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Abstract

The rational utilization of cultivated land resources is central to ensuring both ecological
and food security in the Yangtze River Economic Belt (YREB), holding strategic significance
for regional sustainable development. Using panel data from 2010 to 2023 for 130 cities
in the YREB, this study examines a spatial correlation network (SCN) for non-grain land
use (NGLU) and its driving forces via a modified gravity model, social network analysis
(SNA), and quadratic assignment procedure regression. The results show the following:
(1) The risk of NGLU continues to increase, with the spatial pattern evolving from a “single-
peak right deviation” pattern to a “multi-peak coexistence” pattern featuring three-level
polarization and gradient transmission, primarily driven by economic potential disparities.
(2) The SCN has increased in density, but its pathways are relatively singular. Node func-
tions exhibit significant differentiation, with high-degree nodes forming “control poles”,
high-intermediate nodes dominating cross-regional risk transmission, and low-proximity
nodes experiencing “protective marginalization”. Node centrality distribution is highly
connected with the regional development gradient. (3) The formation of the spatial net-
work is jointly driven by multiple factors. Geographical proximity, economic potential
differences, comparative benefit differences, non-agricultural employment differences,
and factor mobility all positively contribute to the spillover effect. Conversely, imple-
menting cultivated land protection policies and the regional imbalance in local industrial
development path dependence significantly inhibit the non-grain trend. This study fur-
ther reveals that a synergistic governance system characterized by “axial management,
node classification, and edge support” should be recommended to prevent the gradient
risk transmission induced by economic disparities, providing a scientific basis for achiev-
ing sustainable use of regional cultivated land resources and coordinated governance of
food security.

Keywords: non-grain land use; spatial correlation network; driving mechanism; gravity
model; land protection; Yangtze River Economic Belt
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1. Introduction

The rapid industrialization and urbanization of the Yangtze River Economic Belt
(YREB) have intensified the structural imbalance of cultivated land use, further exacerbat-
ing non-grain land use (NGLU) trends and posing serious threats to regional ecosystem
sustainability and food security [1]. NGLU refers to the shift in the use of cultivated
land from staple grain production to cash crops, aquaculture, forestry, or non-agricultural
uses [2], thereby compromising the primary role of cropland in securing food supplies.
Based on drivers and forms of utilization, NGLU can be classified into four types: com-
parative benefit-driven, policy-guided, ecological restoration, and illegal occupation [3,4].
This challenge is not unique to China. Globally, changes in the use of agricultural land are
profoundly influenced by economic globalization and policy incentives. Examples include
the expansion of bioenergy crops in Southeast Asia, driven by international demand and
cropland abandonment in post-socialist Eastern Europe due to market integration and rural
demographic changes [5]. Analyzing NGLU in the YREB, thus offers insights applicable to
other major economic zones worldwide.

Addressing these challenges requires scientifically characterizing the spatial correla-
tion network (SCN) of NGLU and clarifying the mechanisms driving its cross-regional
evolution. Such analysis must incorporate factors such as land resource endowments,
and spatial interactions. This approach is essential for accurately identifying risk sources,
fostering regional coordination, and strengthening food security barriers in the YREB.

Existing research on NGLU has focused mainly on measurement methods, spatial
patterns, driving factors, and their associated risks [6-8]. Commonly employed measure-
ment approaches include land use conversion matrices [9], the NGLU index [10], and
multi-source remote sensing interpretation [11]. Internationally, the analysis of land use
change networks is well-established. Studies in Europe, for instance, have utilized network
approaches to model telecoupled land systems and the spillover effects of land consump-
tion, demonstrating how local decisions can drive changes in distant regions through
trade and environmental flows [12]. Integrated methods combining remote sensing with
statistical data have become mainstream, enabling the accurate identification of the spatial
distribution of NGLU [13]. Furthermore, studies have also revealed that regional eco-
nomic development, comparative agricultural benefits, policy interventions, and terrain
constraints significantly influence agricultural production methods and cultivated land
use patterns [14-16]. This research aligns with global findings on land change science,
where economic globalization and policy incentives are recognized as dominant drivers of
agricultural land transitions, ranging from bioenergy expansions in Central North America
to the cropland abandonment in post-socialist Eastern Europe [17,18]. However, earlier
research, both within and outside of China, has predominantly focused on static and local-
ized attributes, paying limited attention to inter-regional interactions and network effects,
partly due to data and methodological constraints.

Recent advances in spatial econometrics and network analysis have highlighted the
structural and relational dimensions of NGLU [19,20]. Spatial econometric models and
hotspot detection are increasingly used to simulate NGLU evolution [21,22]. Globally,
social network analysis (SNA) and functional network models have been effectively ap-
plied to unravel the complex interdependencies in land systems, such as examining the
network structure of cross-regional land competition and the cascading effects of eco-
logical conservation policies [23]. For example, European studies have utilized network
approaches to model telecoupled land systems and the spillover effects of land consump-
tion, demonstrating how local decisions can drive changes in distant regions through trade
and environmental flows [23-25]. Nevertheless, research on the spatial network structure
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of NGLU, particularly that conducted from a cross-administrative and watershed-scale
perspective within major economic zones such as the YREB, remains limited.

In summary, previous research has collectively advanced the study of the SCN and
the driving factors of NGLU, offering valuable references for theoretical and practical
advancements in terms of research objects and methods. However, several limitations
remain: (1) Most spatial analyses focus on agglomeration and proximity effects, lacking
systematic investigation into the overall structure and driving mechanisms of the non-
grain spatial network from a comparative perspective. (2) Existing NGLU measurement
methods suffer from limited land-type coverage and an inability to capture dynamic
changes effectively. (3) Studies on the SCN for cultivated land have largely overlooked
NGLU specific linkages, limiting insights into how food security policies perform under
non-grain tendencies. To address these gaps, this study proposes the following hypotheses:

H1: The introduction of the SCN perspective to NGLU research can more accurately reveal
connectivity and hierarchical structures between spatial units by transforming the non-grain spatial
structures into a node-based model, thereby providing a new perspective for in-depth understanding
of the organizational patterns of non-grain spatial structures.

H2: Adopting a “three staple grain exclusion + multiple cropping index correction” method, which
defines grain crops as rice, wheat and corn, and incorporates the multiple cropping index, enables
accurate and dynamic quantification of NGLU. This approach effectively distinguishes specific
crop planting types, avoids cross-statistical issues inherent in traditional metrics, and is strictly
confined to cultivated land, thereby offering a novel methodology for quantifying and classifying
non-grain conversion.

H3: A generalized spatial analysis framework for cultivated land protection and food security can
be established through in-depth analysis of a non-grain SCN, providing a quantitative basis for land
protection and food security policies.

To address these gaps, this study proposes a “three staple grains exclusion + multi-
ple cropping index correction” method to dynamically and accurately quantify NGLU.
By integrating SNA and QAP modeling within a “comprehensive measurement-network
construction-characterization-driving mechanism” framework, this research aims to en-
hance the explanatory power of spatial network analysis in NGLU studies. Ultimately;, it
seeks to contribute not only to the governance of the YREB but also to the broader inter-
national discourse on sustainable land system governance by testing and refining spatial
network methodologies in a critical regional context.

2. Study Area and Data
2.1. Study Area

The Yangtze River Economic Belt (YREB) spans the eastern, central, and western
regions of China, covering 11 provinces and municipalities: Shanghai, Jiangsu, Zhejiang,
Anhui, Jiangxi, Hubei, Hunan, Chongqing, Sichuan, Guizhou, and Yunnan (Figure 1). It
covers approximately 2.05 x 10° km?, accounting for 21.4% of the country’s total land area.

According to geographical and economic characteristics, the YREB is divided into
three sections: the lower reaches (Shanghai, Jiangsu, Zhejiang, and Anhui), the middle
reaches (Jiangxi, Hubei, and Hunan), and the upper reaches (Chongging, Sichuan, Guizhou,
and Yunnan).
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Figure 1. The study area. (The red dashed line in the figure (a) indicates China’s maritime rights and
boundaries in the South China Sea. The numbers in the figure (c) represent the location of each city,
and the corresponding names are shown in Appendix A, Table A1).

As of 2023, the YREB had a total population of approximately 5.99 x 108 (42.9% of the
national total) and a GDP of CNY 5.84 x 10'3. As a key grain production region, the YREB
covers approximately 2.7 x 107 hectares of cultivated land area, accounting for nearly 31%
of China’s total [25]. This makes the YREB one of China’s most important grain production
regions and most densely populated and economically dynamic strategic areas. Therefore,
it was selected as the study area for this research.

To offer a global perspective, the YREB can be compared to the Mississippi River
Economic Belt in the United States [26]. Both regions span vast inland and coastal territories,
integrate economically diverse areas, serve as crucial agricultural and industrial corridors,
and function as major demographic and economic hubs within their respective countries.

This study focuses on the YREB, using the prefecture-level division as the fundamental
spatial unit for analysis. On one hand, prefecture-level division data, which are complete



Land 2025, 14, 2149

5o0f 32

and more standardized, can ensure the reliability of large-scale and cross-provincial net-
work analysis. On the other hand, using county-level units would result in an excessive
number of nodes, leading to an overly complex and dense network structure that would
obscure macro-level characteristics and key influencing mechanisms of spatial correlations.
Additionally, the prefecture-level division serves as a critical policy unit that connects
higher and lower administrative tiers, ensuring that research findings can be more readily
applied to the formulation and implementation of regional strategies for cultivated land
protection and agricultural restructuring.

