<@ sustainability

Article

Spatiotemporal Evolution and Driving Mechanisms of
Production-Living-Ecological Space Coupling Coordination in
Foshan’s Traditional Villages: A Perspective of New Quality
Productive Forces

Wei Mo !, Jie Bao 2 and Qi Li 1*

W) Check for updates

Academic Editor: Jianming Cai

Received: 19 December 2025
Revised: 20 January 2026

Accepted: 27 January 2026
Published: 2 February 2026
Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

School of Architecture and Planning, Foshan University, Foshan 528200, China; mowei@fosu.edu.cn
School of Architecture and Urban Planning, Jilin Jianzhu University, Changchun 130119, China;
bj96558@163.com

*  Correspondence: liqil2@fosu.edu.cn; Tel.: +86-187-4503-8922

Abstract

Traditional villages, as carriers of agricultural civilization and ecological wisdom, repre-
sent important sites for fostering new-quality productive forces. In the context of rapid
urbanization, they function as key spaces for rural development while also confronting
vulnerabilities such as spatial functional imbalance and ecological degradation. Within
the production-living—ecology (PLE) spaces, dependence on labor-intensive and capital-
intensive agricultural models often results in resource misallocation and systemic dysfunc-
tion. New-quality productive forces, driven by innovation and green transition, provide
a fresh perspective for sustainable rural spatial restructuring. However, their micro-scale
mechanisms within traditional villages remain underexplored. This study focuses on
22 nationally recognized traditional villages in Foshan, China. Based on land-use and
socioeconomic data from 1993, 2003, 2013, and 2023, we applied land-use transition matri-
ces, a coupling coordination degree model, and geographical detector analysis to examine
the evolution of PLE spatial patterns and their driving mechanisms. The findings show
that (1) spatially, the share of living space increased significantly, while ecological and
agricultural production spaces continued to shrink, reflecting heightened competition
among the three; (2) the overall coupling coordination degree exhibited a declining trend,
indicating weakened synergy among PLE functions; (3) key drivers of system coordination
include per capita disposable income of rural residents, agricultural labor productivity,
regional technological innovation capacity, and forest coverage, underscoring the syner-
gistic role of socioeconomic and ecological factors in new countryside development. This
study elucidates the micro-spatial pathways through which new rural construction and
conservation mechanisms operate, providing a reference for context-sensitive conservation
and high-quality development of traditional villages in rapidly industrializing regions. The
analytical framework can also be extended to other rural areas undergoing transition.

Keywords: new-quality productive forces; traditional villages; coupling coordination;
production-living—ecological spaces; spatial evolution; driving mechanisms

1. Introduction

Traditional villages serve as vital spatial carriers of agricultural civilization and ecolog-
ical wisdom [1], with their preservation and sustainable development constituting a core
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issue in comprehensively advancing rural revitalization [2,3]. The PLE spaces—production,
living, and ecological—embody the multifunctionality of national territory. These encom-
pass production spaces primarily providing material goods and services, living spaces
primarily meeting human habitation and social needs, and ecological spaces primarily
maintaining ecological security and delivering environmental services [4]. However, amid
rapid urbanization and industrialization, rural spaces commonly face a triple imbalance:
inefficient production functions, deteriorating living standards, and eroding ecological
foundations [5]. Therefore, coordinating the functional relationships among these three
dimensions has become crucial for achieving high-quality rural development [6,7].

Existing research has extensively explored topics including the conceptual definition
of PLE spaces [8], classification systems and spatial identification [9,10], coupling and coor-
dination relationships [11,12], spatiotemporal pattern evolution [13,14], driving factors [15],
and optimization strategies [16,17]. Regarding the functional essence of PLE spaces, a
relatively unified consensus has emerged: they represent the capacity to supply products
and services through diverse land use patterns driven by human needs [18]. Regarding
classification methods, existing research has progressively refined identification techniques
for PLE spaces [9], ranging from constructing multifunctional networks [19] and estab-
lishing national frameworks [4] to designing granular hierarchical systems [8]. However,
these approaches still commonly face challenges such as insufficient regional adaptability,
limited characterization of functional complexity, or excessive system complexity [20]. The
core challenge remains balancing classification precision, scale applicability, and dynamic
representation capabilities. Regarding identification methods, mature technical frameworks
have been established [10], covering multi-level spatial scales from macro [21] to meso [22]
and micro [23]. However, research on refined identification remains relatively weak and
faces significant challenges when applied to traditional village units with highly mixed
functions [24]. Regarding spatio-temporal pattern evolution, research has progressed from
early static pattern descriptions to in-depth characterization and analysis of long-term
dynamic processes [25]. Driving factors have evolved from single-factor or dominant-
factor explorations toward the construction of comprehensive driving frameworks [26].
Current research extensively incorporates multidimensional factors including natural geo-
graphic endowments, locational conditions, stages of economic development, urbanization
and industrialization processes, demographic shifts, technological progress, and policy
frameworks. Quantitative attribution employs statistical methods such as geographic
detectors [27], multiple regression, and structural equation modeling [24]. Optimization
strategies primarily rely on land use suitability assessments and the integrated spatial
planning perspective of “multiple plans in one” [28]. However, existing research on tra-
ditional villages—highly mixed-function, culturally sensitive micro-units—still faces two
limitations: first, insufficient precision in identification and dynamic characterization;
second, a tendency to rely on traditional drivers (such as investment, policy, and urban-
ization) for analysis, lacking in-depth examination of how emerging drivers—particularly
the “new quality productive forces” characterized by innovation—influence micro-spatial
coordination [29].

Meanwhile, the theory of “new-quality productive forces” [30], aimed at promoting
high-quality development, offers a fresh perspective for understanding rural transfor-
mation [31]. This theory represents an advanced state of productive forces driven by
innovation and free from traditional extensive factor inputs. Its core lies in high technology,
high efficiency, and high quality, emphasizing the use of scientific and technological inno-
vation to drive factor restructuring, industrial upgrading, and the green transformation
of development patterns [32]. In the rural context, it differs from traditional productivity
reliant on resource- and labor-intensive inputs [33]. Manifested through new factors such
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as digital technology, intelligent equipment, and green knowledge [34], new-quality pro-
ductivity is driving the reconstruction of the connotation and functions of the PLE spaces
in traditional villages; production spaces are gradually transforming toward intelligence,
digitization, and integration [35], living spaces are evolving toward smart, high-quality, and
service-oriented environments [36], while ecological spaces are shifting from passive con-
servation toward value-driven and multifunctional development [37,38]. Existing research
has primarily focused on macro-level measurement and economic impacts [39] within the
agricultural sector, failing to systematically deconstruct its core elements and embed them
within micro-regional spatial analysis frameworks [40]. Furthermore, there remains a lack
of in-depth exploration into how it influences the coupling and coordination mechanisms
of the PLE spaces [41].

The core theoretical contribution of this paper lies in constructing and testing an
analytical framework for “micro-scale spatial coupling and coordination of the ‘PLE’ driven
by new-quality productive forces”. Its innovation manifests in creatively applying the
concept of “new-quality productive forces”, originating from macroeconomics and the
philosophy of technology, to the context of rural human-land relations and micro-spatial
governance, achieving cross-disciplinary integration of theoretical perspectives and a shift
to the micro-level, and focusing on revealing the complex interaction mechanism between
the new-quality productive forces’ triple pathway of “digital penetration-factor allocation-
green transition” of new-quality productivity [42] with the coupling coordination degree of
the “PLE” spatial system, thereby systematically addressing the question of “how to drive”
rather than merely “whether there is a correlation”.

To address this, this study takes national-level traditional villages in Foshan City as a
case, focusing on three core questions:

(1) How do different dimensions of new-quality productive forces differentially drive the
spatiotemporal evolution of the coupling coordination degree of traditional villages’
PLE spaces?

(2) What are the driving mechanisms and pathways? Do interactive effects exist among factors?

(3) Whatinsights do these findings offer for expanding the spatial governance implications
of new-quality productive forces and guiding sustainable rural development at the
micro-scale?

2. Materials and Methods

2.1. Research Framework and Methods
2.1.1. Research Framework

This study adopts new-type productive forces as its core theoretical framework
(Figure 1). First, an indicator system for measuring these forces is constructed using
the entropy value method, followed by the identification of PLE spaces based on land
use types. Building upon this foundation, GIS spatial analysis and land use transition
matrices are comprehensively applied to systematically analyze the pattern evolution and
transformation characteristics of PLE spaces. Subsequently, kernel density analysis and the
coupling coordination degree model are employed to evaluate their spatial agglomeration
patterns and systemic coordination levels. The study further utilizes geographic probes
to detect factors, identifying core drivers influencing spatial differentiation [43]. Finally,
by integrating these multidimensional analysis results, it systematically reveals the spa-
tiotemporal evolution patterns of the PLE spaces in traditional villages of Foshan from
the perspective of new-type productive forces, providing empirical evidence and strategic
support for their sustainable governance.
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Figure 1. A framework of the analysis.

