measuring the trade-off and synergistic
relationships between multiple functions. The related studies show that the mechanical
equilibrium model, spatial autocorrelation model [26], Spearman rank correlation anal-
ysis [27], coupled coordination model [4], and the Pearson coefficient method [28] have
been used to measure trade-offs and synergistic relationships. The Pearson coefficient
method has the advantages of simplicity and low data requirements, which makes it an
ideal method for investigating relationships between multiple functions. For example,
Zhang et al. [29] adopted the Pearson correlation coefficient method to measure the trade-
off and synergistic relationships among land use functions and proposed a scheme to
optimize the spatial function partition. Fan et al. [30] discussed the spatial differentiation
of 12 sub-functions and analyzed the trade-offs among production function, urban—rural
living function, and ecological maintenance function to achieve the purpose of scientific
land planning. Thus, the Pearson coefficient method was used in this study to analyze the
trade-offs and synergistic relationships among PLE functions.

In addition, PLE functions are studied at a variety of scales, including global, national,
provincial, and regional [31,32]. The urban agglomerations, however, were less explored in
these studies. To accelerate the high-quality development of urban agglomerations, it is of
great significance to have the coordinated allocation of regional spatial resources [33], the
balancing of human-land conflicts [34], and the identification of land use conflicts [21] in
urban agglomerations, which have practical values for the construction of urban ecological
civilization and sustainable development [23]. Scholars tend to focus on small- and medium-
sized city agglomerations or individual cities, with very little research on super-large urban
agglomerations [35]. Thus, this study was conducted at the scale of urban agglomerations
and chose the Middle Reaches of the Yangtze River Urban Agglomerations (MRYRUA) as
the study area. As one of the national super-large urban agglomerations, the MRYRUA
plays an important strategic role in urbanization development in China. However, the
rapid urbanization process of the MRYRUA has seriously damaged the urban ecosystem
and threatened the sustainable development process [36].

This further hinders the harmonious development of PLE functions and threatens the
sustainable development of humans and the environment. The MRYRUA has seen few
studies that quantify the connections and interactions among PLE functions, with most
focusing only on the distribution of spatial and temporal characteristics.

To fill the above-mentioned research gaps, we aimed to explore the relationships
between PLE functions in the MRYRUA and reveal its driving forces. The specific objectives
of this paper are as follows: (1) constructing an evaluation indicator system for assessing
PLE functions from the three dimensions of production, living, and ecology; (2) measuring
and analyzing the trade-offs and synergies among PLE functions; and (3) revealing the
driving factors affecting trade-offs and synergies among PLE functions.
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2. Materials and Methods
2.1. Study Area

The MRYRUA covers the three provinces of Hubei, Hunan, and Jiangxi, with diverse
and complex terrain (Figure 2). The region is high in the west, with flat, wide plains in
the central and northeast, and many tributaries feeding into the Yangtze River from the
west and south. The MRYRUA is rich in cultivated land, forest land, water resources, and
biodiversity, which contributes to the provision of vital ecosystem services in China [37].
The MRYRUA is the largest urban agglomeration in China, consisting of the Wuhan
Metropolis, the Poyang Lake Urban Agglomeration, and the Changsha-Zhuzhou-Xiangtan
Urban Agglomeration. With absolute location and resource advantages, the MRYRUA has
developed rapidly since the Reform and Opening Up, which also brings problems such
as industrial pollution and construction land expansion, resulting in frequent land use
transition and land use function imbalance [38]. In 2015, to build the MRYRUA into an
urban agglomeration with international influence, the Development Plan of the Middle
Reaches of the Yangtze River Urban Agglomerations was proposed, which made higher
strategic requirements for the development of the region. Research on the relationships
between PLE functions in MRYRUA is urgently required for regional functional balance
and social coordination development.
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Figure 2. Location and range of the study area. Note: Tianxianqian means Tianmen City, Xiantao

City, and Qianjiang City.

