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Abstract

This paper investigates the evolution and driving mechanisms of the Coupling Coordina-
tion Degree (CCD) between urban development (UD) and ecological efficiency (EE) in the
Yangtze River Delta (YRD) urban agglomeration. Using panel data for 27 cities from 2013
to 2023, a comprehensive evaluation model and the CCD model are used to measure the
level of coordination across cities. A fixed-effects panel regression model is constructed to
systematically examine the effects of economic development and education expenditure on
CCD, focusing on the moderating role of education expenditure. The empirical results indi-
cate that: (1) CCD in the YRD shows a clear upward trend, gradually shifting from disorder
to coordinated development; (2) inter-city disparities remain evident, reflecting differences
in development foundations, industrial structures, and governance capacities; (3) economic
development significantly promotes CCD by providing material and institutional support
for urban—ecological coordination; and (4) education expenditure strengthens this positive
relationship by enhancing human capital accumulation and knowledge spillovers. The
findings highlight the importance of integrating economic growth with human capital
investment to promote green and high-quality urban development.

Keywords: urban-ecological coordination; coupling coordination degree; economic devel-
opment; education expenditure; Yangtze River Delta

1. Introduction

Against the backdrop of accelerating climate change and intensified human activities,
urban systems are increasingly exposed to ecological pressure, resource constraints, and
environmental risks. The United Nations Sustainable Development Goals (SDGs) high-
light the need to integrate economic, social, and environmental dimensions into urban
development [1]. Since the reform and opening-up period, China has experienced rapid
urbanisation, with the national urbanisation rate increasing from 17.92% in 1978 to approxi-
mately 67% by 2024 [2]. This process has strongly promoted economic growth, industrial
upgrading, and social transformation, but it has also intensified resource consumption,
land expansion, pollution emissions, and ecological degradation [3]. Existing studies show
that urbanisation reshapes landuse patterns, fragments ecological space, and increases
environmental pressure through rising transportation demand, energy consumption, and
carbon emissions [4,5].
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In response, China has promoted ecological civilisation and new-type urbanisation as
national strategies [6]. Since the 18th National Congress of the Communist Party of China,
the focus of urbanisation has shifted from speed-oriented expansion to people-centred
and quality-oriented development. China’s 14th Five-Year Plan further highlights the
development of liveable, resilient, and smart cities, while also emphasising the coordination
between urban development and ecological protection [7]. In this context, ecological
efficiency is a useful indicator because it captures the extent to which economic output
is generated with reduced resource consumption and environmental pressure, thereby
providing a measure of sustainable urban development quality [8].

The YRD is one of China’s most urbanised and economically dynamic regions. Since
YRD regional integration was elevated to a national strategy, coordinated resource allo-
cation, environmental governance, and ecological protection have become increasingly
important [9]. The region’s urbanisation rate reached approximately 73.8% by 2024, sig-
nificantly higher than the national average [2]. However, rapid population and industrial
concentration have also created ecological pressure, including high land development
intensity, periodic deterioration in water ecological quality in some cities, and insufficient
urban resilience under extreme weather conditions [10,11]. Therefore, examining the co-
ordination between UD and EE in the YRD is important for understanding sustainable
development in highly urbanised regions.

Recent studies have examined the relationship between UD and EE from several
perspectives. Some have focused on the environmental effects of urban expansion [12,13],
while others have analysed ecological efficiency, green development, or environmental
performance [14]. A growing number of studies have also used the CCD model to evaluate
the interaction between UD and EE [15,16]. These studies have shown that that urban
development and ecological systems are closely connected and co-evolve over time.

However, several research gaps remain. Existing studies have offered valuable in-
sights into the temporal and spatial evolution of CCD, but the mechanisms underlying
changes in coordination require further examination. In addition, economic development
has often been discussed separately in relation to urban development or environmental
performance. This issue is important because economic growth may enhance fiscal capacity
and environmental governance, but it may also increase resource demand and ecological
pressure. Moreover, although education expenditure may improve human capital, innova-
tion capacity, environmental awareness, and governance efficiency, its potential moderating
role in the economic development—CCD relationship remains insufficiently understood.

To address these gaps, this paper investigates the coupling coordination between UD
and EE in the YRD. Specifically, it examines the impact of economic development on CCD
and further evaluates whether education expenditure moderates this relationship.

The contribution of this paper is threefold. First, it clarifies the theoretical meaning of
CCD as a system-level indicator that captures the interaction, balance, and co-evolution
between UD and EE. Second, it shifts the focus from the separate effects of urban devel-
opment or ecological efficiency to the mechanisms shaping coordination between the
two systems, thereby examining economic development as a factor shaping urban—
ecological coordination quality. Third, by introducing education expenditure as a moderat-
ing variable, this paper highlights the role of human capital investment in transforming
economic growth into coordinated and sustainable development outcomes.