2.1.2. Research Methods

(1). Land Use Transformation

Using ArcGIS 10.8, four land use maps from 1993 to 2023 were spatially overlaid to gen-
erate transition matrices for the periods 1993-2003, 2003-2013, and 2013-2023 (Formula (1)).
This quantitatively revealed the area conversion pathways and transition rates between
different land types [44,45], diagnosing the coordination of spatial functions among the
PLE sectors [46].

[S11 S12 -+ S1j -+ Sm
Sa1 Sm -+ Syt Som
o | : S )
Sn S -+ Sij -+ Sin
[Sn1 Sm2 - Snj o Spn |

In Equation (1), S denotes area, n represents the total number of land use types, and i, j
respectively indicate the selected preceding and subsequent years’ land types. Row vectors
characterize outflow areas, column vectors characterize inflow areas, and the diagonal
represents unchanged areas.

(2). Spatial Functional Evaluation Method for the PLE System.

Traditional villages in Foshan exhibit composite functional characteristics, serving as
agricultural production bases, high-density residential units, historical and cultural carriers,
and water network ecosystems. Functional evaluation, as the foundational step in spatial
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coordination diagnosis, centers on quantifying the core supply capacities of three spatial
categories [47]; production spaces characterize material product supply intensity, living
spaces reflect residential and social service levels, and ecological spaces embody environ-
mental safety assurance capabilities. While single-function values (e.g., production function
intensity) indicate the supply efficacy of specific spatial units, the overall health status of
the spatial system can only be scientifically assessed through multidimensional functional
coordination analysis. Accordingly, this study constructs a multi-functional land consoli-
dation system based on the “Classification of Current Land Use” (GB/T 21010-2017) [48],
integrated with the regional characteristics outlined in the “Foshan Traditional Village
Protection and Development Plan.” Taking production functions as an example: high-
production-function land (industrial land, assigned 5 points), medium-production-function
land (arable land /rural settlements, assigned 3 points), and low-production-function land
(grassland/forest land /lakes, assigned 1 point) [9]; similar logic applies to assigning func-
tional intensity values for living and ecological functions (Table A1). This valuation system
converts spatial entities into quantifiable functional indicators, providing foundational
variable inputs for subsequent coupling coordination models. For instance, the high pro-
duction function value (5 points) of industrial land signifies its prominent capacity to
supply production factors, while the low production function value (1 point) of water
networks reflects their dominant ecological service characteristics. These discrete func-
tional evaluation values inherently reflect only partial attributes. Through coordinated
analysis of the coupling of three-dimensional functions, the overall optimization direction
of spatial systems can be revealed, providing a basis for precise governance of national
territorial space.

(3). Spatial Coupling Coordination Model for “Three Functions” in Traditional Villages

Calculating the Coupling Coordination Degree of “Three Functions” to Evaluate
Spatial Coordination Development Level [49,50].

1.  Coupling Degree (Formula (2)):

1
C—=3x Pl'XLl'XEi ’ (2)
[Pi+Li+Ei]3

where C is the coupling degree, with values in the range of [0, 1]. A higher C value indicates
stronger interactions and mutual influences among the functional spaces of production,
living, and ecology, leading the system toward a new ordered structure; conversely, a lower
C value suggests the system tends toward disorder. P, L, and E represent the functional
indices of production, living, and ecological spaces, respectively. Their values are in the
range of [0, 1]. Referencing existing research [51,52], C is categorized into four levels, as
shown in Table 1.

Table 1. Classification of “Production-Living-Ecological” space coupling degree.

Coupling Degree Coupling Type Characteristics
003 LowlewlCouping oy s intons devdepndepende ek i,
0305 AmagonisicCouplng o e s R e comecions i prominent o
0508 Adusmupisse e Mheluncions e il el comctd it o btven
08,1] High-level coupling The three functions work in close coordination, with stable communication

and collaborative development.
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2. Coordination Degree (Formula (3)):

T = aP;+BL;+YE; 3)
D=+CxT

In the equation, T represents the comprehensive evaluation index for the PLE spatial
functions, with values in the range of [0, 1]. A higher T indicates better system integrity. «,
(3, and A are undetermined coefficients, with « + 3 + A = 1. Based on sustainability theory’s
empbhasis on the synergistic relationship among production, living, and ecological subsys-
tems, and considering this study’s focus on exploring coupling coordination mechanisms
rather than individual functional contributions, this study adopts an approach from related
cutting-edge research, assuming equal importance for the three subsystems in overall
system coordination. Thus, « = 3 = A = 1/3. This equal-weighting assumption ensures
methodological robustness and comparability, while also facilitating result interpretation
and dialogue with similar studies. D represents the coordinated development level of the
PLE spaces’ functions, reflecting the synergy among subsystems. Its value is in the range of
[0, 1], with higher D values indicating stronger coupling and coordination. Finally, D values
are graded according to the coordination level classification criteria established in [53]
(Table 2), revealing the system’s overall optimization direction and coordination status.

Table 2. Classification of coordination levels for “Production-Living-Ecological” functions.

Value Range Classification Type Characteristics
Only one of the PLE spatial functions dominates, while other functional
(0,0.2] On the verge of imbalance  land spaces are squeezed, leading to dysfunction in the PLE spatial

functions

02,04] Mild imbalance One I"LE spa}tlal functlorT holds a dominant position, with the PLE spatial
functions being uncoordinated.
Addressing issues arising from the imbalance of production, living, and

(0.4-0.6] Borderline dysfunction ecological functions through transforming production methods, enhancing
living space quality, or improving the ecological environment
Predominantly intensive production with significantly enhanced livability

0.6-0.8] Moderately coordinated =~ and ecological environment, featuring strong coordination and interaction
among the PLE spatial functions

(0.9-1.0] Highly Coordinated The functions of the PLE spaces mutually reinforce each other, achieving

symbiotic integration and orderly development of multifunctional spaces.

(4). Statistical Analysis Methods
1.  Entropy Method

The entropy value method avoids the drawbacks of subjective weighting methods. It
objectively reflects the importance of each indicator within the entire evaluation system
based on the degree of dispersion of indicator data. The greater the dispersion, the greater
the influence of that indicator on the evaluation system, warranting a higher weight. To
eliminate the impact of differences in the quantity and units of the original indicator values,
the original indicator data must undergo preprocessing before weighting. This paper
employs the range standardization method to process the indicator data (Table A2).

For positive indicators:

Xij — min (x])

X, —
g max(xj) — min (xj)
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For inverse indicators:
max (X ]) 7}(1']'

Xii= ———17 0
1 max(xj)xjjmm(xo (5)
R viEeT)

Calculate the information entropy of the indicator ej, where m represents the number

of evaluation years:
1 m
i=

Calculate the information entropy redundancy p;:
pi=1—¢ )
And calculate the required indicator weight A;:

Pj
A=
! Yt pj

(8)

Calculate the level of new-type productivity based on the indicator weighting wj; and
corresponding weights A;:

M

I
_

U, =) A ©)

J

2. Geodetector

The geographic detector model serves as an effective tool for studying factors influ-
encing spatial differentiation characteristics, thus finding extensive application in research
on the impacts of socioeconomic and natural geographic factors [54]. This paper employs
the factor detection analysis of the geographic detector to investigate the causes of spatial
differentiation in the PLE functions and their coupling coordination within traditional
villages in Foshan. The model formula is:

1 N )
Mo? = a

where q represents the detection value of a factor’s influence on the PLE functions and
their coupling coordination, in the range of [0, 1]. A higher q value indicates greater
influence of that factor on the PLE functions and their coupling coordination; N denotes
the number of classification layers; M, and M represent the sample sizes for layer a
(@=1,2,3,...,N)and the entire area, respectively. 0?2 and ag denote the discrete variances
for the entire area and layer a, respectively. The Geo Detector software (version 1.0-5)
was employed to identify dominant factors driving spatiotemporal variation in the spatial
coupling coordination of the “three functions” in traditional villages of Foshan. Prior to
dominant factor identification, all influence factor data were categorized into three classes
(layers) using the natural break method, converting continuous data into categorical data.