2.2. Data Sources

The socio-economic and agricultural statistics were collected from China’s City Statis-
tical Yearbooks (2009-2019), the China Urban and Rural Construction Statistical Yearbook
(2009-2019), and the China Regional Economic Statistical Yearbook (2009-2019). Land-
Use/Cover Datasets with a 30 m resolution were downloaded from http://doi.org/10.528
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1/zenodo.4417810 (accessed on 27 August 2021). Net primary productivity (NPP), elevation,
precipitation, road data, and river data were obtained from the Data Center for Resources
and Environmental Sciences, Chinese Academy of Sciences (RESDC) http://www.resdc.cn
(accessed on 27 August 2021). In addition, Jishou City in Hunan Province and Tianxiangian,
Shennongjia, and Enshi Cities in Hubei Province were excluded from the study area due to
the lack of data but were retained as no-data areas for the integrity of the map.

2.3. Methods
2.3.1. An Indicator System for Assessing PLE Functions

The production function focuses on production activities, including the benefits
brought by agricultural and non-agricultural production. The living function focuses
on creating a comfortable and safe living environment for human well-being. Environ-
mental pollution, environmental protection, and construction are selected as indicators for
measuring ecological function. Drawing on relevant research, we constructed an evaluation
index system of PLE functions, which includes eight sub-functions and twenty indicators
(Table 1).

Table 1. Indicators and weights for assessing PLE functions.

Functions Sub-Functions Indicator Unit Weight Reference
Propor’laor:i o; ;tl;ltlvated % 0.049 [39]
Agricultural and (P11)
production Total output values of
function (P1) agriculture, forestry, animal 108 CNY 0.048 [22]
husbandry, and fishery (P12)
Real estate development 3
investment (P21) 10° CNY 0.053 [17]
Produc'tion The proportion of the added
function N value of the tertiary % 0.051 [39]
on- industry in GDP (P22)
agricultural .
production Number of employees in the
function (P2) tertiary industry (P23) \ 0.045 (2]
Water used for production 3
and operations (P24) m 0.053 [1e]
Per capita GDP (P25) CNY/ 0.048 [4]
person
Per capita daily domestic
water consumption (L11) L 0.052 [17]
Basic living security Proportion of construction
function (L1) land (L12) o 0.045 [17]
Total retail sales of s
consumer goods (L13) 107 CNY 0.041 [16]
Living .Education .
function ) expenditure/government Yo 0.052
Social welfare expenditure (L21)
function (L2) Number of hosnitals and
umber of hospitals an
health institutions (L22) \ 0.047 (22]
Population density (L31) pekrsoz“/ 0.053 [39]
Living quality m
function (L3 i
(L3) Harmless disposal rate of o 0.052 4]

household garbage (L32)
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Table 1. Cont.
Functions Sub-Functions Indicator Unit Weight Reference
T actarge Gy 10% 0.052 [17)
Environmental pollution g
function (E1) Industrl'al §ulfur dioxide : 0.053 4]
emissions (E12)
Comprehensive utilization
rate of industrial solid % 0.052 [4]
Ecologlcal Environmental waste (E21)
function governance function (E2) Centralized treatment rate
of sewage treatment % 0.052 [4]
plant (E22)
Greenery coverage in o
Environmental built-up areas (E31) o 0.052 4]
beautification Per capita park green m?/
f ion (E .
unction (E3) space (E32) person 0.051 [4]

2.3.2. PLE Function Evaluation

Before evaluating PLE functions, the initial data for the twenty indicators listed in
Table 1 were standardized using the following formula:

e Xij = Xijmin
Positive indicator : y;j = —————— (i=1,23,...... m;j=1,2,3,...... n) (1)
ijax - ijin
ST ijax - Xij .
Negative indicator : y;; = D R (i=1,23,...... m;j=1,23...... n) (2
jmax — jmin

where y;; is the standardized value; X;; is the initial value of the j-th indicator in year i;
Xijmin and X,y are the minimum and maximum values of the j-th indicator, respectively;
m is the number of units; and 7 is the number of indicators.