Based on the above discussion, this paper proposes the following hypotheses:

H1. Economic development has a positive effect on CCD.

H2. Education expenditure positively moderates the relationship between economic development
and CCD.
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2. Materials and Methods
2.1. Data Sources

The YRD urban agglomeration is positioned at the strategic intersection of the ‘Belt
and Road Initiative” and the Yangtze River Economic Belt. The Development Plan for the
Yangtze River Delta Urban Agglomeration identifies the YRD as one of China’s earliest
urbanised regions. It also highlights the region’s strong comprehensive development
capacity [17].

Within this policy context, this paper selects panel data for 27 cities in the YRD from
2013 to 2023. This dataset provides a practical basis for observing the phased dynamics of
the urban-ecological interactions. The data are mainly obtained from the National Bureau of
Statistics of China, along with relevant provincial and municipal statistical yearbooks and
official statistical bulletins, and supplemented by authoritative databases where necessary.
Indicator construction and the calculation of CCD are performed using SPSSAU 25.0.
Regression analysis is undertaken using Stata MP 19.

2.2. Indicator Selection

Urban development is a multidimensional process encompassing population, eco-
nomic, spatial, and social dimensions [18]. To evaluate urban quality and ecological
efficiency systematically, this paper constructs a comprehensive indicator system grounded
in a multidimensional framework. Indicator selection is informed by the relevant liter-
ature and the development characteristics of the YRD urban agglomeration. The urban
development subsystem is developed based on the theory of new-type urbanisation, which
emphasises multidimensional development across population, economic, spatial and social
dimensions [19,20]. The ecological subsystem draws on the PSR (Pressure-State-Response)
framework, which is widely used to characterise the interactions between human activities
and environmental systems [21,22]. Building on these theoretical foundations, the indicator
system is designed to capture both the structural characteristics of urban development
and the efficiency of environmental performance, thereby reflecting the multidimensional
nature of UD and the systemic characteristics of EE.

Following the principles of scientific validity, applicability, operability, and data con-
tinuity, this paper establishes two evaluation systems: (1) an urban development system
comprising four dimensions and ten indicators and (2) an ecological efficiency system
comprising three dimensions and nine indicators. The latter isdesigned to capture the
efficiency with which economic activities are transformed into environmental outcomes
(Table 1).

To test the hypotheses proposed in this paper, regression analysis is conducted. The
variables were selected according to theoretical relevance, empirical applicability, and data
availability. CCD is used as the dependent variable because it captures the coordinated
development between urban development and ecological efficiency [16,23]. Economic
development is selected as the core explanatory variable because it may improve infras-
tructure, public services, and environmental governance, while also increasing resource
consumption and ecological pressure [24,25]. Education expenditure is introduced as a
moderating variable because public investment in human capital can enhance innova-
tion capacity, environmental awareness, and governance efficiency, thereby affecting the
extent to which economic growth contributes to coordinated development [26]. The con-
trol variables reflect key structural conditions related to industrial structure, government
investment, and urban-rural development.

Table 2 summarises the definitions, symbols, expected signs, and measurement meth-
ods of the dependent variable, the key explanatory variables, the control variables, and the
interaction term employed in the empirical analysis.
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Table 1. Summary of selected indicators.
Subsystem Dimension Indicator Unit Direction
Urbanisation rate % +
Population urbanisation Average wage of.employ'ees in urban Yuan N
non-private units
Per capita urban road area m? +
Spatial urbanisation Built-up area km? +
Utban Development Drainage pipe density in built-up areas km/km? +
(UD) Proportion of tertiary industry in GDP % +
Economic urbanisation Proportion of general public budget revenue o .
in GDP ’
Number of beds in hospitals and health centres beds +
. - Total collection of public libraries 1000 books +
Social urbanisation . .
Urban-rural per capita consumption / _
expenditure ratio
Population density persons /km? -
Pressure Industrial wastewater discharge 10,000 tons -
Industrial sulphur dioxide emissions 10,000 tons -
Comprehensive utilisation rate of solid waste % +
Ecological Efficiency State Proportion of days with good air quality Y% +
(EE) Green coverage rate of built-up areas Y% +
Harmless disposal rate of municipal solid o
te %o +
Response was o
Sewage treatment rate %o +
Per capita park green space m? +
Notes: “+” indicates a positive indicator, meaning that a higher value contributes positively to the subsystem
score. “—" indicates a negative indicator, meaning that a higher value represents greater pressure or imbalance
and is therefore standardised in the opposite direction.
Table 2. Summary of variables and expected signs.
Variable Category Variable Symbol Expected Sign Measurement Method

Coupling coordination
degree between urban

Dependent variable Coupling coordination degree CCDh / development and
ecological efficiency.
Core explanatory variable Economic development ECON + Logarithm of per capita
P y P GDP (PGDP)
Moderating variable Government Investment GOV + Logarlthm'of education
expenditure (ED)
Ratio of secondary to
Industrial structure IND — tertiary industry value
Control variable added (STR)
Urban-rural coordination URR - Rat.lo of urbap to rural
disposable income
Interaction between
. Economic development x mean- centered
Interaction term Government Investment ECON X GOV * InPGDP and mean-
centered InED
Notes: “+” indicates a positive indicator, while “—" indicates a negative indicator.