Furthermore, Chongqing and Shanghai are cities under the direct jurisdiction of
the State Council, but considering their unique administrative status and factors such as
their comparable spatial extent, economic volume, population size, and policy implemen-
tation consistency with typical prefecture-level cities, the municipalities of Chongging
and Shanghai were each treated as single prefecture-level units. Therefore, this study
takes the prefecture-level cities as its basic research unit and divides the YREB into
130 research units.

2.2. Data Sources and Processing

As a key grain production region in China, the YREB has experienced distinct phases
of NGLU evolution from 2010 to 2023 (Table 1). This period also coincided with a shift
in China’s cultivated land protection policies, which has evolved from an emphasis on

“quantity control” to “quality control”, and more recently to “use type control”.

Table 1. Evolution of NGLU policies in China (2010-2023).

Year Policy/Event Content and Implications
2010 Plan for a New 100-Billion-Kilogram Increase in Grain Ir;ggjg;edrgr?g;sr:hiﬁzgonoflimgﬂil fignmes Lr;rrlr;iat]or
Production Capacity (2009-2020) P § reglons; sh poucy q y
preservation to functional zoning.
. e . Cultivated land protection extended to ecological functions;
2012 Ecol.oglcal Civilization Construction Strategy (18th CPC initiated ecological red line pilot in the YREB; reinforced
National Congress) . : , ;
returning farmland to forest” on sloping land
Guiding Opinions on Relying on the Golden Waterway Accele.raFed mdustrl.aI park construction along the river,
. intensifying non-agricultural pressure on cultivated land;
2014 to Promote the Development of the Yangtze River . . U
- rural land contract rights registration indirectly promoted
Economic Belt . -
land transfer and non-grain production.
Industrial expansion restricted by ‘joint protection’ policy;
2016 Outline of the Yangtze River Economic Belt Development leisure agriculture, orchards, and sightseeing farmland
+ National delineation of functional zones. expanded; delineation of food production functional zones
initiated across the country
State Councﬂ Guiding Opmlons on .Estabhshmg Required provinces in the YREB to complete delineation of
Functional Areas for Grain Production and Protected ., L . R
2017 - - the “two areas” and strengthen protection of functional areas
Areas for Important Agricultural Products Production for erain production
([2017] No. 24) gram p :
Intensified conflicts over cultivated land use due to rural
L . industrial diversification (e.g., tension between grain
2018 Rural Revitalization Strategy (first year) production and poverty alleviation in Jianli, a county-level
city of southern Hubei Province).
State Council General Office ‘s Opinions on Preventing First nationwide policy document raising requirements for
2020 the Non-Grain Land Use and Stabilizing Food addressing non-grain conversion; remediation plans issued
Production ([2020] No. 44) by provinces, e.g., Hubei Province in February 2021.
The requirement to maintain an annual “balance between the
Circular on Issues Regarding the Strict Control of diversion and supplementation of cultivated land” through
2022 Cultivated Land Use strict controls on its conversion to other agricultural uses is
([2021] No. 166 of the Ministry of Natural Resources) well-suited to China’s realities and consistent with
international norms.
Preventing the diversion of farmland to non-grain uses,
Food Security Law of the People’s Republic of China establishing an incentive-based mechanism for cultivated
2023 to present

(Draft)

land protection, and imposing strict controls on changes in
cultivated land use.
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Considering data availability and completeness, this analysis is based on panel data
on cultivated land use for 130 cities from 2010 to 2023. Vector data for administrative
boundaries and a digital elevation model (DEM) covering the YREB were obtained from
the Resource and Environmental Science and Data Platform of the Chinese Academy of
Sciences (https:/ /www.resdc.cn/), with a spatial resolution of 250 m. Socioeconomic and
agricultural indicators—such as crop sown area, food crop sown area, cultivated land area;
the multiple cropping index; total expenditure on agriculture, forestry, and water; the non-
agricultural employment rate of rural permanent; and total investment in agricultural fixed
assets—were collected from provincial and municipal statistical yearbooks (2010-2023)
and the China statistical Yearbooks (2010-2023). Missing data were supplemented using
interpolation methods.

Inter-city geographical distances were calculated using ArcGIS 10.8. To accurately
quantify the degree of NGLU and the spatial correlation of cultivated land, a spatial
correlation gravity matrix was constructed using statistical measurements derived from
cultivated land use data. The gravity matrix was binarized and served as the basis for SNA.

3. Materials and Methods
3.1. Evolution of Cultivated Land Protection Policies and Practices in China

China’s cultivated land protection paradigm has undergone a significant transfor-
mation, evolving from an initial focus on quantity control to an integrated approach
emphasizing quality management, and most recently, to the strict regulation of land use
types (land use regulation system) [27,28]. To maintain the total national cultivated area,
policies such as the system for offsetting cultivated land that has been put to other uses
were first implemented, requiring that any land converted for non-agricultural purposes
be offset by reclaiming an equivalent area of new cultivated land [29]. Subsequently, the
policy focus expanded to include soil quality and ecological functions, exemplified by
initiatives such as the high-standard farmland construction program. Around 2020, policy
emphasis shifted sharply toward curbing NGLU, explicitly prioritizing the use of farmland
for grain production (e.g., rice, wheat, corn) over cash crops or non-agricultural uses. This
evolution reflects a growing recognition that ensuring national food security requires not
only a sufficient quantity of cultivated land but also its dedicated use for staple grain crops.

China’s land protection system is implemented through several key institutions and
policy instruments. The most stringent of these is the “permanent basic farmland protec-
tion redline”, which designates high-quality cropland for permanent, inflexible protection,
mainly for grain production. This is complemented by the system for offsetting cultivated
land that has been put to other uses, which aims to maintain a dynamic balance in the total
cultivated land area [30]. At a strategic level, the designation of “grain production func-
tional zones” and “important agricultural product production protection zones” (together
referred to as the “two areas”) delineates specific regions where agricultural policies are
designed to maximize grain output. These tools collectively form a multi-layered defense
system, aiming to preserve prime farmland, stabilize the total area of farmland, and the
zone core production bases.

As summarized in Table 1, the Chinese government has implemented a series of
targeted policies to curb the NGLU trend. Early initiatives, such as the Plan for a New
100-Billion-Kilogram Increase in Grain Production Capacity (2009-2020), began by identify-
ing and protecting core production areas. A pivotal shift occurred with the Opinions on
Preventing the NGLU and Stabilizing Food Production ([2020] No. 44), the first nationwide
policy document to directly address non-grain conversion, which required provincial gov-
ernments to formulate remediation plans. This was followed by stricter controls on land
use changes, as outlined in the Circular on Issues Regarding the Strict Control of Cultivated
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Land Use ([2021] No. 166). The ongoing evolution of this policy trajectory is reflected in the
Food Security Law of the People’s Republic of China (Draft), which aims to codify these
measures into a robust legal framework, establishing incentive mechanisms and imposing
strict controls on changes in cultivated land use.

These policies have played a crucial role in slowing the loss of cultivated land and
stabilizing grain production capacity, contributing to China’s food self-sufficiency in recent
decades. The functional zoning designations have also helped concentrate agricultural
support policies. However, their effectiveness in completely halting NGLU has been limited,
as evidenced by the continued rise in the non-grain rate shown in this study. A central
challenge lies in the strong economic incentives, such as comparative benefit gaps and
regional development pressures, which often run counter to grain production objectives.
This tension between regulatory control and socioeconomic reality constitutes a key theme
in the formation of the NGLU correlation network, as local governments and farmers
navigate complex interactions between top-down protection mandates and bottom-up
economic opportunities.

3.2. Formation Mechanism of the SCN of NGLU

Despite the comprehensive protection regime outlined in Section 3.1, the YREB con-
tinues to exhibit a pronounced and evolving NGLU trend under the persistent pressures
from rapid industrialization and urbanization. This indicates that the drivers of culti-
vated land conversion extend beyond the localized attributes of individual plots and are
deeply embedded in a complex web of inter-regional interactions. The SCN captures
these interactions, offering a relational perspective for deciphering the cross-regional evo-
lution of NGLU, which cannot be fully explained by isolated policies or local economic
conditions alone.

In SCN, geographic units are conceptualized as nodes, and their interactions—
encompassing economic, social, ecological, and material flows—are represented as
edges [31]. The network consists of three core components:

(1) Nodes, the fundamental units of the network, refer to spatial management units
such as plots, administrative villages, townships, or counties within the cultivated
land system;

(2) Edges, representing spatial correlations between nodes, include capital flows, technol-
ogy diffusion, labor migration, material transfer, and information exchange;

(3) Weight and direction, which quantify the strength and direction of correlations, such
as the intensity of non-grain driving forces or the spatial reach of impacts.

The non-grain phenomenon is not only constrained by inherent land properties but
also embedded within the SCN structure and resilience interactions of the regional culti-
vated land system [32] (Figure 2). This study posits that the network formation is driven by
the following interconnected mechanisms:

(1) Resource and economic differentiation. Spatial disparities in the baseline value of
cultivated land and potential economic returns initiate NGLU transformation at core
nodes. External capital and technology then flow to these advantageous locations,
accelerating non-grain conversion [33,34].

(2) Industrial chain pressure and spatial contagion. Industrial transformation in core areas
creates chain pressure. spreading market demand and price signals along the supply
chain. This factor, combined with the imitation of micro-level decisions under the
influence of information and social networks, leads to the spatial clustering of NGLU
along in geographically adjacent areas, economic radiation belts, and infrastructure
corridors [35,36].
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(3) Spillover effects and network reshaping. NGLU generates ecological, economic, and
regional-level spillover effects, the intensity of which depends on node centrality.
Concurrently, management entities and multi-agent governance can reshape the net-
work structure through policy interventions, market tools, and engineering measures,
thereby influencing the spatial spread of NGLU [37,38].
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Figure 2. Formation mechanism of SCN of NGLU.