2.2. Indicator System Construction

To systematically reveal the mutual feedback mechanism between new-quality pro-
ductive forces and the PLE space, this study constructs a four-dimensional measurement
system (Table 3) based on its core connotations of “innovation-driven, factor upgrading,
efficiency optimization, and green sustainability”, adhering to principles of systematicity,
operability, and representativeness. Among them, positive (+) or negative (—) mean that
the indicators are helpful to improve the performance of subsystem or not [55]. The specific
construction process is as follows. First, an initial indicator pool is established. Based
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on the core theoretical framework of new-quality productive forces—"innovation-driven,
factor upgrading, efficiency optimization, and green sustainability”—a systematic review
of relevant domestic and international literature, policy documents (e.g., Action Plan for
Digital Rural Development, Technical Guidelines for Green Agricultural Development),
and authoritative statistical reports led to the preliminary selection of 28 candidate indi-
cators covering the aforementioned four dimensions, forming the initial indicator pool.
Second, expert screening was conducted using the Delphi method. Eight experts from
fields including rural geography, agricultural economics, territorial spatial planning, and
cultural heritage preservation were invited to participate in two rounds of anonymous
consultation. Experts scored and evaluated indicators based on their importance, acces-
sibility, and applicability to the Foshan village context. Based on the first-round results
(expert coordination coefficient of 0.82), adjustments and clarifications were made to ques-
tionable indicators. Following the second round, expert consensus significantly increased
(coordination coefficient rose to 0.89), ultimately selecting 18 highly agreed-upon indica-
tors. Finally, statistical tests optimized the indicator set. Using Foshan’s panel data from
1993 to 2023, variance inflation factor (VIF) diagnostics were applied to the 18 indicators to
eliminate multicollinearity issues. Setting VIF > 10 as the threshold, five indicators with
severe multicollinearity (e.g., “total power of agricultural machinery” highly correlated
with “labor productivity”) were excluded. Thirteen highly independent core indicators
were retained to form the final measurement system, structured into target, criterion, and
indicator layers. The criterion layer established four dimensions to reflect the pathways
through which new-quality productive forces influence the PLE spaces:

(1) Innovation-Driven Development and Digitalization Level: Reflecting technology’s
penetration into “production-living” spaces. Computer and mobile phone penetration
rates indicate digital infrastructure coverage, while R&D expenditure intensity mea-
sures investment in industrial upgrading and spatial intelligent governance through
technological advancement.

(2) Human Capital and Factor Quality Upgrading: Demonstrates how labor force quality
enhancement supports the optimization of the “production-living” spatial structure.
Comprehensive assessment of indicators such as average years of education and labor
productivity evaluates the impact of human capital improvement and income growth
on spatial quality.

(8) Factor Allocation and Output Efficiency: Focuses on the intensive and efficient utiliza-
tion of “production space”, encompassing indicators such as per capita output value
and land productivity to measure how optimized resource allocation enhances spatial
economic benefits.

(4) Green Sustainability and Ecological Support: Represents the degree of “ecological
space” protection and green transformation, employing indicators like pesticide use
per unit area (negative) and forest coverage to reflect ecological sustainability’s role in
safeguarding spatial system coordination.

All indicator data are sourced from the Guangdong Rural Statistical Yearbook, Fos-
han Statistical Yearbook, and municipal/district-level statistical bulletins, ensuring stan-
dardization and continuity. Objective weighting employs the entropy method to elimi-
nate subjective bias, guaranteeing that weights reflect differences in information content
across indicators.
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Table 3. Development of a measurement system for new-quality productive forces.

Ol;}: ;;ve Criterion Layer Indicator Layer Symbol Calculation Method or Data Source Attribute
Average Number of Computers Owned X1 Total number of computers owned /Total +
per 100 Rural Households at Year-End number of households

Innovation- Average number of mobile phones owned X2 Total mobile phones/total households +
driven and digitalization per 100 rural households at year-end
level Internal expenditure on research and
Level of technological innovation X3 experimental devello pment (R&D) x (Tgtal +
output value of agriculture, forestry, animal
husbandry, and fishery /Regional GDP)
(Number of illiterate individuals x 1+
Number of primary school graduates x 6 +
Average Years of Education for Rural X4 Number of junior high school graduates x 9 + +
Population Number of senior high school graduates x 12 +
. . Number of college graduates and above x
Upgrading Human Capital 16)/Total population aged 6 and above
and Knowledge Factors
Labor productivity X5 Prlmary industry value added /Primary +
industry employment
New Quality Per capita disposable income of rural X6 Total Rural Residents” Disposable +
Productivity residents Income/Rural Permanent Population
Total Output Value of Agriculture, Forestry,
Agricultural Output Value per Capita X7 Animal Husbandry, and Fisheries/Rural +
Population
- Total agricultural output value/Total crop
Factor Allocation and Output Land output efficiency X8 planted area *
Efficiency
Grain Yield per Unit Area X9 Total Grain Output/Grain Sown Area +

Rural electricity consumption/Total output
Agricultural electricity efficiency X10 value of agriculture, forestry, animal +
husbandry, and fisheries

Green Sustainability and
Policy Support

Total Pesticide Use (Converted to Pure

Pesticide Use per Unit Area X11 Pesticide Equivalent)/Total Cultivated Land -
Area
Forest coverage rate X12 Forest area/Total land area +
Share of fiscal expenditure on agriculture, Local fiscal expendlture' on agrlcu}ture,
i . X13 forestry, and water affairs/Local fiscal general +
orestry, and water affairs .
budget expenditure

2.3. Research Subjects and Data Sources
2.3.1. Research Subjects

Located at the Guangzhou-Foshan hub within the Guangdong-Hong Kong-Macao
Greater Bay Area, Foshan City hosts 22 nationally designated traditional villages embedded
within a highly industrialized urban-rural fabric. These villages serve as crucial sites for
observing the impact of new-quality productive forces on traditional spatial forms and
represent key nodes for cultural heritage preservation and ecological synergy within the
Greater Bay Area (Figure 2).

The villages are distributed across the alluvial plains of the Pearl River Delta, with
the Xi River and Bei River water systems forming the ecological backbone of the region.
Characterized by a subtropical monsoon climate, this area historically fostered a thriving
mulberry—fish pond system. The spatial pattern of villages exhibits a “dual-core, three-belt”
configuration (Figures 3 and 4), directly reflecting differentiated PLE functions. The north-
ern industrial-commercial-trade cluster (around Xiaogiao Mountain-Danzao) relies on the
Beijiang water system and the ecological barrier of Xiaogiao Mountain, preserving cultural
settlements from the Ming and Qing dynasties’ imperial examination era, demonstrating
the synergy between traditional production spaces and ecological barriers; the southern
water town ecological cluster (Shunde Waterway) exhibits deep integration between the
mulberry—fish pond agroecological system and residential settlements; the central cultural
hub cluster (Chancheng), as the core area of the Guangzhou-Foshan metropolitan circle,
highlights the dynamic adaptation of living spaces under urban renewal pressures. Fos-
han’s municipal area spans 3797.79 km?, with traditional villages distributed at a density of
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5.79 per 1000 km?. Their spatial distribution exhibits a “dual-core linkage, axial radiation”

7

clustering pattern (Figure 4), with peak densities of 8.42 per 1000 km? in the Northwest
River Corridor Cluster and 6.37 per 1000 km? in the Shunde Fish-Pond Culture Cluster.
This significant density disparity indicates that waterway corridors and pit-pond systems

serve as critical spatial carriers for maintaining the efficient coupling of PLE functions.

Conversely, density-depleted zones (peripheral areas < 1/1000 km?) represent regions with

relatively weaker spatial coordination of these functions. The spatial morphology of vil-

lages profoundly reflects the integration of nature and culture: the landscape environment

directly shapes the ecological-productive interface [36]; the relationship between dwellings

and ancestral halls forms the core structure of living space organization; architectural

features and environmental elements embody regionally adaptive technical wisdom.

N
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@ Traditional Village
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Figure 2. Spatial structure of the Guangdong-Hong Kong—Macao Greater Bay Area and location map

of traditional villages in Foshan.
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Figure 3. Distribution map of traditional villages in Foshan.
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Figure 4. Kernel density of traditional villages in Foshan.