To improve transparency and comparability, the raw data are first checked by city
and year. Missing values are interpolated only when they occurred between two available
observations for the same city. After data processing, a balanced panel dataset covering
27 cities from 2013 to 2023 was obtained. For index construction, urban development
and ecological efficiency indicators are standardised using the min-max method, with
positive and negative indicators treated separately. Entropy weighting is then applied to
calculate the composite indices of UD and EE, which are subsequently used to calculate
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CCD. Finally, non-ratio variables, such as per capita GDP and education expenditure, were
log-transformed to reduce scale differences and potential heteroscedasticity.

2.3. Data Analysis

Grounded in information theory, the entropy method is an objective weighting tech-
nique that assigns indicator weights according to their degree of dispersion across samples.
Indicators with greater variability contain more information and are assigned higher
weights; those with limited variation receive lower weights [27]. This approach reduces
subjectivity in weight determination and is widely applied in comprehensive evaluations.
The calculation procedure comprises four main steps: (1) to eliminate the influence of
different units and directions, all indicators are normalised using the min-max method;
(2) the proportion of each standardised indicator is calculated; (3) information entropy and
redundancy are computed to derive the weight of each indicator; (4) weighted indicators
are aggregated to obtain the composite index for each city and year. A comprehensive
evaluation model is adopted in this paper to calculate the overall development level of
the urban development and ecological efficiency systems [28]. The calculation formula is
as follows:

U = Y, (W % Ziy) (1)

where U;; represents the comprehensive index of urban development or the ecological
efficiency subsystem for city i in year t; W; represents the weight of indicator j; Z;;; denotes
the standardised value of indicator j for city i in year .

In physics, coupling refers to the interaction between two or more systems through
internal and external mechanisms and coordination refers to the coordinated development
of these systems [29]. Drawing on this concept, this paper applies the CCD framework
to examine the relationship between urban development and ecological efficiency. The
calculation involves three steps: (1) coupling degree is estimated to capture the intensity
of interaction between the two subsystems; (2) a comprehensive development index is
constructed to reflect their overall development level; (3) the CCD is derived by integrating
interaction strength with development performance, assessing the extent to which urban
development and ecological efficiency evolve in a balanced and coordinated manner. The
specific formulas are as follows [30]:

_ Uyp x Ugg :
Cur = {[(UUD + UEE)/Z]Z} @

Tur = alUyp + BUge 3)

Dyg = (CUE x Tuk) (4)

The value of the coupling degree Cyr falls within the interval [0, 1]. A value closer

NI=

to 1 indicates a stronger interaction and a tighter linkage between the two subsystems.
Next, Ty g represents the comprehensive coordination index; D¢ reflects the degree of
coupling coordination between UD and EE. A higher value of Dyjr indicates a higher
level of coordinated development between the two subsystems. The coefficients « and
[ represent the relative importance of each subsystem. Since urban development and
ecological efficiency are considered equally significant in this paper, both are set to 0.5 [31].

However, CCD has certain limitations as a composite index. Its value may be affected
by indicator selection, normalisation, and weighting methods. Although the entropy weight
method is used to reduce subjectivity, the results remain dependent on the constructed
indicator system. To address this limitation, this paper combines CCD measurement with
econometric analysis.
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Following previous studies and commonly used CCD classification criteria, CCD is
classified across 10 categories [24], as shown in Table 3.

Table 3. Classification criteria for CCD levels.

CCD Range Rank Coordination Level
[0.0,0.1) 1 Extremely disordered
[0.1,0.2) 2 Severely disordered
[0.2,0.3) 3 Moderately disordered
[0.3,0.4) 4 Mildly disordered
[0.4,0.5) 5 Marginally disordered
[0.5,0.6) 6 Barely coordinated
[0.6,0.7) 7 Primary coordination
[0.7,0.8) 8 Intermediate coordination
[0.8,0.9) 9 Good coordination

[0.9,1.0] 10 Excellent coordination

Notes: CCD values range from 0 to 1, with higher values indicating a higher level of coupling coordination.