Based on this theoretical framework, we employed the DPSIRM (Driving Force-
Pressure-State-Influence-Response-Management) model to deconstruct causal feedback
loops within the NGLU network. This approach strengthens the resilience of key nodes
and supports the maintenance of the food security function of the system.

3.3. Measurement of NGLU
The measurement of NGLU is generally categorized into three main approaches:

(1) The planting structure index, which is measured via the ratio of the grain planting
area to the total crop planting area [39].

(2) The land transfer index, which is measured via the ratio of the proportion of the
transferred cultivated land area used for non-grain planting to the total transferred
cultivated land area [40].

(8) The land use type index, determined via the remote sensing interpretation of culti-
vated land converted to non-grain uses (e.g., garden land and forest land). However,
this approach is constrained by limited accuracy [41].

Based on the policies in Table 1, the statistical yearbooks and national economic and
social development statistical bulletins of cities within the YREB, other public data sources,
agricultural production realities, and previous research, this study defines grain crops as
cereals (i.e., rice, wheat, and corn), legumes, and potatoes.

Considering data availability and following the non-grain calculation method pro-
posed by Yuan et al. [42], this study measured the non-grain level of cultivated land at
the prefectural level. Specifically, this study used the ratio of the grain crop sown area
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(adjusted for multiple cropping) to the total cultivated land area. The calculation formula is
as follows:

G O,
P=(1- &) x100% 1)

where P is the rate of NGLU (0 < P < 1), G is the sown area of grain crops, C is the area of
cultivated land, and I is the multiple cropping index.

3.4. Kernel Density Estimation

Kernel density estimation (KDE) is a non-parametric estimation method used to es-
timate the probability density function of a random variable. Through the application of
a kernel function, the distribution of data samples is smoothed, enabling the identifica-
tion of underlying patterns. KDE is employed to reveal the spatial distribution, variation
trends, and morphological characteristics of the investigated variables. To clearly identify
distribution patterns of regions with varying levels of NGLU, reflect regional heterogeneity,
and demonstrate subtle annual variations, the KDE bandwidth parameter was set to 0.3,
following related research [43] and validated through sensitivity analysis. This bandwidth
is considered to ensure a robust representation of spatial differentiation patterns in culti-
vated land utilization across the Yangtze River Economic Belt, providing precise empirical
evidence for differentiated policy formulation. The formula for KDE is expressed as:

1 &, x—X;
= VY g —= 2
£ = LRC5) @
where K is the kernel function, # is the total number of samples, X; is the sample observation
value, x is the point where the density is estimated, and & is the bandwidth that controls
the degree of smoothing.

3.5. SCN Analysis
3.5.1. Modified Gravity Model

The gravity model is widely applied to study spatial correlations. Its core principle
is based on representing the transmission mechanism of NGLU between regions through
spatial interaction forces. Building on relevant research [34,35] and considering the specific
characteristics of NGLU, per capita GDP was introduced as an additional factor to com-
prehensively measure the combined impact of economic driving forces and geographical
distance on spatial correlations.

To account for regional heterogeneity, the proportion of the NGLU level in one area
relative to the total land use in a pair of related areas was adopted as an adjustment factor
to correct the gravity coefficient. The calculation method is given as follows:

u; U; x U]

Ri': X
U+ D/ (gi — )]

)

where R;; is the degree of spatial correlation of NGLU between city (district) i and city
(district) j, Dj; is the geographical spatial distance between city (district) i and city (district)
j, U and g are the level of NGLU and per capita GDP in each city, respectively.

3.5.2. Social Network Analysis

The governance of NGLU in the YREB is not limited to the protection and utilization
efficiency of cultivated land within individual cities. Instead, emphasis is placed on resource
synergies and ecological linkages between cities. While traditional regional analysis often
focuses on individual plots or areas, spatial economics enables the analysis of spatial
interactions between regional units and their impact on land use eco-efficiency.
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Among available methodologies, SNA is recognized as an effective tool for unraveling
the relationship between cities and their spillover effects [36]. Specifically, SNA employs
graph theory tools and algebraic models to explore spatial correlation structures, allowing
the quantitative analysis of correlation pathways between nodes and enabling the identifi-
cation of roles that overall and individual characteristics of the SCN of NGLU in the YREB,
with further exploration of its impact from the perspective of network node centrality.

(1) Opverall network characteristics. Overall network characteristics include network
density, network correlation, network hierarchy, and network efficiency. Among them,
network density measures the closeness of the non-grain spatial correlation of new
cultivated land in each unit. The degree of network correlation reveals the extent
of direct or indirect reachability between each unit. Network hierarchy reflects the
degree of asymmetric reachability between nodes. Network efficiency evaluates the
redundancy of correlation pathways within the network. The calculation formulas of
these measures are as follows:

D=L/[Nx (N—1)] (4)
C=1-2V/[Nx (N—1)] ®)
H =1-K/max(K) (6)
E =1—K/max(M) (7)

where D, C, H, E represent network density, network correlation degree, network grade
degree, and network efficiency, respectively; N is the number of nodes (members) in
the SCN; L is the number of actual relationships between nodes; V is the number of
unreachable node pairs in the network; K is the number of symmetric reachable node
pairs in the network; and M is the number of redundant pathways in the network.

(2) Individual network characteristics. Individual network characteristics include degree
centrality, closeness centrality, and betweenness centrality. Among them, degree
centrality measures the number of direct path connections that a node has with other
nodes in the network. Closeness centrality characterizes the sum of the shortest
distances between a node and all other nodes in the network. Betweenness centrality
reflects the extent to which a node acts as a “bridge” on the shortest paths connecting
other pairs of nodes. The calculation formulas are as follows:

DC=n/(N—-1) (8)
k

cc =Y dj (9)
j=1

BC 2%%19 (i)/(N? —3N +2)
= i 1 —_
ik ¢ (10)

bix(i) = gjx(i)/ gk

where DC, CC and BC are degree centrality, closeness centrality and betweenness
centrality, respectively; N is the number of nodes directly associated with a given
node in the network; d;; is the shortest distance between city i and city j; gjx is the
number of shortest pathways between city i and city k; gjx (i) is the number of shortest
pathways between city i and city k that pass through city i; by (i) is the probability
that city 7 lies on the shortest path between city i and city k, where j # k # i and j < k.
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3.6. Quadratic Assignment Procedure

As shown in Section 3.1, the formation of the cultivated land non-grain SCN in the
YREB is driven by multiple internal factors across provinces and cities. To further reveal
the driving mechanism of this network, it is critical to identify potential influencing factors.
However, SCN data are expressed as a relational matrix, which violates the fundamen-
tal assumption of “variable independence” in traditional econometric methods. Using
conventional analysis methods would therefore likely cause multicollinearity problems.

To address this issue, the quadratic assignment procedure (QAP) was applied in this
study. As a non-parametric regression method, QAP is appropriate for relational matrix
analysis—it relaxes the assumption of variable independence, does not require normal
distribution, and is therefore more robust and effective during such analyses. With this
regression method, we constructed an econometric model to systematically identify the
driving mechanisms behind the formation and evolution of the cultivated land non-grain
SCN in the YREB.

Prior to conducting QAP regression analysis, this study first performed QAP correla-
tion analysis to diagnose potential multicollinearity issues among the independent variable
matrices. QAP correlation analysis calculates correlation coefficients and their significance
levels between two relationship matrices through permutation tests. This method is also
independent of normal distribution assumptions and demonstrates robustness in handling
dependent relationship data [44].

Based on the theory of regional spatial interactions [35] and previous empirical studies,
we selected the driving factors from two dimensions: endogenous dynamics and external
constraints. The indicators are detailed as follows:

(1) Geographical proximity (Distance): According to the first law of geography [45],
spatial distance affects the cost of production factor flows and the efficiency of in-
formation transmission. Neighboring areas are more likely to imitate or compete
with cultivated land use decisions implemented elsewhere. As such, geographical
proximity was represented via a binary adjacency matrix, where 1 indicated a shared
administrative boundary and 0 indicated the lack of such a boundary.

(2) Cultivated land protection policy differences (Finance): Variations in local government
regulation intensity regarding cultivated land protection may generate policy gradient
effects [46]. To reflect this issue, this study used the proportion of fiscal expenditure
on agriculture, forestry, and water affairs relative to total fiscal expenditure. The
difference matrix was expressed via the absolute difference in the fiscal expenditure
ratio between any two cities, representing the degree of difference in the investment
intensity of different city governments regarding farmland protection.

(3) Economic gradient difference (Econ): Regional disparities in economic development
act as a key driver of cross-regional transmission of non-grain production [47]. High-
gradient downstream regions may induce cultivated land use transformation in mid-
and upstream areas through mechanisms such as capital outflow and demand pull.
Per capita GDP was therefore used to quantify the inter-regional economic disparity.
The difference matrix was expressed via the absolute difference in per capita GDP
between any two cities, quantifying the gap in economic development level between
cities and providing the key potential energy driving the cross-regional flow of factors.

(4) Agricultural comparative benefit difference (Struct): NGLU essentially reflects profit-
seeking behavior [48]. This study measured this factor via the ratio of net income
per hectare from cash crops to that from grain crops, reflecting the relative incentives
driving planting structure adjustment. The difference matrix was expressed via the
absolute difference in income ratio between any two cities, reflecting the different
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levels of economic incentive intensity faced by farmers in different regions and acting
as the spatial embodiment of micro-decision-making motivation.