2.3.2. Data Sources

Traditional village data was sourced from the China Traditional Village Network [56],
which provides a list of traditional villages approved by the Ministry of Housing and
Urban-Rural Development. To standardize the geographic coordinates of traditional
villages in the Foshan region, the MapLocation tool was used to batch-convert latitude
and longitude data, ensuring all coordinates adopted the WGS-84 coordinate system.
These standardized coordinates were then converted into vector data in shapefile (shp)
format using ArcGIS to generate a spatial distribution map of traditional villages in the
Foshan region. Geographic Information Systems (GIS) and remote sensing technologies
are widely applied in Land Use/Cover Change (LUCC) studies due to their robust spatial
observation and analysis capabilities [57]. This study selected land use data from four
temporal nodes—1993, 2003, 2013, and 2023—to analyze the spatiotemporal evolution
of land use in traditional villages of Foshan. Analysis was based on Landsat satellite
imagery (spatial resolution: 30 m; source: Resource and Environmental Science Data Center,
Chinese Academy of Sciences). Data underwent preprocessing including image cropping,
geometric correction, and atmospheric correction to ensure reliability and comparability.
Land use information was extracted through manual visual interpretation. Given the study
area’s characteristics—including its Lingnan water village foundation, intertwined high
industrialization and ecological conservation, and the composite nature of its mulberry—
fish pond heritage—direct application of the national standard “Classification of Current
Land Use” (GB/T 21010-2017) proved inadequate for fully characterizing the PLE spatial
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functions. Therefore, this study adaptively refined the classification system based on the
functional orientation of the PLE spaces, integrating it into six major categories: cultivated
land, forest land, grassland, water bodies, construction land, and wetlands. This approach
more accurately reflects regional realities and supports the exploration of the interaction
and evolution patterns of the PLE spatial functions.

2.3.3. Spatial Analysis Units and Data Processing Notes

This study employs 22 nationally designated traditional villages as the fundamental
spatial analysis units. To conduct village-scale spatial analysis and geographic detector
modeling, all driver data underwent standardized spatialization and matching procedures:

(1) Vector Boundary Extraction: Precise administrative boundary vector polygon data
for each traditional village was digitally acquired based on high-resolution remote
sensing imagery and field surveys.

(2) Data Spatialization and Assignment: For spatially continuous data (e.g., forest cov-
erage, grain yield per unit area), the “Zonal Statistics” tool in ArcGIS was used to
calculate average values within each village boundary. For socioeconomic statistics
(e.g., per capita disposable income of rural residents, average years of education for
rural population), township-level or village-level statistical reports were prioritized
for direct matching within data availability constraints. If only county-level data is
available, assume relative homogeneity within the area and assign the county average
to each village as an approximation, explicitly noting its reliability and limitations
for trend analysis in discussions. For point or line feature data (e.g., computers per
100 households, agricultural electricity efficiency), convert to continuous surfaces via
kernel density analysis or service radius analysis before extracting village averages.

(8) Geographic Detector Application: Using the village-indicator panel data processed
above as input, the Factor Detector module of the Geographic Detector quantitatively
identifies the explanatory power (g-value) of each driving factor in spatial differentia-
tion of the PLE spatial coupling coordination degree.

3. Results and Analysis
3.1. Spatial Distribution and Structural Changes of the PLE Spaces

The land use patterns of Foshan City from 1993 to 2023 are shown in Figures 5-7.

The total area of traditional villages in Foshan spans 195.55 square kilometers. Be-
tween 1993 and 2023, the PLE spatial structure underwent significant transformation
(Figure 5): (1) Expansion of living space: The proportion of construction land increased
from 5.86% (11.46 km?) to 23.62% (46.17 km?), representing a net increase of 17.76 per-
centage points. (2) Production space contracted: the proportion of farmland decreased
from 63.04% (123.25 km?) to 54.57% (106.67 km?), a net reduction of 8.47 percentage points.
(3) Ecological space degradation: The proportion of forest land and water bodies decreased
from 46.40% (90.73 km?) to 33.48% (65.46 km?), a net reduction of 12.92 percentage points.

In summary, over the past three decades, the PLE spaces in Foshan’s traditional
villages have exhibited an evolutionary trend characterized by “expanding living areas,
contracting production areas, and deteriorating ecological areas”. The significant fluctua-
tions in the proportions of these three spatial categories may reflect heightened structural
tensions within the system, providing a spatial structural foundation for observing the
spatiotemporal evolution of their coupling coordination. It should be noted that the afore-
mentioned changes are primarily based on remote sensing interpretation and statistical
data analysis. The specific causal relationships between these changes and various driving
factors (such as policy, economy, technology, etc.) require further identification through the
integration of multi-source data and more detailed mechanism studies.
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Figure 5. Land use classification in Foshan City (author’s own illustration). Note: The map is
based on the standard map produced by the National Administration of Surveying, Mapping and
Geoinformation. The base map has not been modified.
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Figure 6. Land use type transfer map of traditional villages in Foshan from 1993 to 2023.
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Figure 7. Spatial structural changes of PLE spaces in Foshan’s traditional villages.

Changes in primary land use classification further corroborate these trends (Table 4):
Construction land experienced sustained rapid growth, while cultivated land fluctuated
with an initial decline followed by recovery. The 2023 rebound in cultivated land share was
partially attributable to conversions from water bodies. Water bodies initially increased
before plummeting sharply. Forest land showed a decreasing trend amid fluctuations,
while grassland remains extremely low and shows minimal change.

Table 4. Functional transfer matrix of P, L, and E in traditional villages of foshan from 1993 to 2023.

1993 2003 2013 2023 Net
Land Type Area/ Area/ Area/ Area/ Gain/Loss
(km?) Percent/% (km?) Percent/% (km?) Percent/% (km?) Percent/% 1%
AL‘frll’ée 123.2478 63.04 104.3802 533 91.3977 46.74 106.668 54.57 847
Forestland  28.5993 14.64 24.4314 12.50 26.7156 13.66 23.4387 12 —2.64
Grassland 0.1116 0.02 0.1116 0.02 0.1881 0.03 0.0774 0.02 0
Water area 32.1264 1643 42.9498 21.97 39.3255 20.21 19.0215 9.76 —6.67
U“Elézed 0.0018 0.01 0.0135 0.01 0.1044 0.02 0.1728 0.03 +0.02
Coris;;‘édion 11.4615 5.86 23.6619 122 37.8171 19.34 46.17 23.62 +17.76

Figure 8 reveals a phased evolution in land conversion within Foshan’s traditional
villages: (1) From 1993 to 2003, 18.87 km? of farmland was converted to construction
land (15.3% of the initial total), while water bodies expanded by 10.82 km? (+33.7%).
(2) From 2003 to 2013, 12.98 km? of farmland was converted to construction land (12.4%
of the initial area), while forested land increased by 2.28 km? (+9.3%). (3) From 2013 to
2023, construction land accelerated its expansion (+8.35 km?, +22.1%), while water bodies
drastically decreased by 20.30 km? (—51.6%).

The aforementioned land conversion process exhibits certain temporal and spatial
correlations with the penetration of new productive forces: (1) During the period when
digital technologies were progressively applied to agricultural production systems (e.g.,
precision irrigation, smart agricultural machinery), cultivated land area rebounded between
2013 and 2023 (+15.27 km?, +16.7%), potentially reflecting the positive association between
technological penetration and intensive land use. (2) During the phase where innovation
factors concentrated notably in the living services sector (e.g., e-commerce logistics, cultural
tourism development), construction land expanded continuously (cumulative net increase
of 303%), accompanied by corresponding reductions in water bodies and forest land. (3) In
regions with relatively lagging green technology systems, net water area decreased by
13.10 km? (—40.8%) during the same period, with a particularly pronounced decline in
later years (—51.6%). Forest land also saw a net reduction of 5.16 km? (—18.0%), suggesting
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that insufficient green technology penetration may be linked to weakened ecological space
maintenance capacity. (4) In regions with imperfect market-based resource allocation mech-
anisms, unused land exhibited abnormal growth (a 6.7-fold increase), potentially reflecting
tensions between land resource allocation efficiency and the institutional environment [58].
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Figure 8. Sankey diagram of land use transitions in Foshan's traditional villages (1993-2023).