Then, the entropy method was adopted to calculate the index weights. It is an objective
weight assignment method that determines the weight coefficient based on the information
entropy of an index. The smaller the entropy value, the greater the weight, and the greater
the impact on the PLE functions of the urban agglomeration, and vice versa. The procedure
for calculating the weights can be referred to in the related articles [1]. The formula is
as follows:

Qij = vii/ Y i, Vij (©)
Bj = —kx 151, Qi x LN(Qy) @
where E; is the entropy value of the j-th indicator; k = ﬁ(m) Since Q;; =0, LN (0) = 0 was

treated in the calculation process in this study. Then, the weight for the j-th indicator can
be calculated as follows:

wj=1-E/Y . (1-E) (5)

where w; is the weight, and 1 — E; is the deviation degree of the j-th indicator.
Finally, the values of production, living, and ecological functions can be calculated
based on the indicator weights using the following formula:

g =Y L, W) X Yij (6)

where u, represent the value of production, living, and ecological functions, respectively;
wj is the weight of the j-th indicator; and y;; is the normalized value of the j-th indicator in
the year i.
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2.3.3. Trade-Offs and Synergies among PLE Functions

In this study, the Pearson correlation model was applied to identify the trade-offs and
synergies between all pair combinations of the production, living, and ecological functions
from 2008 to 2018. The trade-off and synergistic relationships between PLE functions were
measured according to the direction (positive or negative) of correlation coefficients and
the magnitude of their absolute values. The greater the absolute value, the stronger the
trade-off /synergistic relationship between the two functions [40]. The Pearson coefficient
value can be calculated with the following formula:

L [X — E(X)][Y — E(Y)]

Pxy = 7)
VX — E)PE[Y — E(Y)P

where Pyxy is the Pearson correlation coefficients; X and Y are two function variables; and E
is the mean value.

In this study, SPSS 27.0 was used to calculate the Pearson correlation coefficient
and determine its significance using the T-test. According to the positive and negative
coefficients and the magnitude of significance, the trade-off and synergistic relationships
between PLE functions were divided into six types (Table 2).

Table 2. Classification of trade-offs and synergies between two functions.

Classification Criteria

Types Positive/Negative Sienificance
Coefficients 8
Extremely significant N <001
Synergies Synergy ="
Significant synergy + 0.01<p<0.05
Insignificant synergy + p >0.05
Extremely significant
Trade-off trade-off B p =001
rade-ofts Significant trade-off - 0.01 <p <0.05
Insignificant trade-off — p >0.05

2.3.4. Analysis of the Driving Mechanism

(1) Selection of driving factors

Combining prior research findings [41], we selected factors from nature and social
economy to explore the driving factors of trade-offs and synergies amongst PLE functions.
The natural dimension includes topography (e.g., elevation), climate (e.g., precipitation),
and net primary productivity, all of which have been demonstrated to have a direct impact
on ecological function. Social and economic factors were selected to represent the impact of
human behaviors, including geographic locations (e.g., distance to the provincial capital city,
road), economic density, and land use degree. Based on the above analyses, eight potential
driving factors were selected to investigate their impacts on trade-offs and synergies
amongst PLE functions (Table 3).

To further examine how each factor influences the trade-offs and synergies between
PLE functions, geographically weighted regression (GWR) was used to reveal the direction
and spatial distribution of the impact of each driving factor.

(2) Geographically Weighted Regression

GWR is a regression model that can detect spatial autocorrelation between variables.
It can measure both the magnitude and direction of influence of each driving factor. The
expression is as follows:

Vi = Bo(e, ve) + Yoy Bitx, o) X + c (8)
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where yy is the weighted regression value of the k-th sample; By is the intercept; (uy, vg)
is the geographic center coordinate of the k-th sample; By (i, vx) is the constant term;
Bi(ug, vy) is the coefficient of the k-th independent variable of i-th driving factor; xy; is the
i-th independent variable of k-th sample; and cy is the error term.