Urban development and ecological efficiency comprise two interdependent systems
that influence each other in a dynamic and mutually constrained manner, while a range
of socioeconomic and environmental factors shape their coordinated development [16,32].
Considering data availability and research objectives, this paper adopts the CCD between
UD and EE as the dependent variable to evaluate their integrated development level.
The explanatory variables are established are selected to reflect economic development,
industrial structure, government investment, and urban-rural coordination [33-36].

To examine the determinants of the CCD of urban—ecological coordination, this paper
employs balanced panel data from 27 cities in the main YRD area. Based on model
specification and a series of diagnostic tests, the individual fixed-effects (FE) model is
selected for the empirical estimation. This model controls for unobservable but time-
invariant characteristics across cities, thereby reducing reduces estimation bias arising
from regional heterogeneity and allows for a more accurate identification of the effects of
economic and structural factors on coupling coordination [37]. The individual FE regression
model is specified as follows:

Yecp = Bo + B1ECONj; + B2INDj + B3GOVy + B4URR;; + Bs(ECONy x GOV ) + pi + € )

where Yccp denotes the dependent variable, representing the coupling coordination degree
for city 7 in year t. ECONy; IND;; GOVy; URR; represent economic development,
industrial structure, government investment, and urban-rural coordination, respectively.
(ECON x GOV) denotes the interaction term used to examine the moderating effect
of government investment; y; captures unobserved individual-specific effects; ¢;; is the
stochastic error term.

3. Results
3.1. Assessing Urban Development and Ecological Efficiency

In this paper, a comprehensive assessment of urban development and ecological
efficiency in the YRD urban agglomeration from 2013 to 2023 is conducted. Both UD and
EE exhibited varying degrees of upward trends during the study period.

Figure 1 illustrates the temporal evolution and comparative dynamics of the CCD, EE,
and UD over the period 2013-2023. Overall, CCD increased from 0.439 in 2013 to 0.621 in
2023, showing a steady upward trend and indicating a continuous improvement in the
coordination between urban development and ecological efficiency.
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Figure 1. Temporal evolution and stage-based comparison of CCD, EE and UD in 2013-2023.

From a dynamic perspective, this evolution exhibits a clear stage-based pattern. Dur-
ing 2013-2017, CCD remained at a relatively low level and grew at a modest pace, suggest-
ing that rapid urban expansion may have outpaced the ecological system’s carrying and
adaptive capacity, resulting in limited coordination. After 2018, however, the increase in
CCD became more pronounced and stable, accompanied by reduced fluctuations. This
shift may be associated with strengthened environmental governance and the deepening of
regional integration policies. At the subsystem level, both UD and EE show upward trends,
albeit with different trajectories. UD increases steadily, reflecting continuous urbanisation,
whereas EE improves more gradually. EE remains higher than CCD throughout most
of the study period, suggesting that improvements in ecological efficiency alone do not
immediately translate into a high level of coupling coordination. Coordination improves
more gradually because it depends on the balanced development of both UD and EE.

Although both subsystems have improved, the enhancement of coordination does not
occur simultaneously but instead follows a gradual accumulation process. This makes it
necessary to further examine inter-city differences in coupling coordination.

Figure 2 compares CCD across major cities in the YRD for 2013, 2023, and the 11-year
average. Overall, the coupling coordination level exhibits a clear upward trend. This result
indicates that the interaction between urban development and ecological efficiency has been
gradually strengthened, while the regional system has become more synergistic. Spatially,
the coupling coordination level has a distinctive ‘core-periphery’ gradient. Hangzhou,
Shanghai, Nanjing, and Suzhou have maintained consistently high coordination, forming
the leading growth poles of the region. These cities demonstrate a relatively mature
stage of development; economic expansion, technological innovation, and environmental
management have achieved a stable and mutually reinforcing balance [38]. Cities such as
Hefei, Wuxi, and Ningbo occupy the second tier, with steadily improving coordination
levels and increasing regional supporting capacity. Some peripheral cities, such as Chizhou,
Tongling, Xuancheng, and Anqing, are characterised by lower coordination performance.
Although improvements have been observed; a clear gap remains between them and the
core cities.
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Figure 2. Comparison of CCD across 27 cities in the YRD.

From a temporal perspective, inter-city disparities in coupling coordination remain
evident, but the overall distribution has gradually shifted upward. This indicates that most
YRD cities have experienced improvements in coordination, although spatial differences
have not been fully resolved. This trend may be partly associated with the implementation
of the YRD integration strategy since 2015, the transition toward greener industrial struc-
tures, and the strengthening of ecological civilisation policies, which have jointly supported
more balanced and higher-quality regional development [39].