(5) Non-agricultural employment opportunity difference (Labor): The shift in rural
labor to non-agricultural sectors directly influences cultivated land use intensity [49].
This was measured via the non-agricultural employment rate of the rural resident
population, characterizing the weakening effect of labor loss on grain production. The
difference matrix was expressed via the absolute difference in the non-agricultural
employment rate between any two cities, characterizing the spatial heterogeneity of
rural labor transfer pressure and directly affecting the input cost of the agricultural
labor force.

(6) Factor mobility intensity (Mobility): The cross-regional flow of capital and technology
mediates the spatial correlation of non-grain production [50]. This was measured
via the sum of the average municipal agricultural fixed asset investment (in CNY
10,000) and the average number of agricultural technology cooperation patents. The
difference matrix was expressed via the absolute difference between any two cities on
the composite index, which comprehensively reflects the availability differences in
capital and technology, two key factors of production, between different cities.

Accordingly, the econometric model of the driving mechanisms is expressed as follows:

Ng = f(Distance, Finance, Econ, Struct, Labor, Mobility) (11)

where Ng represents the SCN matrix of NGLU in the YREB, constructed from the absolute
differences in indicators across cities. Distance, Finance, Econ, Struct, Labor, and Mobility
represent the standardized matrices of geographical proximity, policy implementation,
economic gradient difference, agricultural comparative benefit difference, non-agricultural
employment opportunity difference, and factor mobility intensity, respectively.

4. Results
4.1. Spatial Pattern Characteristics of NGLU

From 2010 to 2023, the spatial pattern of non-grain conversion in the YREB underwent
significant transformation. Overall, a clear core—periphery structure emerged, characterized
by the continued polarization of high-value areas in the lower reaches, accelerated spatial
diffusion in the middle reaches, and localized point-source development in the upper
reaches. This evolution demonstrates a distinct “stepped expansion from east to west,
shifting from scattered points to contiguous zones”, reflecting the cross-regional transmis-
sion of non-grain risk in the context of regional coordinated development (Figure 3). A
steady increase in the non-grain crop area was accompanied by a relative decrease in grain
crop cultivation.

In 2010, the spatial pattern was dominated by a single downstream core, with sporadic
non-grain distribution in the middle and upper reaches. The non-grain rate in Shanghai,
southern Jiangsu, and northern Zhejiang was generally above 40%, resulting in a contiguous
high-value cluster. In the middle reaches, particularly the Jianghan Plain (central and
southern Hubei Province) and Dongting Lake Plain (northern Hunan Province and southern
Hubei Province), non-grain conversion rates ranged between 30% and 40%. In the upstream
reaches, the Yunnan-Guizhou Plateau and western Sichuan mountains had non-grain rates
generally below 20%.
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Figure 3. The spatiotemporal evolution of NGLU rate in YREB from 2010 to 2023. Note: The selected
years correspond to key policy stages. (a) 2010: Initiation of grain production functional zones (Plan
for a New 100-Billion-Kilogram Increase in Grain Production Capacity; (b) 2016: Implementation
of the Outline of the Yangtze River Economic Belt Development and national functional zoning;
(c) 2023: Enforcement of the Food Security Law (Draft) and strengthened cultivated land use controls.

By 2016, non-grain land diffusion accelerated in the middle reaches, whereas localized
point-source breakthroughs were observed upstream. The non-grain rate in Shanghai,
Jiangsu, and Hangzhou further climbed above 50%, with high-value areas extending
into Anhui’s Yangtze River corridor, reflecting the initial impacts of industrial gradient
transfer. In the Jianghan Plain and the Changsha—Zhuzhou—Xiangtan region (eastern
Hunan), contiguous areas with 30—40% conversion expanded. This revealed ongoing
adjustments to cropping structure (e.g., shifts from rice to cash crops and from grain to
forage) and policy incentives that encouraged land use conversion. Around the Chengdu-
Chonggqing urban agglomeration (Chengdu Plain and Chonggqing hills), patches with 40%
conversion were identified, reflecting the growth of leisure and facility agriculture during
urban-rural integration and signaling point-source expansion upstream.

By 2023, a continuous high-value corridor (40% conversion and above) had solidi-
fied from Shanghai to Wuhan. This spatial continuity was not a coincidence but a direct
manifestation of the “industrial chain pressure and spatial contagion” mechanism outlined
in Section 3.2. The lower-reach megacities (e.g., Shanghai), constrained by soaring land
costs and stringent environmental regulations, acted as primary sources of capital outflow
and market demand. This economic potential “gradient” (Econ) propelled agricultural
enterprises and capital upstream along the Yangtze River’s transportation arteries. Con-
sequently, mid-reach hubs such as Wuhan, with their relatively lower factor costs and
strategic locations, became receptive “springboards”, absorbing these flows and experi-
encing accelerated non-grain conversion to serve downstream markets. Thus, the corridor
physically maps the pathway of cross-regional economic spillovers. Large areas of the
Poyang Lake Plain (Jiangxi Province) and Jianghuai region (northern Jiangsu Province
and northern and central Anhui Province) reached 40-50% conversion, reflecting intensive
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cash crop production driven by deepening land use conversion. The Yunnan-Guizhou
Plateau (including peripheral areas around Kunming and Guiyang) reached non-grain rates
above 30%. These patterns highlight regional heterogeneity, driven by mountain-specific
agriculture (e.g., flowers in Yunan Province and Chinese herbal medicines in Guizhou
Province) and ecological restoration policies, leading to multi-core agglomeration in the
upstream reaches.

4.2. Analysis of KDE Results

As described in Sections 3.2 and 3.3, we calculated the non-grain rate from 2010 to
2023, conducted kernel density estimation, and produced a kernel density distribution map
of NGLU in the YREB (Figure 4). The results were analyzed in terms of the overall trend,
peak distribution, and polarization characteristics.

Figure 4. The kernel density estimation map of NGLU in the YREB. Note: The analysis spans
2010-2023, covering policy shifts from quantity control (pre-2014) to quality and use-type control
(post-2020), as outlined in Table 1.

The kernel density curves for the entire sample revealed distinct evolutionary patterns,
characterized by a rightward shift, peak splitting, and right-tail expansion. From 2010
to 2023, the distribution center gradually migrated from medium-low to high values,
indicating a systematic increase in regional non-grain risk. Concurrently, the peak shape
evolved from a narrow single peak to a broad multi-peak structure.

Furthermore, the remarkable right-tail extension and densification of the kernel density
curve signify an increasing “polarization” of non-grain risk. This trend can be attributed to
a self-reinforcing “siphon effect” originating from core urban agglomerations. High-value
nodes such as those in the Yangtze River Delta not only maintained their elevated non-grain
levels but also continuously attracted capital, technology, and skilled labor (factor mobility),
thereby further intensifying their own non-grain production capacity and widening the
gap with less-developed regions. The increasing density in the tail indicates that more
cities are being “locked into” this high-risk club, moving beyond a few isolated hotspots to
form contiguous high-risk zones, as shown in Figure 3c. This trend reflects the combined
influences of the siphon effect and radiation effect generated by industrial chain linkages in
core regions. Under these effects, contiguous high-value areas emerged, further intensifying
spatial differentiation.

The polarization trajectory evolved from a “single peak right deviation” to a “multi-
peak coexistence” pattern. As a result, the spatial distribution and evolution of non-grain
risk became highly complex.
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The “three staple grains exclusion + multiple cropping index correction” method
adopted in this study successfully captured the evolution of the NGLU rate dynamically
over the 2010-2023 time series (Figure 3). The transformation of the kernel density estima-
tion from a “single-peak right deviation” to a “multi-peak coexistence” pattern (Figure 4)
vividly depicts the polarization and gradient transmission of non-grain risk. This dynamic
assessment result validates the effectiveness and superiority of the method proposed in H2
in accurately quantifying the dynamic changes in NGLU, overcoming the limitations of
traditional static metrics.

4.3. The Form and Characteristics of the SCN of NGLU
4.3.1. SCN Form of NGLU

Figure 5 shows a distinct network structure in the spatial correlation of NGLU within
the YREB. This indicates that NGLU-related interactions between counties extended beyond
traditional geographical boundaries and were not confined to spillover effects on adjacent
units. Overall, the SCN of NGLU exhibited a gradient evolutionary trajectory, progressing
through the stages of “unipolar siphon — dual-core conduction — multi-level synergy”.
To visually represent the spatial and temporal evolution of the non-grain rate, and based
on the policies depicted in Table 1, 2010, 2016, and 2023 were selected.

(a) 2010 (b) 2016 N
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Figure 5. Characteristics of the SCN of NGLU in the YREB from 2010 to 2023. Note: The network
evolution aligns with major policy phases: 2010: National Plan for Major Functional Areas designating
the Yangtze River Delta as an optimized development zone; 2016: Outline of the Yangtze River
Economic Belt Development promoting industrial and factor transfer; 2023: Post-Yangtze River
Protection Law era with enhanced ecological and cultivated land protection.

In 2010, the “National Plan for Major Functional Areas” ([2010] No. 46), issued
by China’s State Council in December 2010, designated the Yangtze River Delta as an
optimized development zone, where the protection of cultivated land was subordinated
to economic growth. Acting as a unipolar economic radiation source, the Yangtze River
Delta had a siphon effect on cultivated land through rapid urban expansion. At that
time, a cross-regional transmission chain for NGLU had not yet formed in the middle and
upper reaches.
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In 2016, following the implementation of the “Outline of the Yangtze River Economic
Belt Development Plan”, the middle reaches began to function as a “springboard” for factor
transfer. Wuhan (the capital city of Hubei Province) grew as a transmission hub, facilitating
the establishment of a “Shanghai-Hankou Corridor” connected to the Yangtze River Delta.

In 2021, the enactment of the “Yangtze River Protection Law” strengthened ecological
protection. However, uneven assessments of provincial cultivated land protection resulted
in “policy arbitrage”.