In summary, the overall trend of land conversion exhibits strong spatio-temporal
statistical co-occurrence with structural changes in the PLE spaces. Spatial patterns reveal
that localized agglomeration of digital and innovative factors often accompanies enhanced
production and living functions, while ecological functions fail to improve synchronously.
Conversely, regions with insufficient green technology penetration and limited institutional
coordination more frequently experience sustained compression of ecological space. These
correlations may indicate that the penetration effects across dimensions of new-quality
productive forces exhibit unevenness, constituting a key potential mechanism influencing
the evolution of PLE space coupling coordination. Concurrently, other plausible explana-
tions must be considered, such as the inertia of traditional urbanization expansion, land
use policy orientations, and regional macro-development strategies [59], all of which may
jointly shape the aforementioned spatial patterns to varying degrees. It should be further
clarified that this study primarily relies on macro-level land use data and statistical models.
The revealed “penetration-pattern” relationship primarily reflects a potential spatiotem-
poral co-occurrence pattern and mechanism, serving as a lead for subsequent mechanism
research. However, precise causal pathways and their intensity require further validation
through more detailed case studies, process tracking, or quasi-experimental designs.
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3.2. Spatiotemporal Evolution of PLE Spatial Coupling

Based on the functional coupling model for the “PLE spaces” in traditional villages
established by Formula (2), coupling values for the functional integration of these spaces
across four phases were calculated for Foshan’s traditional villages. Using ArcGIS 10.8 soft-
ware, these calculated values were spatially linked with vector-format spatial analysis
units to generate spatial distribution maps of functional coupling for the “PLE spaces” in
Foshan'’s traditional villages during 1993, 2003, 2013, and 2023 (Figure 9).
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Figure 9. Coupling degree of production-living—ecological Spaces in Foshan traditional villages
(1993-2023).
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Through frequency analysis [55], the coupling coordination level of traditional villages
in Foshan shows significant degradation (Figure 9, Table 5): (1) High-level coupling zones
continue to shrink: Their proportion decreased from 68.1% (1993) to 53.2% (2023), a net
reduction of 14.9%, spatially retreating to the banks of the Xijiang River. (2) Low-level
coupling zones show accelerated expansion: Their share increased from 13.5% to 24.2%,
forming contiguous clusters in the built-up areas along the Guangzhou-Foshan border
(covering 45% of the built-up area in 2023). (3) Medium-value zones fluctuated and
diverged: The proportion in the adjustment phase (0.5 < C < 0.8) rose from 14.5% to 17.8%,
but spatial continuity weakened.

Table 5. Proportion of coupling degree (%).

Year Low-Level Coupling  Antagonistic Stage Break-in Stage High-Level Coupling
0-0.3 0.3-0.5 0.5-0.8 0.8-1.0

1993 13.5 3.9 14.5 68.1

2003 15.3 42 15.7 64.8

2013 21.2 47 17.2 56.9

2023 24.2 4.8 17.8 53.2

The statistical analysis reveals a clear correlation between the decline in coordination
and spatial imbalances in the penetration of new productive forces: (1) In regions where
digital technologies are deeply integrated into production systems, locally high coordina-
tion is maintained in river—forest network composite zones (formerly high-value core areas),
with their rate of decline relatively slowed. (2) In areas where innovation factors are unipo-
lar concentrated in living spaces, the contiguous expansion of low-value built-up zones
(+10.7 percentage points) is accompanied by more pronounced spatial fragmentation of
production—ecological functions. (3) In areas with relatively insufficient application of green
technology systems, spatial continuity in medium-value zones (adjustment phase) within
farmland-water transition belts often breaks down, while antagonistic zones (0.3 < C < 0.5)
consistently occupy 4.8%. This process may reveal a critical structural tension; the localized
optimization effects of new-quality factors [60] (e.g., digital technologies helping to slow the
decline of high-value zones) failed to fully offset the negative spatial impacts of factor-scale
erosion under traditional development models (e.g., innovation monopolization accom-
panied by the doubling of low-value zones) during the observation period. It should be
noted that this correlation analysis does not preclude other possible explanations. Factors
such as the spatial inertia of traditional urbanization, disparities in regional infrastructure
investment, and the enforcement intensity of local land and environmental policies may
collectively influence the formation of the observed coordination patterns.

In summary, the spatiotemporal evolution of coupling coordination and the spatial
penetration pathways of new-quality productive forces exhibit discernible associative
patterns. Analysis reveals that regions with higher digital technology penetration often
spatially overlap with locally high-coordination zones; areas characterized by unipolar
agglomeration of innovation factors frequently witness the spread of low-coordination
zones; and regions lagging in green technology adoption typically exhibit lower overall
system coordination levels. These correlations provide empirical evidence for understand-
ing the differentiated impacts of various dimensions of new-quality productive forces
on the spatial coordination of the PLE spaces. They also suggest that the unevenness of
their interactions is closely related to the overall decline in system coordination, offering
crucial empirical clues for addressing research questions (1) and (2). It should be noted
that the above correlations represent statistical patterns observed at specific spatial and
temporal scales. Their interpretation must account for alternative possibilities (e.g., inertia
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from traditional urbanization patterns and variations in local policy implementation may
simultaneously influence factor allocation and spatial coordination). Furthermore, it must
be clarified that this study, based on macro-level statistical data and spatial models at the
town and village scales, primarily identifies co-occurrence patterns and statistical correla-
tions among variables. While these findings support mechanistic hypotheses, they cannot
definitively establish causal directions or weights. Future research should employ methods
such as multi-case comparisons, process tracing, or natural experiments to further identify
underlying causal mechanisms and interactive effects.

3.3. Spatial Coupling Coordination Degree and Evolutionary Characteristics of the PLE Spaces in
Traditional Villages

Based on the functional evaluation results of the PLE from 1993 to 2023, calculations
were performed using the coupling coordination degree model (Formula (3)). The results
were then linked to spatial units via ArcGIS 10.8 to generate spatial distribution maps
for four representative years (Figure 10). Analysis indicates (Table 6) that the coupling
coordination degree in Foshan’s traditional villages exhibits an overall decline with intensi-
fied spatial differentiation. The mean value decreased from 0.668 in 1993 to 0.605 in 2023,
while the standard deviation continued to increase, reflecting a trend toward greater disper-
sion in internal coordination levels. This evolutionary process exhibits a consistent phased
correspondence with the temporal and spatial penetration of new-quality productive forces.

(a). 1993 (b). 2003
! &
Legend Legend

Coupling Coordination Degree Coupling Coordination Degree
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Figure 10. Coupling coordination degree (CCD) of production-living-ecological spaces (PLES) in
Foshan traditional villages (1993-2023).
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Table 6. Proportion of coupling coordination degree.
Proportion of Coupling Coordination Degree (%)
Standard . ] .
Year Mean Deviation Severe Moderate Basic Coordi- Moderate Co- Highly
Imbalance Imbalance nation ordination Coordinated
1993 0.6680 0.2806 12.5 2.0 11.2 29.5 44.8
2003 0.6413 0.2879 14.2 2.1 11.6 355 39.6
2013 0.6318 0.3352 19.7 2.0 7.1 23.2 48.0
2023 0.6053 0.3498 22.9 1.9 6.8 229 455

In 1993, the coordination pattern was predominantly highly coordinated, concentrated
in the southern river network ecological complex with strong spatial continuity. Moderately
coordinated zones were distributed along the farmland—forest transition belt, while severely
imbalanced areas appeared as scattered points. At this stage, new qualitative factors were
still in their infancy, and their influence was not yet significantly reflected in the spatial
pattern. By 2003, accelerated early industrialization and urbanization (particularly in the
east) facilitated the gradual integration of new productive forces characterized by primary
technologies (e.g., basic automation equipment) and capital investment. During this phase,
the proportion of highly coordinated zones decreased to 39.6%, with weakened spatial
continuity (fragmentation of high-value areas, an 18% reduction in regions exceeding 0.92);
moderately coordinated zones increased to 35.5%, becoming the dominant type; severely
maladjusted zones expanded to 14.2%, spatially overlapping significantly with eastern
urban expansion areas.

A fluctuating change emerged in 2013. The proportion of highly coordinated zones
rebounded to 48.0%, but their spatial distribution became polycentric and fragmented,
moderately coordinated zones sharply declined to 23.2%, while severely unbalanced zones
increased to 19.7%, forming contiguous areas along the Guangzhou—Foshan border. During
this phase, the introduction of new productive forces (e.g., preliminary IT applications,
logistics network expansion) coincided with efficiency gains in some production spaces.
However, their uneven diffusion and factor reallocation (e.g., labor and land concentrating
in high-return industries) intensified spatial functional conflicts, manifesting as declining
coordination stability (with peak zones retreating to the West River shoreline).

By 2023, the further penetration of new-quality productive forces and structural
transformation (including smart technology adoption, high-end talent clustering, and green
production promotion) exhibited a distinct spatial correspondence with the differentiation
of the PLE spatial coordination pattern. On one hand, in ecologically sensitive zones
(e.g., the southwestern riverbank belt), mature practices in smart technology and green
production correspond to the maintenance of locally high coordination (accounting for
45.5%, remaining the core area but showing a net decrease of 9.3% compared to 1993).
Conversely, the clustered development of new-quality factors (e.g., industrial internet,
automated production lines) in eastern regions has driven industrial land expansion and
enhanced production capabilities. However, this growth has not been accompanied by
synchronous improvements in living quality and ecological conservation. Moderately
coordinated zones have continuously shrunk to 22.9%, while severely imbalanced zones
have significantly expanded to 22.9%, forming large contiguous areas. The overall spatial
pattern shows high-coordination zones retreating to a narrow riparian belt in the southwest,
while low-coordination zones in the east expand contiguously, closely aligning with the
spatial form of industrial agglomeration.