Table 3. Description of the driving factors.

Factors Type Indicator Description Calculation Reference
Elevation (X1) Elevation (m) Extract from DEM [42]
NPP (X2) Net primary productivity ArcGIS raster statistics [42]
Natural Precipitation (X3) A'nr}ua} mean ArcGIS raster statistics [43]
precipitation (mm)

A . . ArcGIS raster statistics and
Dis2river (X4) Distance to river (m) Fuclidean distance [43]

. Distance to the provincial ArcGIS raster statistics and
Dis2city (X5) capital city (m) Euclidean distance [30]

. . ArcGIS raster statistics and
Dis2road (X6) Distance to road (m) Euclidean distance [30]

Economic density
. ‘ ED (X7) (10* CNY /km2) GDP/total land area [41]
Socio-economic
n
L =100 x ZAiXCi
i=1
L is the land use degree, A; is the
LUD (X8) Land use degree (\) grade index of the i-th land use [43]
type, and C; is the percentage of
the i-th land use type in the
total area
3. Results

3.1. Spatiotemporal Characteristics of PLE Functions

Figure 3 shows the temporal variation of PLE functions from 2008 to 2018, which
exhibited a general upward trend. The average value of the production function increased
from 0.14 in 2008 to 0.17 in 2018, the living function increased from 0.15 to 0.18, and the
ecological function was the highest, with the lowest score of 0.20 in 2008 and 0.23 in 2018.
The increase in the PLE functions was relatively slight, and the trend was relatively stable.

0.24
0.22

0.2
0.18
0.16

0.14

0.12 1 1 1 1 1 1 1 1 1 1 J
2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

—m—PF LF  —e—EF

Figure 3. Temporal variation of PLE functions during 2008-2018. PF is the production function, LF is
a living function, and EF is an ecological function.
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Figure 4 depicts the spatial patterns of PLE functions with three levels of low, medium,
and high from 2008 to 2018. Regions with high production function values were mainly
distributed in provincial capitals and cities in the west and north of the MRYRUA. For
example, Yichang and Xiangyang have large economic volumes, and their production
functions have increased from 2012 to 2015. Production functions in most cities reached a
medium level from 2015 to 2018, and the proportion of cities with a high level increased
from 13.89% in 2015 to 30.56% in 2018. The high value of living function was mainly
distributed in the northeast and eastern cities, especially in the southeastern cities of Jiangxi
Province. Since 2012, the living function of all cities in the study area has reached a medium
level or above, and the number of cities with a high level has steadily increased. The areas
with high values of ecological function were mainly distributed in the southeastern and
southern cities. By 2018, almost half of the cities had achieved a high level, which indicated
that ecological protection was receiving increasing attention in urban agglomerations.

2012 2015 2018

Productlon function
14, 0.15] Low stage
[ | 0 15, 0.18] Medium stage
B (0.18, 0.21] High stage
No data

Living function

[ 1[0.10, 0.14] Low stage
I (0.14, 0.19] Medium stage
0.19, 0.23] High stage
No data

Ecological function

14, 0.18] Low stage
I (0.18; 0.22] Medium stage

| %0 22, 0.23] High stage
No data

Figure 4. Spatiotemporal patterns of PLE functions in MRYRUA.

3.2. Spatial Patterns of Trade-Offs and Synergies among PLE Functions
3.2.1. Temporal Change of Trade-Offs and Synergies

Treating the MRYRUA as a control variable, the correlation coefficients between PLE
functions were calculated for each year over the study area. The Pearson coefficient re-
vealed that the relationships between each pair of PLE functions in the change of the annual
average were mostly trade-offs from 2008 to 2018 (Figure 5). Production and ecological
functions were all associated with trade-offs, indicating that production activities will
continue to negatively affect the ecological environment during urban agglomeration devel-
opment, due to the high intensity of production and failure to solve ecological environment
problems in a timely manner. The coefficients between production and living functions
decreased first and then increased, with trade-offs from 2011 to 2013 and synergies in other
years. The relationship between living and ecological functions exhibited the opposite
pattern. Based on the fluctuation between living and ecological functions, residents’ living
quality does not benefit from ecology, and living spaces squeeze the ecological space. De-
spite a decrease in trade-offs between living and ecological functions from 2013 to 2015,
they failed to break through zero and formed synergies.
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Figure 5. Temporal variation in trade-offs and synergies between two functions during 2008-2018 in
MRYRUA.