By 2023, the SCN had deepened into a three-tier hub-and-spoke structure centered on
“Shanghai-Hangzhou-Jiangsu—-Wuhan-Chengdu-Chongqing”. Emerging nodes, such as
the Poyang Lake Plain and the Central Yunnan Dam Area, became more prominent, while
high-density correlation clusters emerged in the middle and lower reaches.

Meanwhile, contradictions between regional development strategies and localized
cultivated land protection policies underscored the role of spatial synergy in the large-scale
land transfers that accelerated NGLU. This process was reinforced by the dual forces of
downstream capital outflow and the “policy depression” in the middle reaches, which
encouraged the conversion of commercial grain fields for cash crop cultivation.

Conversely, weakly correlated areas in the southwestern periphery were constrained
by the ecological red line and pressures from specialty agricultural development. To
mitigate the risk of gradient transmission driven by regional economic differences, a
collaborative governance system based on principles of “axial control + node classification
+ edge support” must be urgently established.

4.3.2. Analysis of the Overall Network Characteristics

Overall, the network correlation degree of NGLU in the YREB remained relatively
stable. The number of network relationships and network density increased initially and
then stabilized, whereas network hierarchy and network efficiency initially fluctuated,
followed by a gradual decline (Figure 6). Specifically, the degree of network correlation
consistently remained at 1, indicating the absence of isolated nodes within the network.
Between 2010 and 2023, the number of network relationships increased from 208 to 311, and
the network density increased from 0.1276 to 0.1470. These trends demonstrate the existence
of more active spatial connections in NGLU between cities and the gradual formation of
an interconnected SCN. However, the average number of network relationships (266) and
the network density (0.1387) remained significantly lower than the theoretical maximum
(311 relationships, density = 1). These gaps suggest that regional cooperation, exchange,
and collaborative efforts need to be further strengthened to increase the density and
compactness of the network.

In contrast, network hierarchy decreased from 0.3841 to 0.2894, marking a transition
in the SCN from a well- ordered hierarchical structure to a symmetrically accessible,
flat structure. Concurrently, network efficiency decreased slightly from 0.7526 to 0.7297,
indicating an increase in redundant pathways within the SCN. Nevertheless, network
efficiency remained consistently high, implying that inter-regional correlation pathways
were still relatively singular. As a result, there is a need for improvements in network
connectivity and stability are needed.
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Figure 6. Overall characteristics of the SCN of NGLU in the Yangtze River Economic Belt. Note: The
period 20102023 encompasses key policy transitions, including the Rural Revitalization Strategy
(2018) and the strictest cultivated land protection policies (2020-2023), which influenced network
density, hierarchy, and efficiency.

4.3.3. Characteristic Analysis of Node Centrality

Node centrality was used to evaluate the functional roles of individual nodes within
the network and to assess their influences. Taking 2023 as an example, three node-
level structural characteristics—degree centrality, closeness centrality, and betweenness
centrality—were quantitatively analyzed:

(1) Degree centrality

Nodes with high centrality gradually formed non-grain control poles. Cities such as
Yingtan in Jiangxi Province and Wuhan in Hubei Province dominated regional cultivated
land conversion through leveraging capital accumulation, technological innovation, or
policy advantages. Yingtan (Jiangxi) emerged as a typical “control pole” (high degree
centrality), primarily due to its strategic specialization and policy path dependence. His-
torically, Yingtan capitalized on its favorable climatic conditions and location to develop a
highly profitable seedling industry cluster. This created a significant “comparative benefit
difference” (Struct) relative to traditional grain farming. Over time, this specialization
attracted sustained “factor mobility” (Mobility), including specialized investments and
market networks, forming a complete industrial chain. Consequently, Yingtan’s land use
decisions exerted a powerful gravitational pull on neighboring counties, which supplied
inputs, mimicked its cropping patterns, or became sales markets, thereby creating a dense
network of non-grain correlations centered on itself. These nodes were shaped by policy
gradient differences, and their control rights require restriction, for example, through “neg-
ative lists for specialty agriculture” and restrictions on the encroachment of cash crops on
basic farmland.

Although not highly ranked in terms of degree centrality, some nodes played a key
bridging role in regulating the cross-regional flow of resource elements. For example,
Changsha exhibited high betweenness centrality, functioning as a critical “bridging hub”
in the network. This role is intrinsically linked to its dual identity as a major regional
metropolis and a transportation nexus. Located at the intersection of north-south and
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east—west transport corridors, Changsha naturally became a conduit for agricultural com-
modities, capital, and information flowing between the high-demand coastal regions and
the resource-rich central and western hinterlands. The city itself did not necessarily initiate
the strongest non-grain pressure (unlike Yingtan), but its strategic position forced a vast
amount of inter-regional interaction to pass through it. This explains its pivotal role in
facilitating and amplifying the cross-regional transmission of non-grain risk. Moreover,
through their hub role, those nodes transformed previously scattered non-grain phenomena
into more cohesive spatial correlations.

Additionally, the spatial distribution of degree centrality also reflected the regional
development gradient. Eastern cities generally had higher values for both degree centrality
and betweenness centrality compared to central and western cities. However, certain major
cities in the central and western regions, such as Chengdu and Guangan, also demonstrated
strong node influence due to their regional agglomeration effects. As a result, a pattern of
node centrality emerged that was characterized as “eastern leading with key breakthroughs
in central and western regions”. On one hand, this pattern reflects the fundamental role of
economic development level in shaping node centrality. On the other hand, it highlights
the effect of regional development strategies on shaping node functions in the SCN.

(2) Closeness centrality

Nodes with low centrality experienced “protective marginalization”. For example,
nodes such as Ganzi (Sichuan) experienced “protective marginalization” (low closeness
centrality). This marginalization is a direct outcome of their stringent geographical and
regulatory constraints, which severely limit their “receiving capacity” for external factors.
Situated in the ecologically fragile Tibetan Plateau, Ganzi is bound by the “ecological
protection red line”, legally prohibiting large-scale agricultural development. Furthermore,
its remote location and complex terrain greatly increase the cost and difficulty of “factor
mobility” (Mobility). As a result, despite potential economic incentives, Ganzi is effectively
“disconnected” from the core network’s flows of capital and technology. Its marginality is,
thus, not a sign of the absence of non-grain pressure, but rather an inability to participate
in the networks that drive it elsewhere.

This marginalization indicates that ecological protection zones and major grain-
producing regions were effectively “silent” in the factor flow network. Therefore, these
areas were unable to participate in factor exchange, contributing to passive non-grain
production. To address this issue, the establishment of a “green granary compensation
fund” was proposed, compensating marginalized nodes based on closeness centrality
rankings. This approach would help to reverse the “protection equals poverty” paradox,
enabling such regions to create development opportunities and gain economic benefits
while maintaining ecological and food production functions.

In contrast, developed cities such as Shanghai and Suzhou, with high closeness cen-
trality, continuously attracted capital, technology, and labor from surrounding areas. This
concentration further consolidated their core positions in the SCN, exacerbating regional
imbalances in cultivated land use. Nodes with high closeness centrality significantly
guided the direction and extent of non-grain production on cultivated land in adjacent low-
centrality areas through industrial chain extension and market radiation. This reinforced a
“core-edge” spatial division of labor: core nodes specialized in high-value-added cash crops
and non-agricultural industries, whereas edge nodes were predominantly assigned staple
grain production functions. However, the latter’s stability was challenged by economic
incentives, exposing them to non-grain risk. Spatial variations in closeness centrality were
also linked to the uneven implementation of cultivated land protection policies. High-
centrality areas maintained a grain/economy balance through technological investment
and scaled operations. Conversely, low-centrality areas faced passive non-grain cycles
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under the dual pressures of cultivated land protection mandates and economic growth due
to resource constraints and limited development opportunities.

(3) Betweenness centrality

Nodes with high centrality dominated cross-regional risk transmission. For example,
inter-provincial border cities such as Yingtan and Pingxiang (both in Jiangxi) took advantage
of “policy gaps”, highlighting regional policy imbalances. Wuhan, as a midstream hub,
faced policy isolation due to strict farmland evaluation policies. Consequently, non-grain
governance required reconstructing node functions. To adapt, Wuhan transformed its
“cultivated land protection exchange” to coordinate inter-provincial index transactions,
while border cities such as Yingtan strengthened circulation oversight to curb the disorderly
infiltration of cross-border capital flows.

In contrast, nodes with low betweenness centrality were often passive recipients
during risk transmission as they were located at the network edge. Their cultivated land
use decisions were susceptible to the indirect influences of adjacent high-centrality nodes,
with limited capacity to resist capital siphoning effects. The disparity in intermediary
capability among nodes further aggravated the unbalanced diffusion of cultivated land
non-grain risk across regions, fragmenting the network’s overall resilience. For example,
remote agricultural counties lacking an effective intermediary coordination mechanism
saw their cultivated land resources gradually marginalized within the industrial chain,
thus weakening their comparative advantage in grain production.

Furthermore, the spatial differentiation of betweenness centrality affected the efficiency
of regional collaborative governance. Cities with high centrality had greater influence in
policy coordination and resource allocation. In contrast, cities with low centrality struggled
to participate in regional cultivated land protection cooperation. This disparity often
resulted in faults and deviations in cross-regional policy implementation.

As anticipated in H1, the results of SNA clearly reveal the connectivity features and
hierarchical structure of the non-grain spatial structure. The increase in network density
and correlation degree (Figure 6) indicates close connectivity between spatial units, while
the significant differentiation in node centrality (e.g., high-centrality nodes such as Wuhan
and Yingtan and low-centrality nodes such as Ganzi and Bozhou) confirms the distinct
internal hierarchy. These findings strongly support H1, demonstrating that considering
this issue from the perspective of SCN can more accurately reveal the organizational mode
of the non-grain spatial structure.