In summary, the spatiotemporal evolution pattern of coupling coordination reveals
a strong statistical correlation and phased correspondence between the penetration of
new-type productive forces and spatial coordination patterns. This relationship is not
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singular or linear but manifests through three differentiated pathways: “localized digital
technology cultivation, unipolar agglomeration of innovation factors, and relatively lagging
green transformation”. Spatially, this forms a divergent pattern characterized by “retreating
high-value zones and contiguous low-value zones”. This finding provides evidence for
addressing Research Question (1), indicating that the impact of different dimensions of
new-quality productive forces on coordination evolution may exhibit significant spatial
heterogeneity and uneven effects. It should also be noted that the above correlation
analysis, based on macro-spatial-temporal data and model calculations, primarily reflects
co-occurrence relationships and mechanism clues. Precise causal mechanisms still require
verification through more detailed process studies.

3.4. Spatiotemporal Analysis of Functional Coupling Coordination Among Production-Living,
Living—Ecological, and Production—Ecological Spaces

The synergistic coordination of land multifunctionality is a core proposition in mod-
ernizing national territorial governance. Based on the coupling coordination degree model,
this study conducted a spatiotemporal evolution analysis (Figure 11) of the coordination
between pairwise subsystems of the PLE spaces in traditional villages of Foshan from
1993 to 2023—mnamely production-living (C1), living-ecology (C2), and production—ecology
(C3)—from 1993 to 2023. Integrating the theoretical perspective of new-quality productive
forces, it explores potential structural bottlenecks in their green and efficient transformation.
Results indicate significant spatial differentiation in coordination levels across the three sub-
systems. Within the C1 system, high-coordination zones predominantly cluster in villages
like Bijiang Village and Fengjian Village, which exhibit well-developed cultural-tourism
integration, while eastern industrial belt villages such as Changgqi Village and Chishan
Village persistently maintain low coordination levels. System C2 exhibits relatively high
overall coordination, with high-value areas predominantly distributed in Songtang Village
and Xiangang Community along the Xijiang River basin, while low-value areas are concen-
trated in Libian Village near the Guangzhou-Foshan border. High coordination in System
C3 is frequently observed in areas like Chaji Village and Kongjia Village, where ecological
foundations and productive activities are well-integrated, whereas Huangxi Village and
Dagitou Village demonstrate persistently low coordination levels.

From a temporal perspective, overall coordination exhibits a general “U-shaped” fluc-
tuation trend. Following enhanced policy interventions after 2013, coordination levels in
some villages like Shajiao Village rebounded, yet the eastern region as a whole continues
to lag in development. Collectively, the coordination of “production, living, and ecology”
spatial functions in Foshan's traditional villages reveals a spatial pattern characterized by
“decline in the east, resilience in the west, and systemic differentiation”. This pattern can be
linked to regional disparities in the penetration of new productive forces and may reflect
three structural tensions. First, a degree of disembedding exists between production and
living functions, manifested in the spatial co-occurrence of low-end industrial expansion
and declining village livability. Second, insufficient coordination exists between production
and ecological functions, with limited green technology penetration coexisting with ecolog-
ical overload pressures in some areas. Third, a mismatch exists between conservation and
development objectives, where initiatives like cultural tourism revitalization yield localized
successes but fail to achieve universal benefits, resulting in coexisting localized revitaliza-
tion and overall imbalance. If current development trajectories persist, eastern villages may
face the risk of a “coordination trap”, where localized functional improvements struggle to
reverse the declining trend in overall systemic coordination.
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Figure 11. Spatial distribution of coupling coordination degree (CCD) for pairwise functional interac-
tions in Foshan traditional villages (1993-2023): Production-Living | Living-Ecological | Production—

Ecological Spaces.

In summary, this section’s analysis reveals at the subsystem level that the spatial
penetration of new-quality productive forces does not uniformly promote synergistic
“production-living-ecology” coordination. Instead, it correlates with mismatches in tech-
nological pathways, factor allocation, and policy responses, potentially exacerbating the
“triple disembedding” between functions. This finding provides further support for under-
standing Research Question (2), suggesting that spatial coordination mechanisms driven
by new-type productive forces may manifest as the coexistence of “differentiated em-
powerment” and “structural disembedding”. It also resonates with Research Question
(3), indicating that without systemic integration, localized technological progress may
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prove insufficient to reverse the overall decline in coordination, potentially leading to a
low-coordination state due to development path dependency.

3.5. Analysis of Driving Factors for Functional Coupling Coordination Degree in PLE

Based on the Geodetector model, this study systematically analyzed the evolutionary
mechanism of the coupling coordination degree of the PLE spatial functions in traditional
villages of Foshan from 1993 to 2023. It selected 13 core driving factors (Table 7) across
four dimensions: innovation-driven development and digitalization level, human capital
and knowledge factor upgrading, factor allocation and output efficiency, and green sus-
tainability and policy support. Results indicate a strong statistical correlation between the
penetration depth of new-quality factors and the evolution of structural transformation
and coordination.

Table 7. Spatiotemporal single factor detection results of the coupling coordination degree for PLE
space functions in Foshan’s traditional villages.

Driving Factor

1993 2003 2013 2023

q p q p q p q p

Computer Ownership Among Rural

Residents (X1)

0.198 0.062 0.287 0.018 * 0.352 0.008 * 0.312 0.016 *

Mobile phone ownership among rural

residents (X2)

0.287 0.025 * 0.412 0.002 * 0.498 0.000 * 0.385 0.007 *

Level of Technological Innovation (X3) 0.423 0.005 * 0.487 0.001 * 0.532 0.000 * 0.603 0.000 *

Average Years of Education for Rural
Population (X4)

0.498 0.002 * 0.521 0.000 * 0.503 0.000 * 0.562 0.000 *

Labor Productivity (X5) 0.587 0.000 * 0.648 0.000 * 0.632 0.000 * 0.703 0.000 *

Per capita disposable income of rural

residents (X6)

0.623 0.000 * 0.702 0.000 * 0.685 0.000 * 0.721 0.000 *

Agricultural Output Per Capita (X7) 0.518 0.001 * 0.563 0.000 * 0.538 0.000 * 0.487 0.002 *
Land Output Efficiency (X8) 0.532 0.001 * 0.601 0.000 * 0.623 0.000 * 0.659 0.000 *
Grain yield per unit area (X9) 0.352 0.012 * 0.378 0.006 * 0.402 0.003 * 0.432 0.001 *

Agricultural Electricity Efficiency (X10) 0.265 0.031 * 0.243 0.038 * 0.218 0.057 0.203 0.072

Pesticide Application Rate per Unit

0.187 0.071 0.203 0.054 0.231 0.041 * 0.265 0.028 *

Area (X11)
Forest Cover Rate (X12) 0.385 0.008 * 0.412 0.003 * 0.431 0.002 * 0.523 0.000 *
Share of Fiscal Expenditures on
Agriculture, Forestry, and Water 0.328 0.017 * 0.352 0.009 * 0.312 0.015* 0.287 0.021 *
Affairs (X13)

Note: * indicates significance at p < 0.05.

The enhancement of innovation and digital factors (X1: computer ownership, X2: mo-
bile phone ownership, X3: technological innovation level) exhibits a significant positive
correlation with improved production space efficiency and optimized living space services.
The g-values for all three factors exceed 0.25 and show a sustained upward trend, indicating
that the proliferation of digital infrastructure and technological innovation may positively
influence the coordination of production, living, and ecological functions by reshaping
factor combinations (e.g., smart irrigation, e-commerce logistics). However, their uneven
spatial diffusion is also associated with intensified regional divergence—the eastern in-
dustrial zones’ spatial coexistence of prioritizing production digitization and neglecting
ecological constraints aligns with the decline in coordination observed in this region.
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Human capital upgrading (X4: years of education, X5: labor productivity, X6: per
capita disposable income) constitutes a core dimension highly correlated with new-quality
productive forces, with all three Q-values consistently exceeding 0.50 (X6 reached 0.721 in
2023). The statistically strong correlation between high-quality labor force (X4) and techno-
logical innovation (X3) suggests that “knowledge-technology” coupling may bidirectionally
promote both the intensification of production spaces and the enhancement of living space
quality. However, the unidirectional outflow of human capital to urban areas may simul-
taneously weaken coordination within rural areas, logically corroborating the previously
observed degradation of living space functions.