Figure 3 presents the temporal evolution of the coordination levels between urban
development and ecological efficiency across 27 cities in the YRD from 2013 to 2023. The
average CCD of the 27 cities increased from 0.44 in 2013 to 0.62 in 2023, representing an
improvement of 0.18, which corresponds to approximately two coordination categories.
This reflects a clear upgrading in the coordination status rather than a marginal change
within the same level. More than 15 cities exhibited an increase of more than two categories,
indicating a substantial structural shift. In 2013, approximately 74.07% of the cities were
still in a state of imbalance. By 2023, however, all cities had entered the coordinated stage,
with 55.56% reaching the “primary coordination’ level and 14.81% attaining ‘intermediate
coordination’. This transition indicates a systemic shift in the YRD from an imbalance-
dominated pattern to one characterised by coordinated development.

The evolution process can be divided into two distinct phases. The period from
2013 to 2017 served as a ‘transition stage’, during which most cities remained at levels
below 6 in the CCD classification system. At this stage, rapid urban expansion outpaced
ecological carrying capacity, revealing noticeable tensions between economic growth and
environmental conditions. The period from 2018 to 2023 represents a phase of ‘accelerated
coordination’. This improvement may be associated with the elevation of YRD integration
to a national strategy and the intensified implementation of ecological redlines, energy
consumption targets, and green governance frameworks. During this period, most cities
advanced from ‘barely coordinated’ to “primary coordination’. Core cities, such as Shanghai,
Nanjing, Hangzhou, and Suzhou, further progressed into the ‘intermediate coordination’
category, reflecting a shift from passive adaptation to proactive and systemic collaboration.
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Figure 3. Trends in CCD classification levels across 27 YRD cities, 2013-2023.

Spatially, the coordination pattern exhibits a distinct structure of an east-high spatial
pattern. Specifically, high coordination areas are concentrated in the core urban belt of
Shanghai, Suzhou, Hangzhou, and Nanjing, where the ‘coordination poles” drive high-
quality regional development. Several cities, such as Hefei, Wuhu, Wuxi, and Wenzhou,
remain at the primary coordination stage but demonstrate relatively stable development
trajectories. In contrast, several cities in southern Anhui, such as Ma’anshan, Tongling,
Chizhou, Xuancheng, and Xuancheng, had relatively low coordination levels in the early
stage due to a heavy industrial structure and limited environmental governance capacity.
However, these cities have shown clear catch-up momentum in recent years under regional
coordination mechanisms and green transition policies.

The trend of narrowing spatial disparities in coordination across the YRD provides
evidence of the effectiveness of regional integration strategies and green governance poli-
cies. Nevertheless, the temporal and spatial evolution of the CCD alone cannot fully reveal
the underlying drivers or mechanisms. To identify the key forces that promote or hinder
coordinated development, it is necessary to build a multivariate panel regression model
based on the preceding CCD measurement results. This approach helps examine how
economic development, government investment, industrial structure, and urban-rural
coordination affect CCD. The empirical analysis in the following section helps to uncover
the driving factors and constraints of coordination among YRD cities, providing a factual
basis for formulating more targeted policy recommendations.

3.2. Descriptive Statistics

Table 4 presents the descriptive statistics of the key variables. The mean CCD is
0.538, with relatively limited dispersion. This finding indicates a moderate overall level of
coordination alongside evident inter-city differences. Per capita GDP shows substantial
variation, reflecting pronounced economic heterogeneity across cities. The industrial
structure exhibits moderate dispersion, and education expenditure varies widely, indicating
uneven investment across the region. The urban-rural disposable income ratio remains
relatively stable, which suggests a persistent, broadly consistent urban—rural gap.
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Table 4. Descriptive statistics of the YRD variables.

Variable Obs P50 Mean SD Min Max
CCD 297 0.533 0.538 0.096 0.288 0.788

PGDP 297 97,225 100,509.8  39,843.98 27,735 206,278
STR 297 0.992 1.016 0.332 0.327 2.825

ED 297 102.083 153.778 179.715 14.084 1206.14
URR 297 1.962 1.984 0.227 1.53 2.541

3.3. Correlation Statistics

Table 5 presents the Pearson correlation matrix for the main variables. CCD is strongly
and positively correlated with per capita GDP and education expenditure. This finding
indicates that a higher level of economic development and greater investment in education
are associated with stronger urban-ecological coupling coordination. However, CCD shows
significant negative correlations with the ratio of secondary to tertiary industry value added
and the urban-rural disposable income ratio. The interaction term is weakly correlated
with CCD, which suggests that its moderating effect should be assessed through regression
analysis rather than bivariate correlations.

Table 5. Correlation matrix for YRD variables.