3.2.2. Spatial Distribution Characteristics of Trade-Offs and Synergies

Treating the year as a control variable, the correlation coefficients between PLE func-
tions were calculated for each city over the study period. Figure 6 illustrates the spatial
distribution characteristics and the proportion of trade-offs and synergies. The relationships
between production and living functions were dominated by insignificant and significant
synergies, accounting for 38.89% and 33.33% of the total, respectively, followed by the
extremely significant synergy of 19.44%, mainly distributed in the southeast. Insignificant
trade-offs accounted for the smallest proportion (8.33%) and were concentrated in Wuhan,
Yichang, and Jingdezhen. In the relationship between production and ecological functions,
extremely significant synergy accounted for the highest share of 41.67%, significantly higher
than that of the production and ecological functions. In contrast, the shares of significant
synergy and insignificant trade-off relationships were much lower, at 13.89% and 5.56%,
respectively. One of the most notable differences in the relationship between living and
ecological functions was the presence of a significant trade-off in Jingdezhen City. Insignifi-
cant synergy was the dominant type of relationship between living and ecological function,
accounting for 41.67% and occurring mostly in the central cities of the study area.

Overall, it appears that the majority of cities have a primarily synergistic relationship
among PLE functions, a much larger proportion than the trade-offs, and no city has
an extremely significant trade-off relationship, indicating that the relationships of PLE
functions will continue to improve toward a synergistic state.

3.3. Driving Forces of the Trade-Offs and Synergies in PLE Functions

According to the results of the GWR (Figures 7-9), the spatial distribution of the
impact of influencing factors showed clear differences, indicating that the same factor had
different impacts on the interactions between different functions.

For the trade-off and synergistic relationships between production and living functions
(Figure 7), the spatial distribution of the regression coefficient of elevation and NPP was
similar, with a higher coefficient in the northeast and a lower coefficient in the southwest,
confirming that flat terrain and conditions conducive to vegetation growth contribute to
production and living activities. The distance to rivers had a larger impact on northwestern
cities, indicating that the production and living functions in these cities have a greater
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demand for water resources. The coefficients of distance to city and economic density were
negative, indicating that rapid economic development may limit quality of life. According
to Figure 7h, land use degree has a greater impact on production and living synergies in
northeastern cities.

a. Production & Living b. Production & Ecological

§ % 38.89% i? % 8E%

33.33%
13.89%

c. Living & Ecological

Trade-offs/synergies classification

- Extremely significant synergy

:I Significant synergy
\:I Insignificant synergy
- Significant trade-off
- Insignificant trade-off
l:l No data

0 325 650
[ ———]

Figure 6. Spatial distribution of trade-offs and synergies among PLE functions during 2008-2018 in
MRYRUA.

Both NPP and precipitation showed positive effects on trade-offs and synergies be-
tween production and ecological functions (Figure 8), with lower impact in southwest
cities, confirming that cities in mountainous areas have greater difficulties coordinating
production and ecological functions. Distance to roads, economic density, and land use
degree were similar in terms of direction and spatial distribution of impact, with a greater
impact on northeast cities, indicating that more developed cities are also more capable of
developing green industries and protecting the environment.
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Figure 7. Spatial distribution of regression coefficients representing the impact of driving factors on

trade-offs and synergies between production and living functions.