4.4. Analysis of Driving Factors of the SCN of NGLU

The results of QAP correlation analysis of each driver factor matrix (Appendix A,
Table A2) show that the correlation range between independent variables ranges from low
to medium, and there is no serious multicollinearity.

Based on Equation (11), 6000 random QAP regressions were conducted at 4-year
intervals from 2014 to 2023. On one hand, the four-year interval effectively mitigated
autocorrelation issues in the panel data and better captured the evolution of the non-grain
trend—a medium-to-long-term process—thereby enhancing the stability and explanatory
power of the QAP regression results. On the other hand, 2022 marks the natural endpoint of
this four-year interval within the time series. Moreover, as the strictest cropland protection
policies in China were implemented between 2020 and 2023, analyzing data from 2023
allowed for the precise identification of the current state of driving mechanisms under this
significant policy intervention and whether they were substantially influenced by policy
effects. This greatly strengthened the practical relevance and policy implications of this
study. This study employed the standard significance level widely used in statistics for
evaluation: * p < 0.1 indicates significance at the 10% level with marginal significance;
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** p < 0.05 indicates significance at the 5% level with statistical significance; *** p < 0.01 indi-
cates significance at the 1% level with highly statistical significance. When the regression
coefficient of a variable is significantly positive, an indicates in this factor difference will
strengthen the spatial correlation of non-food utilization. When the regression coefficient
of a variable is significantly negative, an increase in this factor difference will inhibit the
spatial correlation of non-food utilization. However, since QAP analyzes relational matrices,
its regression coefficients do not represent the “marginal effect of a unit change” in the
traditional sense but should be interpreted as the influence intensity and direction of the
relational variables on the relationship network of the dependent variable. As shown in
Table 2, all coefficients were statistically significant at the 1% level (p < 0.01), with adjusted
R? values ranging from 0.115 to 0.258. The regressions were performed on the difference
matrix, constructed from the absolute mean differences in the corresponding indicators
across cities from 2010 to 2023.

Table 2. QAP regression analysis results.

Variable 2010 2014 2018 2022 2023 Mean
Distance 0.2853 *** 0.2583 *** 0.2950 *** 0.1894 *** 0.2846 *** 0.2011 ***
(0.680) (0.744) (0.684) (0.551) (0.753) (0.681)
Finance —0.2425 *** —0.3295 *** —0.1410 ** —0.1167 * —0.1533 ** —0.2188 ***
(0.996) (1.000) (0.962) (0.941) (0.797) (0.994)
Eeon 0.1385 *** 0.1479 *** 0.1260 * 0.1032 ** 0.1679 *** 0.2217 **
(0.902) (0.388) (0.932) (0.021) (0.150) (0.985)
Struct 0.1173 ** 0.1520 *** 0.1291 *** 0.1423 *** 0.1751 *** 0.1188 **
(0.024) (0.002) (0.003) (0.047) (0.078) (0.016)
Labor 0.2225 *+* 0.1708 ** 0.1033 * 0.3249 *** 0.2522 *** 0.1631 **
(0.992) (0.982) (0.924) (0.968) (0.772) (0.968)
Mobility 0.2337 ** 0.2187 *** 0.3001 *** 0.3147 *** 0.1723 *** 0.2407 **
(0.976) (0.993) (1.000) (0.997) (0.818) (0.972)
R2 0.115 0.163 0.122 0.116 0.258 0.177
Adj-R> 0.111 0.159 0.117 0.112 0.256 0.172
p value 0.000 0.000 0.000 0.000 0.000 0.000
Observation 980 980 980 980 980 980
Permutation 6000 6000 6000 6000 6000 6000

Note: *, ** and *** denote statistical significance at 10%, 5% and 1% levels, respectively.

The formation and evolution of the SCN of NGLU in the YREB were driven by
variations in the direction and intensity of internal and external factors:

(1) Geographical proximity. The regression coefficient for distance remained significantly
positive across all years, indicating that inter-provincial geographical distance was a
key factor in network formation.

(2) Cultivated land protection policy implementation differences. The regression coeffi-
cients for policy implementation differences were consistently significantly negative.
This implied that wider disparities in government agricultural financial support were
positively correlated with the stronger spatial spillover of non-grain production. Con-
versely, more consistent policy implementation weakened the acquisition capacity of
non-grain resources, thereby reducing spatial spillover effects.

(8) Economic gradient. As its regression coefficient remained positive across all years, eco-
nomic gradient disparity positively impacted on spatial correlations. This difference
was found to drive NGLU through capital flows seeking profit, market demand trac-
tion, and industrial gradient transfer, jointly driving NGLU, implying that economic
stratification reinforced spatial spillovers.
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(4) Agricultural comparative benefits. Its positive regression coefficients suggested that
when the inter-regional income advantage of cash crops expanded, capital flowed from
low-benefit to high-benefit areas. This capital reallocation, supported by economies of
scale, accelerated the conversion of cultivated land toward non-grain use.

(5) Non-agricultural employment opportunities. Differences in non-agricultural employ-
ment showed a significantly positive but fluctuating impact. The driving mechanism
involved labor force loss, which accelerated land supply release and promoted large-
scale capital integration. In areas with greater non-agricultural employment, culti-
vated land abandonment pressure increased, attracting capital from low-employment
areas and driving the transition from small-scale grain production to large-scale cash
crop cultivation.

(6) Factor mobility. Factor mobility intensity also had a consistently significantly positive
effect. The coupling of capital and technology promoted the large-scale transfor-
mation of cultivated land and strengthened spatial correlations. Enhanced regional
factor interaction accelerated non-grain expansion through a dual mechanism: capital
injection facilitated large-scale land circulation, while technology diffusion improved
economic crop production efficiency.

5. Discussion
5.1. Overall Research Value

This study empirically tested the three core hypotheses proposed. Firstly, the results
for the SCN confirmed the existence of a complex spatial correlation structure in the
non-grain land use (NGLU) phenomenon, thereby supporting H1. Secondly, the refined
quantification method successfully characterized the dynamic evolution of NGLU in detail,
validating the feasibility of H2. Finally, the governance framework derived from the
network analysis demonstrated broad applicability potential, addressing the expectations
of H3. The following sections delve deeper into these findings.

The pervasive NGLU trend poses a critical challenge to food security and sustainable
land management, not only in China but also in many rapidly developing regions world-
wide. While a substantial body of the literature has been devoted to measuring NGLU
rates, identifying local driving factors, and mapping its spatial patterns [6-8,14-16], the
prevailing research paradigm has been constrained by two major limitations: a static and
attribute-centric perspective that treats geographic units as independent entities, and a
methodological focus on spatial proximity and agglomeration effects, which fails to capture
the complex web of inter-regional interactions. This study breaks from this tradition by
reconceptualizing the NGLU phenomenon in the Yangtze River Economic Belt (YREB) as a
relational and structural issue embedded within a SCN.

In contrast to prior studies that primarily relied on spatial econometric mod-
els to detect local spillovers [21,22], this study introduces a comprehensive “com-
prehensive measurement-network construction—characterization—driving mechanism”
analytical framework.

By integrating a modified gravity model, SNA, and quadratic assignment procedure
(QAP) regression, this study shifts focus from investigating spatial agglomeration patterns
to conducting in-depth examinations of inter-regional risk transmission pathways, the
functional specialization of cities within the network, and how urban linkages (as opposed
to attribute differences) drive these processes. These analyses significantly enhance the
understanding of the conversion of cultivated land to NGLU.

The value of this study can be summarized by the following three aspects:

Firstly, empirical research reveals that the evolution of NGLU demonstrates network
characteristics, with its core mechanisms manifesting as “gradient transmission” and
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“functional differentiation of nodes”. By categorizing cities into three types, namely “control
poles” (high centrality), “bridge hubs” (high intermediate centrality), and “peripheral buffer
zones” (low proximity centrality), this study uncovers complex regional division patterns
in risk dissemination. This structural perspective explains why one-size-fits-all farmland
protection policies often prove ineffective—these policies fail to adequately account for the
unique roles and vulnerabilities of each node within the network, resulting in significantly
compromised governance outcomes.

Secondly, this study applies SNA and QAP methodologies to NGLU governance
research, further refining the field’s methodological framework. Unlike traditional re-
gression techniques that violate the assumption of independence when applied to spatial
interaction data, the QAP approach robustly identifies the driving forces behind network
formation using relational matrices. This demonstrates that factors such as economic
gradient differences and factor mobility intensity primarily strengthen NGLU networks
through inter-regional linkages. Furthermore, the refined NGLU measurement method,
which incorporates multiple cropping index correction, offers a more dynamic and accurate
means of quantification than static land use type indices or simple planting structure ratios
used in earlier studies [9-11].

Finally, while contextualized within the YREB, the analytical framework developed in
this study possesses significant transferability. The mechanisms of core—periphery diffu-
sion, node functional differentiation, and the interplay of economic potential with policy
gradients are likely applicable to other major riverine economic belts, such as the Missis-
sippi River Basin in the United States or the Ganges River Basin in India, facing similar
pressures regarding economic integration and agricultural transition [50,51]. Thus, this
study not only contributes to the governance of the YREB but also provides a generalized
spatial network analysis paradigm for understanding and managing cross-regional land
use challenges in a globalized context.