Analysis of factor allocation transformation reveals dynamic shifts in explanatory
power between new-quality productive forces and traditional momentum indicators; the
g-value for per capita agricultural output (X7) declined post-2013 (0.487 in 2023), while
land output efficiency (X8) rose steadily from 0.532 in 1993 to 0.659 in 2023. Concurrently,
the explanatory power of technological innovation (X3) has significantly strengthened
(q value rising from 0.423 to 0.603). These changes collectively indicate that development
momentum may be shifting from reliance on traditional resource inputs toward a balanced
emphasis on innovation and efficiency. However, imbalances persist in this transition. For
instance, the explanatory power of agricultural electricity efficiency (X10) remains consis-
tently weak (q values below 0.27) and has failed to pass significance tests in recent years.
This suggests lagging technological penetration in certain sectors, potentially constraining
overall coordination improvements.

The green sustainability dimension is key to understanding the “ecological opti-
mization” function of new-quality productive forces. The g-value for the core ecological
factor—forest coverage (X12)—has risen steadily from 0.385 to 0.523, indicating that the sup-
porting role of ecological baseline quality in system coordination is becoming increasingly
prominent. This finding aligns with the theoretical perspective of “ecological assetization”;
green technologies (e.g., clean production, resource recycling), when complemented by eco-
logical conservation policies (X13), may enhance ecosystem service functions and convert
them into ecological products. This process buffers pressures from production expansion
and contributes positive returns to system coordination. However, the rebound in explana-
tory power of pesticide use per unit area (X11) reflects insufficient adoption of new green
agricultural technologies (e.g., biological pesticides, smart application systems), indicating
that ecological pressures remain unmitigated. This may be a key factor associated with the
retreat of high-coordination zones.

In summary, the driving factor analysis reveals differentiated statistical correlation
patterns between the dimensions of new-quality productivity—*“digital penetration, in-
novation clustering, efficiency enhancement, and green transformation”—and the spatial
coordination of the PLE functions. Among these, innovation digitization and human capi-
tal demonstrate strong explanatory power, yet their spatially uneven diffusion correlates
with regional variations in coordination levels, changes in the explanatory power of factor
allocation signal shifts in development orientation, while the depth of green transformation
is closely tied to the system’s capacity to alleviate ecological constraints. These findings
provide quantitative evidence for addressing research questions (1) and (2), revealing the
heterogeneity of impacts and complexity of interactions across dimensions of new-quality
productivity. They also suggest that insufficient synergy among “technology-institutional-
scale” factors may constitute a key bottleneck constraining its enabling effects. Building on
this, the exploration of research question (3) gains support, indicating that future policies
should focus on establishing a systemic governance framework [32].

It should be further clarified that the above analysis is based on the factor explanatory
power (g-value) of the geographic detector, which essentially serves as a statistical measure
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for attributing spatial differentiation. It reflects the degree of association between variables
rather than establishing definitive causal relationships. A high g-value indicates strong
statistical covariance between the factor and the spatial distribution of coordination levels.
However, the specific causal mechanisms, direction of influence, and potential unobserved
confounding variables require deeper process-oriented research for confirmation. For
instance, the association between human capital and coordination levels may be partially
mediated or moderated by other factors such as regional infrastructure and rural gover-
nance capacity. Furthermore, this study faces data-level limitations; some socioeconomic
drivers are difficult to obtain directly at the village level. While using district-level proxy
data can reflect trends, it may smooth out micro-level differences between villages. The sam-
ple size of 22 villages is also limited in ensuring statistical robustness. Future research could
expand the sample size, conduct comparative case tracking, or employ mixed-methods ap-
proaches to further test and deepen the association pathways and underlying mechanisms
revealed in this study.

4. Discussion
4.1. Dialogue and Extension of Existing Research

This study reveals that the expansion of living space and the persistent contraction of
production and ecological spaces occur simultaneously in both time and space. This aligns
with the pattern of mutual displacement among the three types of space observed in rapidly
urbanizing regions in previous research [9,24], collectively reflecting a common spatial
compression trend potentially faced by traditional villages. The coupling coordination
degree of the PLE spaces in the study area exhibits characteristics of “overall decline
and spatial polarization”, manifested as high-value zones retreating to the southwestern
riverbank belt while low-value zones significantly expand in the contiguous urban areas
of the east. While this differentiation pattern shares morphological similarities with the
“core-periphery” structure mentioned in similar studies, this research further identifies its
high spatial alignment with the intensive industrialization process in the Guangdong-Hong
Kong-Macao Greater Bay Area. This suggests that region-specific development models
may profoundly influence the spatial structure of traditional villages.

Theoretically, this study provides micro-level empirical support for the “Human-Land
Relationship Regional System Theory” [43] and the “New Quality Productivity Theory” [36].
The evolution of spatial patterns can be interpreted as a manifestation of the “human-land
interactive feedback” mechanism. For instance, the formation of low-coordination zones
in the eastern urban agglomeration may correspond to persistent tensions between high-
intensity socioeconomic activities and the natural carrying capacity. As a core ecological
factor, forest coverage (X12) demonstrated a consistently rising explanatory power (q-value),
indicating a stable positive correlation between ecological baseline quality and system
coordination levels. This supports the “ecology-first” logic of national land governance [28].
However, the coexistence of a “V-shaped rebound” in cultivated land area during the final
period and a sharp decline in water area suggests that policy interventions may trigger
complex spatial trade-off effects. The specific mechanisms—particularly the collaborative
processes among multiple stakeholders in the “policy-market-community” triad—require
further analysis in future research.

4.2. Mechanisms and Bottlenecks of New Quality Productivity Factors

The driving effects of various elements of new-quality productive forces on coordinat-
ing the PLE spaces show divergent trends. The contribution of technological innovation
levels (X3) continues to strengthen, reflecting the deepening role of innovation-driven
forces in systemic coordination. In contrast, the contribution of hardware-proliferation
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indicators such as rural household computer ownership (X1) declined in 2023, indicating
that standalone hardware investments yield limited empowerment effects without com-
plementary skills, application scenarios, and institutional coordination. This “technology
diffusion bottleneck” phenomenon provides new evidence for verifying the necessity of
“technology-institutional” coordination at the village level [42].

Further analysis reveals that the core of green transition pathways lies in advancing
“ecological assetization”. This process not only aims to reduce environmental costs but
also transforms ecological functions into developmental assets through three mechanisms.
First, technology enhances ecological services, such as intelligent monitoring and circular
technologies that improve ecosystem regulation and supply capabilities. Second, cultivat-
ing tradable ecological products enables market conversion of ecological value through
certification and branding. Third, establishing protective feedback loops channels eco-
logical benefits back into sustainable management, mitigating the “production-ecology”
decoupling. However, green and digital technologies at the village level still face dual
constraints of “diseconomies of scale” and “institutional incompatibility”, fundamentally
stemming from insufficient “scale compatibility” between technological pathways and
rural baseline conditions. This manifests as:

(1) Mismatch between technology supply and operational scale: Many green technologies
and smart equipment (e.g., large-scale smart irrigation systems, centralized wastewater
treatment facilities) are designed for scaled, continuous production scenarios, making
them ill-suited for traditional villages characterized by fragmented land, dispersed
property rights, and small-scale operators. For instance, promoting precision irrigation
technologies in villages with scattered farmland often faces “diseconomies of scale”
due to small unit areas and high infrastructure investment costs [61].

(2) Disconnect between policy standards and local practices: Some top-down ecological
conservation or technology promotion policies adopt uniform standards and assess-
ment metrics without adequately considering differences in resource endowments,
development stages, and community capacities across villages. This leads to “insti-
tutional incompatibility” during local implementation. For instance, while strictly
restricting all development activities in ecologically sensitive areas, failing to provide
differentiated alternative livelihood or ecological compensation schemes may instead
dampen community enthusiasm for conservation, exacerbating the “disembedding”
of conservation from development.

(3) Mismatch between technology application and social organization forms: Digital
platforms and networked services typically rely on a certain user density and activity
level. However, in villages experiencing population outflow and pronounced aging,
it is difficult to achieve the user scale and social interaction foundation required for
sustainable operation, leading to difficulties in the “implementation and sustainability”
of digital projects.

Therefore, the effective implementation of new productive forces depends not only
on technological advancement but critically on compatibility with local resource scales,
property rights structures, community organizations, and institutional environments.
Promoting sustainable rural development requires particular attention to local adapt-
ability of technologies, flexible policy design, and incremental innovation based on
community needs—avoiding efficiency losses and new forms of exclusion caused by
one-size-fits-all approaches.