According to Figure 9, NPP had the strongest positive impact on trade-offs and
synergies between living and ecological functions, with the highest value areas located
in the northeast, while all the other natural factors had negative impacts. Among the
socio-economic factors, only distance to the city had a negative effect. The result revealed
that socio-economic development contributed significantly to the synergy between living
and ecological functions. Regarding the magnitude of impact, only elevation was spatially
distributed as high in the west and low in the east, while the impact of NPP, precipitation,
distance to city, distance to road, and land use degree was high in the east and low in
the west.
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Figure 8. Spatial distribution of regression coefficients representing the impact of driving factors on
trade-offs and synergies between production and ecological functions.

Overall, most of the natural factors had a positive effect on the trade-offs and synergies
between production-living and production—ecological functions. Socio-economic factors
affected the trade-offs and synergies between PLE functions in a complex manner, among
which the land use degree was a major factor.
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Figure 9. Spatial distribution of regression coefficients representing the impact of driving factors on
trade-offs and synergies between living and ecological functions.

4. Discussion
4.1. Spatiotemporal Changes of Trade-Offs and Synergies among PLE Functions

The evolution of spatial patterns in PLE functions highlights the dynamic interplay
between the natural environment and human society [44]. From 2008 to 2018, the overall
level of PLE functions presented a stable upward trend, with the ecological function main-
taining the highest level during the study period, and its increase was more apparent than
production and living functions (Figure 3). This might be because MRYRUA emphasizes
the importance of ecological functions during its development. Guided by the principle of
Conserving the environment and avoiding excessive development, the regional ecological
environment has been greatly improved. The spatial evolution of PLE functions showed
a feature of ‘point-line—cluster’. Firstly, there was a rise in PLE functions of central cities
in MRYRUA like Changsha, Wuhan, and Nanchang, which led to the development of
surrounding cities with significant advantages in geography, economics, and policy, and
then the surrounding cities contributed to the regional development, thus improving the
functions of the whole area. The high-value areas of ecological function were concentrated
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in the southeast of the study area, especially along the Xiangjiang River and Ganjiang River
(Figure 4). Benefiting from ecological protection policies and practices, Poyang Lake and
Dongting Lake have high forest coverage, rich species, and conductive ecological environ-
ments, and thus Poyang Lake Urban Agglomeration and the Changsha-Zhuzhou-Xiangtan
Urban Agglomeration had greater ecological function advantages [45]. In addition, the
number of cities with high levels of PLE functions at the same time was decreasing, indi-
cating that PLE functions change over time, and the change in one function was not only
influenced by the change in the other but also by the surrounding city’s functions.

To further explore the relationships between PLE functions and the impact on MRYRUA
development, the Pearson coefficient was used to calculate the trade-off and synergistic
relationships. Based on the average annual coefficient, production and ecological functions
were in a trade-off state during the development of urban agglomerations. The improve-
ment of the production function was at the cost of damaging the ecological environment.
Strengthening environmental protection will inevitably limit production [46]. Especially in
the early stage of urbanization development, the economic growth was still in a relatively
extensive stage, so the trade-off was particularly strong. The relationship between living
and ecological functions had undergone a process from synergy to trade-offs, while the
relationship between production and living functions had shifted in the opposite direction.
There was a strong and increasing trade-off relationship between living and ecological
functions, which was similar to previous studies in the Yangtze River Delta [17]. The pro-
duction function and the living function are mutually reinforcing processes over time [35].
Increasing synergy between production and living function indicated that urban trans-
portation accessibility and infrastructure conditions, as well as urban residents” quality
of life, had improved during economic development. The trade-offs between production
and ecological functions were the result of continuous adjustment between economic ac-
tivities and ecological protection. Despite the fact that the trend change of the average
annual coefficient indicates most of the years were characterized by trade-offs (Figure 5),
overall relationships among PLE functions in each city had a higher proportion of synergy
during the study period (Figure 6). This disparity could be attributed to the differences
in the development conditions between urban agglomerations as a whole and individual
cities. The trade-offs and synergies between PLE functions of urban agglomerations are not
simply the sum of the individual cities. Cities have unique development conditions and are
better adapted to local conditions so that it will be easier to achieve synergies between PLE
functions. Conversely, the whole urban agglomerations, conflicts, and imbalances between
each city make it more difficult to achieve synergies. The result illustrates that there is still
a need to strengthen coordination between cities in the development of PLE functions.