Variable CCD LPGDP STR LED URR LPGDP x LED
CCD 1.000
LPGDP 0(-5%% 0) 1,000
oTR 7(00..6080?);** 7%%0050; N 1.000
wo R G ET
UR e oo o1 oow MO0
e <8:(1)?;> ?815%** (8%;) <8f(1)?§) O(S%Sc)m 1.000

Notes: p-values are reported in parentheses. **, and *** denote statistical significance at the 5%, and
1% levels, respectively.

3.4. Panel Data Regression Analysis

Table 6 presents the estimation results from the pooled ordinary least squares (POLS),
random effects (RE), and FE panel models used to examine the determinants of the CCD.
A series of standard statistical tests was used to guide the choice of model specification [40].
The Breusch-Pagan LM test rejects the null hypothesis of no unobserved individual effects
at the 1% significance level. This finding indicates pronounced panel characteristics in
the data, rendering the POLS estimator unsuitable. The Hausman test is also statistically
significant, which suggests systematic differences between the RE and FE estimators and
supports the use of the FE model. In addition, the F-test results confirm the joint significance
of city-specific FE. Accordingly, the FE model is adopted as the baseline specification.

Before estimation, multicollinearity is examined. The results indicate that the variance
inflation factor is approximately 1.76, suggesting no serious multicollinearity concerns.
Since the tests for heteroskedasticity and serial correlation both reject the null hypotheses,
robust standard errors are applied within the FE framework to ensure estimation reliability.

The estimation results show that economic development has a positive and statistically
significant effect on CCD. Economic development, measured by per capita GDP, yields an
estimated coefficient of 0.119, which is significant at the 1% level. This finding suggests
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that higher levels of economic development contribute to improved CCD between urban
development and ecological efficiency. The coefficient of education expenditure is also
positive and statistically significant, suggesting that education expenditure is positively
associated with CCD when the interaction term is included. More importantly, the pos-
itive and significant interaction term indicates that education expenditure strengthens
the relationship between economic development and CCD. This finding provides direct
empirical evidence of its moderating role in the relationship between economic growth and
urban-ecological coordination.

Table 6. Results of the static panel data model in YRD.

Pooled OLS RE FE FE (Robust Standard Errors)
Variabl
arable ccD ccD ccD ccD
0.105 *** 0.132 *** 0.119 *** 0.119 ***
LPGDP (0.008) (0.012) (0.017) (0.024)
STR —0.067 *** —0.065 *** —0.064 *** —0.064 ***
(0.010) (0.011) (0.012) (0.021)
LED 0.039 *** 0.041 *** 0.056 *** 0.056 **
(0.004) (0.008) (0.014) (0.023)
URR 0.013 —0.038 * —0.086 *** —0.086 *
(0.013) (0.021) (0.029) (0.045)
0.034 *** 0.046 *** 0.041 *** 0.041 ***
LPGDP x LED (0.007) (0.007) (0.008) (0.013)
Constant —0.811 *** —1.028 *** —0.860 *** —0.860 ***
(0.110) (0.162) (0.209) (0.273)
R? 0.811 Overall R> =0.795  Within R? = 0.797 0.797
rho - 0.478 - -
12.94 ***
F-test [0.000]
220.04 ***
BP-LM Test [0.000]
25.83 ***
Hausman Test [0.000]
Multicollinearity (VIF) 1.76
.. 3359.2 ***
Heteroskedasticity Test [0.000]
. . 36.456 ***
Serial Correlation [0.000]
obs 297 297 297 297

Notes: Standard errors are reported in parentheses. For the fixed-effects model with robust standard errors,
standard errors are clustered at the city level. p-values for diagnostic tests are reported in square brackets.
*, ** and *** denote statistical significance at the 10%, 5%, and 1% levels, respectively.

3.5. Robustness Tests

As arobustness check, the core explanatory variable is lagged by one period to partially
alleviate potential endogeneity concerns, although this approach cannot fully eliminate
them. This specification is used as a sensitivity check to examine whether the main findings
remain broadly consistent when temporal lag effects are considered. The interaction
term is constructed using lagged economic development and contemporaneous education
expenditure. The results in Table 7 show that lagged per capita GDP remains significantly
and positively associated with CCD, with a coefficient of 0.115. This finding indicates that
economic development has a persistent positive effect on urban-ecological coordination.
Moreover, the interaction term between lagged economic development and education
expenditure is positive and significant. This finding suggests that education expenditure
amplifies the positive impact of prior economic growth on CCD. This result provides
further evidence supporting the moderating role of education expenditure. The control
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variables exhibit stable, theoretically consistent signs. The overall results remain highly
consistent with the baseline estimates, reinforcing the robustness of the main conclusions.

Table 7. Robustness test using lagged economic development.