4.3. The Phenomenon of “Idleness” in Spatial Reconfiguration and Systemic Disembedding

Research on identifying the spatial patterns of PLE areas has observed phenomena of
idle land coexisting with overall intensification trends. This phenomenon may reflect the
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complexity inherent in rural spatial transformation driven by new productive forces. Its
causes, as observed, primarily involve the combined effects of institutional, economic, and
social factors. For instance, approved but unbuilt planning projects may lead to temporary
land idleness; imperfect rural land markets and property rights systems may hinder the
efficient circulation of factors; population outflow and aging often accompany reduced
utilization intensity of farmland and homestead sites; additionally, ecological conservation
policies, when lacking alternative livelihood support, may temporarily suppress productive
land use.

Thus, idle land can be viewed as a spatial manifestation of insufficient coordination
among new capital flows, traditional livelihood patterns, demographic shifts, and evolving
governance frameworks. It may not only represent a transitional state but also reflect “fric-
tion points” where different systems fail to coordinate effectively. If coordination remains
lacking over the long term, such frictions may accumulate locally, exacerbating functional
imbalances among production, livelihood, and ecology, and placing some villages at risk of
falling into a “coordination trap”. Identifying and paying attention to these spatial signals
holds reference value for promoting sustainable and inclusive rural reconstruction.

5. Conclusions

This study systematically analyzes the evolution patterns and driving mechanisms
of the PLE spaces in traditional villages of Foshan from the perspective of new-quality
productive forces, drawing the following conclusions:

(1) Significant spatial restructuring has been observed, with the continuous expansion
of living space accompanied by the contraction of production and ecological spaces.
These changes correlate with a decline in the overall spatial coupling coordination and
an intensification of spatial differentiation patterns.

(2) Spatial evolution appears to be influenced by a combination of internal and exter-
nal factors. Internal drivers are linked to villagers” demand for improved living
quality, while external drivers include transformative forces such as tourism market
development and policy guidance.

(3) Elements of new-quality productive forces show notable statistical association
with spatial coordination. Among these, technological innovation level exhibits a
strengthening correlation, whereas the contribution from hardware proliferation has
shown fluctuation, suggesting the importance of synergistic “technology-institution-
application” support in the diffusion process.

This study offers an integrated perspective for understanding the co-evolution of
PLE spaces in traditional villages through the lens of new-quality productive forces, and
provides a conceptual basis for reconciling cultural heritage conservation with sustainable
development during urbanization. The principles of innovation-driven growth and quality-
efficiency emphasis underscored by new-quality productive forces may inform governance
approaches in integrated urban—rural regions such as the Guangdong-Hong Kong-Macao
Greater Bay Area. The Foshan case reflects both the context-specific dynamics of highly
industrialized areas and some common patterns of spatial transformation observed in
traditional Chinese villages. It thus holds referential value for spatial optimization, vitality
revitalization, and sustainable development pathways in similar regional settings.

Based on the above findings, this study proposes the following policy considerations.
First, consider establishing a dynamic coordination mechanism for PLE spaces within
territorial spatial planning, aiming to guide the functional balance among living, produc-
tion, and ecological spaces through measures such as comprehensive land consolidation.
Second, develop differentiated and place-sensitive policies that foster new-quality pro-
ductive forces, with emphasis on coordinated implementation of digital infrastructure,
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green technology adoption, and human capital enhancement in villages. Third, strengthen
integrated governance frameworks for traditional village conservation and development
by encouraging community participation and benefit-sharing in initiatives such as cultural
tourism revitalization and ecological compensation.

It should be noted that the conclusions above are derived primarily from spatial—-
statistical analysis and observational data, highlighting associations and co-occurrence
patterns rather than definitive causal pathways. The relationships described—such as those
between living space expansion and the reduction of other functional spaces—could also
be influenced by other factors, including regional policy orientation, land management
regimes [62], and historical development pathways. Furthermore, this study has several
limitations. The use of 30 m resolution remote sensing data may constrain the detection of
micro-spatial features within villages; the measurement of new-quality productive forces
does not fully capture intangible elements such as cultural capital and social networks; and
the sample of 22 villages, while illustrative of the study area, limits the generalizability
of the findings. Future research could integrate higher-resolution imagery, incorporate
soft indicators such as intangible heritage transmission and community organization
vitality, expand the geographical scope of analysis, and employ mixed methods—including
longitudinal case tracking and participatory assessment—to further examine the localized
mechanisms and conditional pathways through which new-quality productive forces
interact with spatial coordination.
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Appendix A

Table Al. Classification and functional scoring table of production-living—ecological (PLE) spaces in
Foshan traditional villages.

Primary Category Secondary Category Production Living Ecological
Category Category Function Function Function
Code Category Name Code Category Name /Points /Points /Points
11 Paddy Fields 3 0 3
1 Arable Land 13 Dryland 3 0 3
2 Garden Plot 21 Orchard 3 0 3
Woodland 31 Forested land 0 0 5
4 Grassland 43 Other Grass 0 0 5
51 Wholesale and Retail Land 5 1 0
Commercial and Accommodation and Food Service
5 . 52 5 1 0
service land Land
54 Other Commercial Land 5 1 0
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Table A1l. Cont.

Primary Category Secondary Category Production Living Ecological
Category Category Function Function Function
Code Category Name Code Category Name /Points /Points /Points
6 Industrial, Mining, 61 Industrial Land 5 1 0

and Storage Land 63 Warehouse Land 5 1 0
7 Residential Land 72 Rural Homestead Land 3 5 0
81 Land for Goverm.nen't Agencies 3 3 0
and Organizations
83 Educational and Scientific Land 3 3 0
Medical and Health Charitabl
g Public Administration 84 edicatan L aer?d aritable 3 3 0
and Pu{)hcdServme . Cultural, Sports, and 3 s 0
an Entertainment Land
86 Public Facility Land 3 3 0
87 Parks and Green Spaces 1 3 1
88 Scenic and Historic Site Facilities 3 3 0
. 94 Religious Land 3 3 0
9 Special Land Use 95 Cemetery Land 3 3 0
102 Highway Land 5 0 0
10 Transportation Land 103 Street and Alley Roads 5 0 0
104 Rural roads 5 0 0
111 River Water Surface 0 0 5
1 WWaterCAreas and 114 Pond water surface 1 0 1
aFterT (?nsirvagcy 112 Lake surface 0 0 5
actlities Lan 117 Ditch 1 0 1
121 Vacant land 0 0 5
12 Other Land 122 Facility Agricultural Land 1 0 1
123 Field Ridges 3 0 3
Note: The evaluation criteria employ a four-level scoring system of 5, 3, 1, and 0 [9].
Table A2. Quantitative standards and weightings for indicators.
Functions of Indicator Layer Symbol Calculation Method or Data Source Attribute Weight
PLE Spaces
Internal expenditure on research and
Level of technological experimental development (R&D) x (Total
. . X3 . . + 0.0732
innovation output value of agriculture, forestry, animal
husbandry, and fishery/Regional GDP)
Labor productivity X5 Primary 1.ndustry value added/Primary + 0.0443
industry employment
. . Total Output Value of Agriculture, Forestry,
Production Agricultural Ou.tp ut X7 Animal Husbandry, and Fisheries/Rural + 0.0733
Value per Capita .
Population
Land output efficiency X8 Total agricultural output value/Total crop + 0.0743
planted area
Grain Yield per Unit Area X9 Total Grain Output/Grain Sown Area + 0.0930
. . Rural electricity consumption/Total output
Agrlcuelizz?elsiectrmty X10 value of agriculture, forestry, animal + 0.0560
y husbandry, and fisheries
Average Number of
Computers Owned per X1 Total number of computers owned/Total + 0.0572
100 Rural Households at number of households ’
.. Year-End
Living
Average number of
mobile phones owned X2 Total mobile phones/total households + 0.1052

per 100 rural households
at year-end
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Table A2. Cont.

Functions of
PLE Spaces

Indicator Layer Symbol Calculation Method or Data Source Attribute Weight

(Number of illiterate
individuals x 1 + Number of primary
Average Years of school graduates x 6 + Number of junior
Education for Rural X4 high school graduates x 9 + Number of + 0.0956
Living Population senior high school graduates x 12 + Number
of college graduates and above x 16)/Total
population aged 6 and above

Per capita disposable X6 Total Rural Residents’ Disposable

income of rural residents Income/Rural Permanent Population * 0.0474

Ecological

Total Pesticide Use (Converted to Pure
X11 Pesticide Equivalent)/Total Cultivated Land - 0.0420
Area

Pesticide Use per Unit
Area

Forest coverage rate X12 Forest area/Total land area + 0.1722

Share of fiscal
expenditure on
agriculture, forestry, and
water affairs

Local fiscal expenditure on agriculture,
X13 forestry, and water affairs/Local fiscal + 0.0663
general budget expenditure
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