In this study, we also found that the trade-offs and synergies between PLE functions
varied greatly in space. For a more detailed comparison of trade-offs and synergies between
cities, the relationships were divided into six categories based on the direction and signifi-
cance of Pearson coefficients (Figure 6). The degree of functional synergies varies between
cities due to differences in investment in productivity, infrastructure, and ecological protec-
tion. Often, when cities prioritize economic speed without focusing on quality, production
functions are enhanced at the expense of social contradictions and environmental damage,
resulting in weakened coordination between living and ecological functions [10]. Our
results showed that the PLE functions in most cities exhibited a synergistic relationship,
which indicates that these cities have integrated life quality and environmental protection
into their urban planning and development while pursuing economic growth. The majority
of synergistic relationships, however, were insignificant, with correlation coefficients close
to zero, fluctuating between trade-offs and synergies. For such a situation, the intensity of
investment in the region and the formulation of policy are particularly important.

4.2. Identifying Driving Factors Affecting Trade-Offs and Synergies among PLE Functions

The trade-offs and synergies among PLE functions in the MRYRUA are complex
and driven by a variety of socioeconomic and natural factors [47]. According to our
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findings, socio-economic factors had a more profound influence on the interrelationships
between PLE functions. For example, economic density harmed the relationship between
production and living functions, as well as between production and ecological functions.
During rapid urbanization, high-intensity economic activities brought about consequences
such as traffic congestion, housing tensions, reduced quality of life, and damage to the
ecological environment, leading to progressively serious trade-offs between production
and living functions, as well as production and ecological functions. In terms of socio-
economic factors, construction activities directly change land use patterns, while human
and economic activities indirectly influence land use through construction activities [48].
Land use degree had a strong positive effect on the relationships among PLE functions,
and the strongest effect was found in the northeast plain and the highly developed cities,
which was consistent with previous studies on influencing factors of ecosystems in the
Yangtze River and Yellow River basins [49]. We found that land use degree contributed to
the growth of synergistic relationships among PLE functions since land use efficiency had
been increased as a result of strengthening land use. It is thus crucial to transform extensive
land use mode into intensive management, revitalize land resources, and maximize value
utilization of scarce resources to promote synergistic relationships among PLE functions.
Also, the role of natural factors in the relationships between PLE functions should not
be ignored. Regarding natural factors, NPP reflects the productivity of vegetation and has
a direct impact on ecosystem quality [48]. Elevation, as well as distance to rivers, roads,
and cities, affect the intensity of human activities, thereby changing land use patterns and
indirectly influencing ecosystem quality. All these factors affect the trade-offs and synergies
between PLE functions. Natural factors were most influential on the relationship between
living and ecological functions among the pairwise relationships. The impact of elevation on
the trade-offs between living and ecological functions was most prevalent in mountainous
areas. In comparison to the lower altitudes, the higher altitudes have a better ecological
environment, but it is not as good for human life. NPP was shown to be a promoter in
all relationships between PLE functions, with higher NPP contributing to higher levels of
production and ecological functions. Identifying the driving factors of the trade-off and
synergistic relationships between PLE functions can guide policy formulation for alleviating
the conflicts among agricultural production, urban development, and ecological protection.

4.3. Policy Implications

The evolution process and relationships of PLE functions represent the comprehensive
development of urban agglomerations, which are essential for human health, livelihood,
and survival. Understanding the interactions and relationships between PLE functions will
facilitate the formulation and assessment of spatial policies [22]. Based on our findings, the
following policy implications can be made for promoting sustainable urban development
in the MRYRUA.