FE Vce (Cluster ID)

Variable CCD
0.115 ***
Lagged LPGDP (0.022)
—0.064 ***
SIR (0.017)
0.052 **
LED (0.025)
—0.079 **
URR (0.036)
3
Lagged LPGDP x LED 0('(())3())%)8)
—0.800 ***
Constant (0.220)
obs 270
within R? 0.848

Notes: Robust standard errors are reported in parentheses. **, and *** indicate statistical significance at the 5%,
and 1% levels, respectively.

Since CCD is a continuous variable bounded between 0 and 1, a Tobit model is
employed to examine the robustness of the baseline results by explicitly accounting for
potential boundary effects [41]. The estimation results are presented in Table 8. The
Tobit estimates indicate that economic development, as measured by per capita GDP,
continues to have a positive and statistically effect on CCD. The PGDP coefficient is
0.132 and is statistically significant at 1%. This result indicates that higher levels of economic
development are associated with improved coordination between UD and EE. The finding
aligns with the FE estimates. Notably, the interaction term between economic development
and education expenditure is positive and statistically significant at 1%. This finding

suggests that education expenditure enhances the positive impact of economic development
on CCD.

Table 8. Robustness test using the Tobit model.

Variable CCD
LPGDP 0(3%213)
STR oo
iy
e
LPGDP x LED 0(' 8%%;;*
Constant _(16%07632;**
obs 297

Notes: Standard errors are reported in parentheses. **, and *** denote significance at the 5%, and
1% levels, respectively.
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The robustness tests are interpreted as supplementary sensitivity analyses rather than
as complete solutions to endogeneity. The one-period lag specification may partly reduce
concerns about contemporaneous reverse causality, but it cannot fully address endogeneity
arising from omitted variables, measurement error, or longer-term feedback effects. Simi-
larly, the Tobit model is included only as an additional check, given that CCD is theoretically
bounded between 0 and 1. However, because most CCD observations are not close to the
boundary values, the Tobit model is not treated as the preferred specification. Therefore, the
fixed-effects model remains the main model, while the robustness checks are used to assess
whether the main findings remain broadly consistent under alternative specifications.

4. Discussion
4.1. Dynamic Evolution of Coupling Coordination

The results indicate a clear upward trajectory in the CCD, suggesting a marked
improvement in the relationship between UD and EE over the study period. This finding is
broadly consistent with existing studies, which report that the coordination between urban
development and environmental systems in China has improved under the transition
towards high-quality growth [42,43]. However, this trend should not be interpreted as a
purely endogenous or self-sustaining process.

The observed phased pattern, characterised by initial fluctuations followed by a period
of accelerated improvement, further refines the existing literature. While previous studies
tend to emphasise a gradual improvement process, the results here highlight a more
pronounced stage-based transition [44]. This suggests that the urban-ecological nexus is
highly sensitive to institutional and policy conditions. In particular, the acceleration after
2018 coincides with strengthened environmental governance and the implementation of
regional integration strategies, supporting the argument that government investments play
an important role in shaping coordination outcomes rather than emerging automatically
from urban expansion [12,16].

Moreover, the gradual convergence in coordination levels across cities aligns with
findings in the literature that regional disparities tend to narrow under coordinated pol-
icy frameworks [45]. However, unlike studies that attribute convergence primarily to
market-driven mechanisms, the present results suggest that institutional arrangements and
governance capacity are central to this process. From this perspective, coupling coordina-
tion reflects not only the outcomes of economic and environmental change but also the
effectiveness of governance mechanisms [46].

4.2. Economic Development as the Material Foundation of CCD

The regression results consistently indicate that economic development is an impor-
tant factor associated with higher CCD. Across different model specifications, the positive
and statistically significant coefficient of per capita GDP suggests that cities with higher
economic development levels tend to possess a stronger capacity to coordinate urban devel-
opment and ecological protection. This finding is broadly consistent with previous studies
showing that economic development can improve urban-environmental coordination by
expanding fiscal capacity, strengthening infrastructure provision, and supporting environ-
mental governance [47]. Similar conclusions have also been reported in studies on urban
agglomerations and regional green development, where higher income levels are associ-
ated with stronger investment capacity and more advanced environmental management
systems [48].

However, this result also differs from studies that emphasise the environmental costs
of rapid economic expansion. Some research suggests that, especially at earlier stages
of development, economic growth may intensify land consumption, energy demand,

https://doi.org/10.3390/land 15060897


https://doi.org/10.3390/land15060897

Land 2026, 15, 897

14 of 18

pollution emissions, and ecological pressure, thereby weakening coordination between UD
and EE [49]. The positive coefficient identified in this paper therefore does not imply that
economic growth automatically improves CCD. Rather, it suggests that in the YRD context,
economic development may have increasingly shifted from extensive expansion towards a
more quality-oriented pathway, in which fiscal resources, technological upgrading, and
industrial restructuring help offset environmental pressures.