Through a comprehensive and in-depth analysis of the NGLU correlation network,
this research elucidates the internal mechanisms within the YREB. Furthermore, more
crucially, its “axial-node—edge” analytical framework, network structure identification
approach, and driving mechanism model form a generalized spatial analysis framework. As
discussed earlier in Section 5.1, this framework can be transferred to other major river basins
confronted with analogous land pressures, such as the Mississippi River Economic Belt.
Consequently, it attains the objective stipulated in H3 and offers a universal quantitative
analysis instrument for the collaborative governance of the protection of cultivated land
and food security.

5.2. Comparison of Research Findings with Existing Studies

This study both resonates with and substantially refines existing studies on NGLU. The
persistent upward trend in non-grain risk and its spatially polarized manifestation align
with previous studies that identify economic disparities and policy gradients as primary
drivers of cultivated land transition [7,8,31]. However, the network-based analysis in this
study moves beyond confirming these broad correlations to unveil the precise mechanisms
and structural pathways through which these drivers operate across space.

Firstly, regarding spatial patterns, while prior research has successfully mapped the
agglomeration of NGLU using hotspot analysis or spatial autocorrelation models [52-54],
their interpretations often remain within the realm of “local clustering.” Kernel density
estimation reveals a transition from a “single-peak right deviation” to a “multi-peak coexis-
tence” pattern, capturing the more complex reality of three-level polarization and gradient
transmission. This evolution signifies that NGLU is not merely spreading contagiously to
adjacent areas but moving across regions to form new secondary cores, a process driven by
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economic potential disparities and industrial chain linkages that are inadequately explained
by traditional proximity-based models.

Secondly, this study transcends the descriptive account of “where” NGLU is concen-
trated to provide an explanatory account of “how” it is interconnected. Existing research
has acknowledged inter-regional influences but often treated them as diffuse spillovers [55].
In contrast, the results of the SNA conducted in this study crystallize these influences into a
tangible, hierarchical network structure and identify and define specific node functionalities
that are absent from conventional analyses:

(1) “Control Poles” (High-Degree Centrality): Cities such as Yingtan and Wuhan act as
dominant sources of non-grain influence, exerting control through capital accumula-
tion and policy arbitrage. This concept extends beyond simply being a “hotspot” to
describe a node’s active role in driving the network.

(2) “Bridging Hubs” (High-Betweenness Centrality): Cities including Changsha are iden-
tified as critical intermediaries. This finding is pivotal, as it reveals that the spatial
correlation of NGLU is not a seamless surface but channeled through specific strategic
conduits. These hubs amplify and direct the flow of risk, explaining why certain
regions become gateways for non-grain expansion.

(8) “Protective Marginalization” (Low-Closeness Centrality): The identification of cities
such as Ganzi and Bozhou as marginalized nodes highlights an unintended conse-
quence of protection policies. This concept provides a network-based explanation
for the vulnerability of protected areas, which, while shielded from direct conversion
pressure, may suffer from economic stagnation due to their exclusion from factor
flow networks.

Thirdly, previous studies using traditional econometrics have established a catalog
of factors influencing local NGLU levels [56-58]. However, these models are ill suited for
testing hypotheses about relational outcomes. Our analysis demonstrates that it is not
merely the level of a city’s economic development or policy investment that matters, but the
difference between cities. The significantly positive effects of economic gradient difference
(Econ) and agricultural comparative benefit difference (Struct) indicate that NGLU spa-
tial correlation is fundamentally driven by regional heterogeneities that create “potential
energy” for cross-regional factor flows and decision-making imitation. Conversely, the
significantly negative coefficient for cultivated land protection policy difference (Finance)
offers a powerful, network-level insight: policy inconsistency between jurisdictions cre-
ates arbitrage opportunities that actively strengthen the NGLU network. This finding
underscores the fact that synergistic governance is not merely beneficial but essential, as
uncoordinated policies can themselves become a driver of risk transmission.

In summary, these findings not only confirm the broad drivers identified in earlier
research but also radically deepen our understanding of their operational geometry. This
study replaces the image of a uniformly diffusing phenomenon with a structured network
of specialized nodes and shifts the policy focus from managing attributes in isolation
to managing the relationships and differentials that bind regions together in a shared
risk landscape.

5.3. Comparison of Research Methods with Existing Studies

This study introduces a significant methodological shift in the quantitative analysis
of NGLU by moving from attribute-based to relation-based analytical frameworks. While
previous research has heavily relied on spatial econometric models (e.g., SLM, SEM) to
identify spillover effects [21,22] or used land use conversion matrices for static pattern
description [9], these approaches are inherently limited in deciphering the relational struc-
ture and node-specific functions within a complex spatial system. Spatial econometrics,
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for instance, can indicate the presence of spatial dependence but cannot unveil the multi-
directional, network-based pathways through which this dependence operates. This study
integrates the modified gravity model, SNA, and QAP regression to provide a cohesive
toolkit designed for relational data, which extends the methodology’s applicability in land
system science.

Unlike traditional regression methods (e.g., OLS) that violate the assumption of inde-
pendence when applied to spatial interaction data, leading to biased estimates and inflated
Type I errors, QAP is a non-parametric method that uses random permutations of matrices
to test hypotheses, making it robust for relational data analysis.

However, considering the multicollinearity between the relevant influencing factors,
such as “economic gradient difference” and “factor mobility”, there may be correlations
between factors. This study conducted a QAP correlation analysis before the regression
analysis (Appendix A, Table A2) to diagnose the multicollinearity problem between the
independent variable matrices. The results showed that correlation coefficients between
the independent variables ranged from low to moderate, with no evidence of severe
multicollinearity that would destabilize the model.

Furthermore, to comprehensively address potential multicollinearity among the driv-
ing factors, this study supplemented the QAP correlation analysis with Variance Inflation
Factor (VIF) tests. The VIF values for all variables ranged between 1.61 and 3.77, well
below the conventional threshold of 10, indicating no severe multicollinearity (Appendix A,
Table A3). This result aligns with the QAP correlation analysis (Appendix A, Table A2),
where correlation coefficients among independent variables were low to moderate, further
confirming the stability of the model and the reliability of the regression outcomes.

The significance of the regression coefficients was determined through 6000 random
permutations. The resulting p-values indicate the probability of obtaining a coefficient
as extreme as that observed through random chance, providing a robust foundation for
inference (Table 2).

Furthermore, the adj-R? in QAP regressions (ranging from 0.111 to 0.256) are charac-
teristic of models explaining complex spatial network structures. In social network and
relational data analysis, where the formation of a tie between two nodes can be influenced
by a multitude of latent, non-quantified factors (e.g., cultural practices, informal social
networks, unobserved institutional contexts), it is common for R? values to be moderate.
The primary strength of QAP in this context is not in achieving perfect fit but in reliably
identifying which specific relational factors have a statistically significant and persistent
influence on the network structure, while controlling for the inherent dependencies in
the data.

Finally, the construction of the SCN, which serves as the foundation for the SNA
and QAP analysis, is dependent on the parameterization of the modified gravity model.
While the choice of variables and the binarization threshold were informed by established
research [41] and validated for their ability to represent macro-characteristics, a comprehen-
sive sensitivity analysis—systematically varying these input parameters and weights to test
the stability of the resulting network structure and subsequent regression findings—was
not conducted. Therefore, to test the sensitivity of the research conclusion to the model
parameters, the economic weight factor and the network binarization threshold in the
gravity model were systematically adjusted (Appendix A, Table A4). The results show that
under different parameter settings, the core structural characteristics of the network remain
stable, the centrality ranking consistency of key nodes is more than 80%, and the symbols
and significance of the main driving factors influencing QAP regression are basically the
same. This shows that the main conclusions of this study are not sensitive to parameter
selection and have good robustness.
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5.4. Policy Implications and Recommendations

This study provides a scientific basis for transitioning from fragmented, one-size-fits-
all cultivated land protection policies towards a differentiated and coordinated spatial
governance system. The SCN perspective reveals that effective governance must not only
manage the attributes of individual plots but, more importantly, regulate inter-regional
flows of capital, technology, and information that drive NGLU. Accordingly, this study
proposes a targeted governance strategy based on the principle of “Axial Control, Node
Classification, and Edge Support”.

5.4.1. Implementing “Axial Control” to Block Gradient Risk Transmission

The “axis” refers to the primary economic corridors and riverine pathways that serve
as the main channels for the spatial spillover of NGLU [59]. The goal of “axial control” is to
install “gatekeepers” along these key transmission channels to intercept and prevent the
expansion of non-grain risk-related disorder.

Therefore, it is necessary to establish cross-administrative joint supervision mecha-
nisms along major economic axes for land transfers and agricultural investments. This
involves using shared digital platforms for monitoring large-scale land transactions and
real-time information exchange between upstream and downstream jurisdictions.

Furthermore, it is important to implement environmental impact and food security
evaluations for significant agricultural restructuring initiatives with cross-regional implica-
tions, guaranteeing that the decisions made by one city do not impede the cultivated land
protection objectives of neighboring cities within the same corridor.

5.4.2. Executing “Node Classification” Governance Based on Network Functions

The core of “Node Classification” governance lies in applying precise, role-specific
policies to different types of network nodes, moving beyond uniform management [60].

For “Control Poles” (High-Degree Centrality Nodes, e.g., Yingtan, Wuhan), policy-
makers could take the following steps: Firstly, policymakers could take the following steps
to implement “Negative Lists” for specialty agriculture. This policy tool would explicitly
prohibit the cultivation of specific high-profit cash crops (e.g., certain fruits, ornamental
plants, or aquaculture) on permanent basic farmland. The list should be dynamically ad-
justed based on local conditions and the severity of the non-grain risk. This directly restricts
the ability of core nodes to drive regional land use conversion. Secondly, policymakers
could strengthen oversight of capital flows. Possible approaches include scrutinizing and
regulating large-scale external capital entering the agricultural sector in these nodes to
prevent the formation of local monopolies that prioritize profit over grain production.