First, there are large differences in the level and spatial distribution of the PLE func-
tions, with ecological functions having the highest values and production functions having
the lowest values. This indicates that, while ecology is being paid attention to, it is also
necessary to improve human habitat and accelerate the upgrade and transformation of
production industries. In agricultural production, we should develop circular agriculture
that combines planting and breeding [50], reduce the use of chemical fertilizers and pesti-
cides, appropriately develop large-scale management, and improve the utilization rate of
modern farm equipment. In non-agricultural production, we should promote the use of
energy-saving and emission-reducing technologies. Taking into account both agricultural
and non-agricultural production, these measures could improve production, living, and
ecological functions simultaneously.

Second, given the strong trade-off relationship between production and ecological
functions in the study area, we should pay special attention to the ecological impact
of production activities on regional development. By developing green industries and
reducing pollution emissions in production processes, synergies between production and
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ecological functions should be promoted [32]. The insignificant synergy of PLE functions
also implies that it is difficult to achieve extremely significant synergy of PLE functions
in highly populated urban agglomerations, so more attention needs to be paid to the
balance of PLE functions. To improve the quality of living without damaging the ecological
environment, garbage sorting, domestic sewage disposal, and healthcare should be closely
monitored [51].

Third, the results of GWR showed that socio-economic factors had a greater impact on
the coordination of PLE functions, especially land use degree. It is suggested that decision-
makers should pay special attention to the guidance of land use structure [29]; strengthen
the protection of land with strong ecological functions such as forest land, grassland, and
water area; and strictly control the disorderly expansion of construction land, thereby
reducing the negative impact of land use degree on the relationship between PLE functions.

4.4. Limitations and Future Research

This research emphasizes the complex interactions between PLE functions and their
importance for sustainable development. The findings of the study provide practical
guidance for policymakers in urban agglomerations, emphasizing the need to consider the
integrated impact of PLE functions when formulating urban development policies. The
methods and conclusions of the study may provide some valuable references for megacities
agglomeration around the world. However, the study has several limitations. First, as
there are no unified rules for constructing the PLE functions index system [52] as well as
limited data availability, the selection of indicators was not comprehensive enough. Second,
we focused on the analysis of the relationships between PLE functions, without exploring
the impact of sub-functions on the study area. Furthermore, policy plays a crucial role in
trade-offs and synergistic relationships among PLE functions, but given the difficulties in
quantifying policy factors, we did not consider them in this study. In the future, we will try
to improve the index system for measuring PLE functions, investigate the relationships
between sub-functions, and include policy factors to explore the PLE functions from a more
detailed perspective.

5. Conclusions

Understanding the relationships of trade-offs and synergies among PLE functions,
as well as their driving factors, is crucial for the coordinated development of humans
and nature in urban agglomerations. We took MRYRUA as an example to explore how
PLE functions evolve in response to social development, as well as the interrelationships
between these functions. From 2008 to 2018, the PLE functions exhibited a general upward
trend, with the level of ecological functions remaining higher than the level of production
and living functions. This trend reflected the importance of ecological conservation in
the development of urban agglomerations. The spatial distribution of the PLE functions
was characterized by the central cities being the highest and exerting profound effects
on surrounding cities. Based on the Pearson coefficient, we revealed the trade-offs and
synergies between PLE functions. When the MRYRUA was considered as a whole, the
relationships of PLE functions were dominated by trade-offs, with production and ecologi-
cal functions remaining in a stable trade-off state. In addition, we identified six different
types of PLE function relationships to distinguish the strength of interactions between
functions in different cities. Most cities were in a synergistic state, with insignificant and
significant synergies accounting for the largest proportion. According to the analysis of the
driving forces, both the natural and socio-economic factors had different magnitudes and
directions of influence on trade-offs and synergies between PLE functions. The influence
of socio-economic factors was more prominent and important, especially the land use
degree, which had the strongest positive influence on the relationships of all functions.
The findings of this study may provide some guidance for the in-depth understanding
of the land use function development of urban agglomerations and make it easier for
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policymakers to adjust policies accordingly, as well as to alleviate the conflict between
humans and natural environments.
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