The persistence of this effect in the lagged specification further suggests that the
role of economic development is not merely contemporaneous. Instead, it may reflect
a cumulative process in which sustained growth gradually improves the material and
governance conditions required for coordinated urban-environmental development. This
interpretation is in line with studies arguing that the benefits of economic development
often emerge through long-term institutional learning, environmental investment, and
industrial transformation rather than through short-term output growth alone [50].

Economic development can provide the necessary resource base for improving co-
ordination, but its effect depends on how fiscal resources are allocated, how industrial
transformation is guided, and whether technological opportunities are translated into lower
environmental pressure. Thus, the significant positive effect of per capita GDP should be
understood not as a mechanical association but as an outcome of broader development
processes through which higher-quality growth makes coordination between UD and EE
more achievable [51].

4.3. The Role of Education Expenditure in Enhancing Coordination Quality

Education expenditure plays a significant moderating role in shaping the relationship
between economic development and CCD. Its positive direct coefficient suggests that
education expenditure is associated with improved coordination, while the significant
interaction term further indicates that the contribution of economic development to CCD
depends partly on the level of educational investment. The consistently positive and
statistically significant coefficient of the interaction between economic development and
education expenditure suggests that economic growth is more likely to promote CCD in
regions with stronger educational support. This finding is consistent with the studies of
Su et al. and Yang & Fang [52,53].

This moderating effect can be explained through the role of education expenditure in
improving the quality of economic growth. First, higher education investment contributes
to human capital accumulation, which enables cities to adopt cleaner technologies, improve
resource use efficiency, and support industrial upgrading. Second, education can improve
environmental awareness among residents, enterprises, and local decision-makers, thereby
increasing the social and institutional acceptance of green development policies. Third, ed-
ucation expenditure may enhance local governance capacity by improving the availability
of skilled personnel and technical knowledge required for environmental management,
public service provision, and urban planning. Through these channels, education expendi-
ture helps transform economic growth from a purely scale-expansion process into a more
knowledge-based and environmentally adaptive development process.

Therefore, in contrast to studies that emphasise the direct effect of education expen-
diture on environmental or urban outcomes [54], the results indicate that its role is more
conditional. Education expenditure does not function in isolation; rather, it strengthens the
positive effect of economic development on urban-ecological coordination by improving
human capital, governance capacity, and the diffusion of cleaner technologies [55].

From a policy perspective, this finding underscores the importance of prioritising
human capital accumulation. As Zou and Xu [56] and Yang and Yu [57] argue, education
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expenditure should not be viewed merely as a complementary input but as a strategic lever
for improving the quality and sustainability of coordinated development.

While the overall results suggest that economic development and education expen-
diture are generally associated with improvements in CCD, this relationship may not be
uniformly positive across all contexts. In certain cases, rapid economic expansion or inef-
ficient allocation of resources could weaken the expected coordination effects, leading to
deviations from the general trend [58]. These potential exceptions highlight the importance
of considering heterogeneity across cities and development stages. Future research could
further explore such cases by identifying conditions under which the linkage between
economic growth, education investment, and coordination outcomes becomes less effective
or even counterproductive.

5. Conclusions

This paper investigates the coupling coordination between UD and EE in the YRD
using panel data for 27 cities from 2013 to 2023. The results show a steady improve-
ment in CCD over the study period, with the overall level moving from a relatively low
coordination stage towards primary coordination. Nevertheless, clear inter-city dispar-
ities remain, suggesting that coordinated development is still uneven across the YRD
urban agglomeration.

The regression results further reveal the mechanisms behind this change. Economic
development is found to be positively associated with CCD, while education expenditure
strengthens this relationship through its moderating effect. This indicates that human
capital investment helps cities transform economic growth into more coordinated and
sustainable urban-ecological outcomes. Theoretically, this paper enriches the literature
by linking CCD with economic development and human capital investment, thereby
providing a clearer understanding of the conditions under which growth contributes to
urban-ecological coordination.

These findings suggest that policy efforts should focus not only on maintaining eco-
nomic growth but also on improving the structure and effectiveness of public spending. In
particular, education expenditure should be directed towards vocational education, green
skills training, environmental management, and university-industry cooperation. Such
targeted investment can improve human capital quality, support cleaner production and
green innovation, and strengthen local governance capacity.

Cities in the YRD should therefore allocate education resources according to their
development conditions. More developed cities may prioritise advanced human capital,
green innovation, and knowledge-intensive industries, whereas less-developed cities may
focus on vocational training, technical skills, and basic environmental governance. In this
way, education expenditure can provide practical support for the coordinated development
of UD and EE.
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