For “Bridging Hubs” (High-Betweenness Centrality Nodes, e.g., Changsha, Border
Cities), policymakers could take the following steps: Firstly, they could establish inter-
regional policy coordination platforms. These hubs are ideal locations for piloting “culti-
vated land protection compensation exchanges”. This mechanism would allow jurisdic-
tions with strict protection quotas but limited development capacity to “trade” part of
their protection responsibility with economically dynamic nodes that require more land
for development, with appropriate financial compensation. Secondly, policymakers could
enhance joint monitoring. Cities acting as bridges could form collaborative alliances with
their neighbors to monitor and curb the disorderly flow of capital and technologies that
promote non-grain production.

For “Marginalized Areas” (Low-Closeness Centrality Nodes, e.g., Ganzi, Bozhou),
policymakers could take the following steps: They could create a “Green Granary Compen-
sation Fund”. Such funds are designed to solve the “protection equals poverty” paradox. It
would provide direct financial transfers to farmers and local governments in ecologically
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sensitive or core grain-producing areas that are marginalized in the economic network.
Compensation could be calculated based on their contribution to national food security
and ecosystem services, their closeness centrality ranking, and their opportunity costs
for forgone economic development. Funding could be sourced from central government
transfers and fiscal contributions from high-economic-growth nodes within the YREB.

5.4.3. Providing “Edge Support” to Enhance Network Stability

The “edge” refers to the vast, often less-developed areas and the systemic foundation
of the entire network. Therefore, the focus of policy is to enhance the overall resilience of
the cultivated land system and prevent the collapse of its “margin.”

Firstly, policymakers should promote agricultural infrastructure and technology diffu-
sion. They can do so by directing targeted investments towards irrigation, high-standard
farmland construction, and grain-production-oriented agrotechnology in marginalized but
productive regions. Secondly, policymakers should strengthen the agricultural extension
system [61]. This would ensure that advanced but sustainable grain production technolo-
gies and market information reach the most remote areas, improving their productivity
and economic viability without resorting to non-grain conversion.

In summary, this multi-tiered governance framework leverages insights from network
analysis to implement precise interventions. By controlling the pathways, classifying the
nodes, and supporting the edges, policymakers can better manage the complex spatial
interactions that drive NGLU, thereby fostering a new pattern of cultivated land protection
characterized by “global linkage and precise governance”. This approach is essential for
curbing cross-regional risk transmission and safeguarding national food security in an era
of increasing economic integration.

6. Limitations and Future Research

This study has several limitations that also present avenues for future research. First,
the reliance on city-level aggregated data obscures the micro-level decisions made by
farmers and may not fully capture underlying spatial autocorrelation, necessitating fu-
ture integration of household surveys. Second, the relatively low R? values in the QAP
regressions suggest unexplained variance, likely due to latent factors such as cultural or
institutional influences, requiring the inclusion of additional relational variables. Third,
the NGLU quantification method, while improved, remains aggregate and does not dis-
tinguish between distinct non-grain types (e.g., ecological restoration vs. cash crops),
highlighting the need for high-resolution remote sensing and detailed land classification in
subsequent research.

7. Conclusions

Using panel data from 130 cities in the YREB from 2010 to 2023, this study examined
the SCN structure and driving mechanisms of NGLU through a modified gravity model,
SNA, and QAP regression. The main conclusions are as follows:

(1) The spatiotemporal evolution of NGLU exhibited a clear trend of increasing risk
and spatial polarization. Kernel density estimation revealed a shift from a “sin-
gle peak with right skewness” to a “multi-peak coexistence” pattern, indicating a
transition from point-based outbreaks to gradient transmission, primarily driven by
economic disparities.

(2) The SCN of NGLU became increasingly interconnected and hierarchical, with signif-
icant functional differentiation among nodes. The centrality distribution exhibited
an east-led pattern with key breakthroughs in central and western regions, highly
consistent with regional development gradients.
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(3) The formation and evolution of the SCN were shaped by multiple factors. Geographi-
cal proximity, economic gradient differences, disparities in agricultural comparative
benefits, variations in non-agricultural employment opportunities, and the intensity
of factor mobility all positively contributed to spatial spillovers. In contrast, differ-
ences in the implementation of cultivated land protection policies exerted a significant
inhibitory effect.

This study extends the application of SNA and relational data perspectives to the
governance of cultivated land use, providing a dynamic framework for understand-
ing spatial interdependencies. The integrated methodology offers a robust paradigm
for diagnosing complex geographical issues with inherent network autocorrelation,
thereby enriching the theoretical and methodological toolkit of land system science and
spatial governance.
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Appendix A

Table Al. Study area administrative division serial number.

Cities Number Cities Number
Shanghai 1 Xianning 66
Yancheng 2 Huangshi 67

Huaian 3 Suizhou 68
. Shennongjia Forestry
Zhenjiang 4 District 69
Yangzhou 5 Shaoyang 70
Xuzhou 6 Yueyang 71

Wuxi 7 Changde 72
Nanjing 8 Zhangjiajie 73

Sugian 9 Huaihua 74

Taizhou 10 Changsha 75
Lianyungang 11 Loudi 76
Nantong 12 Zhuzhou 77
Suzhou 13 Xiangtan 78
Changzhou 14 Hengyang 79
Zhoushan 15 Xiangxi Tujia and Miao 80

Autonomous Prefecture
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Table Al. Cont.

Cities Number Cities Number
Quzhou 16 Chenzhou 81
Jinhua 17 Yongzhou 82
Shaoxing 18 Yiyang 83
Hangzhou 19 Chongqing 84
Lishui 20 Guang’an 85
Taizhou 21 Panzhihua 86
Huzhou 22 Yibin 87
Jiaxing 23 Zigong 88
Wenzhou 24 Ya’an 89
Ningbo 25 Deyang 90
Xuancheng 26 Dazhou 91
Huaibei 27 Luzhou 92
Tongling 28 Leshan 93
Bozhou 29 Liangshan Yi Autonomous 94
Prefecture
Huainan 30 Meishan 95
Chizhou 31 Nanchong 96
Maanshan 32 Chengdu 97
. Garze Tibetan
Anging 33 Autonomous Prefecture %
Huangshan 34 Neijiang 99
Chuzhou 35 Aba Tibetan and Qiang 100
Autonomous Prefecture
Wuhu 36 Ziyang 101
Lu’an 37 Guangyuan 102
Bengbu 38 Bazhong 103
Fuyang 39 Mianyang 104
Suzhou 40 Suining 105
Hefei 41 Liupanshui 106
Jingdezhen 42 Guiyang 107
Pingxiang 43 Anshun 108
Qiannan Buyei and Miao
Nanchang . Autonomog’s Prefecture 109
Yingtan 45 Zunyi 110
Qiandongnan Miao and
Ganzhou 46 Dong Autonomous 111
Prefecture
. Qianxinan Buyei and Miao
Jiujiang 47 Autonomouz Prefecture 112
Xinyu 48 Tongren 113
Ji’an 49 Bijie 114
Yichun 50 Chuxiong Yi Autonomous 115
Prefecture
Degen Tibetan
Fuzhou 51 Autonomous Prefecture 116
Honghe Hani and Yi
Shangrao 52 Autonomous Prefecture 117
Ezhou 53 Kunming 118
. Dehong Dai and Jingpo
Jingmen >4 Autonogmous Prefec’?lie 119
Xiaogan 55 Nujiangll;isu Autonomous 120
refecture
Shiyan 56 Pu’er 121
Tianmen 57 Lijiang 122
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Table A1l. Cont.
Cities Number Cities Number
Qianjiang 58 Lincang 123
Xiantao 59 Yuxi 124
Enshi Tujia and Miao Wer.lshan Zhuang and
60 Miao Autonomous 125
Autonomous Prefecture
Prefecture
Yichang 61 Qujing 126
Xiangyang 62 Zhaotong 127
. Dali Bai Autonomous
Jingzhou 63 Prefecture 128
Xishuangbanna Dai
Huanggang 64 Autonomous Prefecture 129
Wuhan 65 Baoshan 130
Table A2. The results of QAP correlation analysis of self-covariance matrix.
NGR Distance Finance Econ Struct Labor Mobility
NGR 1.0000 *** data data
Distance 0.0921 ** 1.0000 *** data data
Finance 0.0374 * —0.0152 1.0000 ***
Econ 0.0652 * 0.2563 —0.0013 1.0000 ***
Struct 0.1637 ** 0.3418 0.1045 0.0851 1.0000 ***
Labor —(.3485 *** 0.1445 0.2478 0.0412 0.1325 1.0000 ***
Mobility 0.2736 *** 0.0423 —0.0357 0.1584 0.1602 0.0871 1.0000 ***
Note: *, ** and *** denote statistical significance at 10%, 5% and 1% levels, respectively.
Table A3. VIF results for the driving factors in the QAP regression analysis.
Variable VIF 1/VIF
Distance 3.77 0.265359
Finance 3.27 0.305442
Econ 3.05 0.328331
Struct 2.68 0.373522
Labor 1.78 0.562524
Mobility 1.61 0.621065
Table A4. Sensitivity analysis results.
. Network Density Core Node QAP Coefficient
Parameter Scenario o .
Range Stability Consistency
Basic parameters 0.127-0.147 Benchmark Benchmark
No economic 5/6 variable
X 0.115-0.132 8/10 Consistent symbols are
weight .
consistent
Strong economic 6/6 variable
&€ 0.142-0.161 9/10 Consistent symbols are
weight .
consistent
. 4/6 variable
H‘gh(f(;ﬁfih"ld 0.085-0.102 7/10 Consistent symbols are
o

consistent
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